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Abstract

The objective of this study is to shed more light on the electrochemical interface of HTPEM
fuel cell. More specifically, to understand and improve the electrochemical interface of
both the anodic and cathodic electrode in HTPEM fuel cells, as well as optimize the catalyst
layer structure for operation under various challenging conditions. For that reason the effect
of the PA amount in the catalyst layer and the effect of the catalyst’s substrate on the fuel
cell’s performance were investigated.

Initially the poisoning effect of PA on the anodic electrode was investigated. The PA
amount was altered in the anodic catalyst layer and its effect on the ECSA and the anode’s
performance were evaluated. It was observed that the reversible performance loss of the
anodic electrode was a function of the PA amount in the catalyst layer. More specifically,
under low PA loading (<3 gPA/gPt) on the anodic electrode, <10% of the Pt active surface
is electrochemically active under fuel cell operating conditions. This was attributed to the
blockage of the Pt surface by pyrophosphoric acid or poly-phosphates, H> reduced
polyphosphoric acid species and the shrinkage of the interface due to the displacement of
the H3PO4 by the adsorbed H» species. High PA loadings reduced the poisoning effect of
these reduced PA species ( >3 gPA/gPt). It was found that the controlled and increased PA
content within the catalytic layer can result even up to the tenfold decrease in the Pt loading
when the anode operates under H> rich conditions.

In order to increase the fuel cell performance and increase the three phase boundary, a
newly synthesized electrocatalyst was evaluated, and compared to the commercial
30wt%Pt/C. The new catalyst is based on pyridine functionalized carbon nanotubes
,30wt%Pt/oxMWCNT-Py. Pyridine groups are known to interact with PA and thus it is
expected to increase the TPB and lower the Pt loading.

CL employing the new catalyst were formulated and tested at the anodes. It was found that
the presence of pyridine groups homogeneously distributed PA in the catalyst layer,
resulting in high ECSA values, 40m?/gPt. As a result the MEA employing 30wt% Pt
oXMWCNT-Py showed the same performance as the 30%Pt/C (having 1.3mgPt/cm?), for
Pt loading loadings as low as 0.2mgPt/cm?. The performance of the anodic electrode was
also found to be largely depended on the PA amount imbedded in the CL, when low Pt
loading were used. The latter was an effect of the shrinkage of the ECSA as a result of the
formation of PA poisoning species, as also mentioned in the previous paragraph.

Since 30wt% Pt/oxMWCNT-Py exhibited very promising results and high ECSA values,
its performance under harsh synthetic reformate gas was also evaluated. The synthetic



reformate gas that was used comprised of 50.7kPa of H», 2 kPa of CO and 33.5kPa of H,O
balanced with Ar. It was found that the 30wt%Pt/oxMWCNT-Py electrocatalyst are ideal
candidates for operation under those harsh reformates conditions, as they exhibited smaller
voltage losses and higher stability under these conditions. The interaction of pyridine
groups with phosphoric acid not only promotes its uniform distribution on the CL but also
stabilizes the EI under high partial pressure of water. Additionally, the use of pyridine
functionalized MWCNT based electrocatalyst gives the opportunity of lowering the Pt
loading in the electrodes without sacrificing the overall cell’s performance under reformate
conditions. The observed voltage loss under synthetic reformate gas rich in CO and steam
was found to be a multi-step process and a function of the hydrophobicity of catalyst
substrate, the PA loading in the CL as well as the water and CO molar fraction in the
reformate gas.

In order to optimize the cathodic catalyst layer, CL were formulated using the newly
synthesized electrocatalyst (30wt%Pt/oxMWCNT-Py) and compared to the commercial
30wt%Pt/C. A full parametric analysis with respect to catalyst type, PA loading and Pt
loading was conducted. It was found that the presence of pyridine groups homogeneously
distributes PA in the catalyst layer minimizing the blockage of the pores of the catalyst
layer and increase the three phase boundary. As a result the MEA employing 30wt% Pt
oxMWCNT-Py showed the same performance as the 30%Pt/C for half the Pt loading.

Despite the hard operating conditions the Pt particles attached to the ox. MWCNT-Py
substrate exhibit the same stability as the commercial catalyst and the pyridine groups were
found to be stable, at least for short term operation at the cathodic and anodic electrode.
Also optimization of the ECSA evaluation procedure at the cathodic electrode, using CO
as a probe molecule, without damaging the Pt distribution was found.

It is clear that the use of this newly synthesized electrocatalyts 30wt%Pt/oxMWCNT-Py ,
at both electrodes, has major advantages as it increase the catalyst utilization and there is
no need to use a polymer-binder inside the catalytic layer. Thus avoiding problems of
inhomogeneous binder distribution and/or electronic insulation of catalyst nanoparticles.
Using 30wt%Pt/oxMWCNT-Py electrocatalyst opens the possibility of significant
reduction of the amount of Pt on both electrodes, under various operation conditions,
without sacrificing the performance and stability of the fuel cell.
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was fed with a redundant O, flow (200cc/min). a. Nyquist plots and b. Bode
plots

Figure 5-16. AC impedance spectra of MEA13 obtained at different current
densities at 180°C, under constant flow 200cc/min of H, and O, respectively.
Nyquist plots and b. Bode plots

Figure 5-17 : TEM images and the corresponding Pt size distribution histogram
after 6 days of continuous operation. a. 30wt%Pgt/C and b. 30%Pt/oxMWNT-
Py
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Figure 5-18 .The effect of reducing atmosphere 5%H2/Ar on the Pt particle size
as a function of time. The XRD diffractograms of 30wt% Pt/C and 30wt%
Pt/oxMWCNT-Py were acquired at 180°C, with 20min acquisition time.
Figure 5-19. The effect of PA on the Pt particle size after 8 days of continuous
operation. The average Pt particle size was measured by TEM and XRD.
Figure 5-20. TEM images after 8 days of continuous operation. a. MEA 11:
0.2mgPt/ cm? and 17.6mgPt/cm? and b. MEA 7: 1.25mgPt/cm? and 2.8gPA/gPt
Figure 5-21. TEM micrographs and the corresponding Pt size distribution
histogram after 8 days of continuous operation. a. MEA 11: 0.2mgPt/ cm? and
17.6mgPt/cm? and b. MEA 7: 1.25mgPt/cm? and 2.8gPA/gPt

Figure 5-22. The effect of the PA amount present in the anodic electrode on Pt
size distribution of 30wt%Pt/oxMWNT-Py, after 8 days of continuous fuel cell
operation.

Figure 6-1. The effect of the catalyst substrate on the anode’s performance
under synthetic reformate gas consisting of 50.7kPa H», 2kPa CO and 33.5kPa
H,O balanced with Ar. The polarization curves were obtained using a
stoichiometry of Amp=1.2 and Ao2=2, pure Oz was used at the cathode. The PA
loading at the anodic electrode was 2gPA/gPt and cell’s temperature was kept
at 180°C :30wt%Pt/(ox. MWNT)-Py (MEA 1), 30wt%Pt/oxMWCNT (MEA 7)
and 30wt%Pt/C (MEA 11).

Figure 6-2. The effect of the noble metal loading on the anode’s performance
under synthetic reformate gas consisting of 50.7kPa H», 2kPa CO and 33.5kPa
H>O balanced with Ar. The polarization curves were obtained using a
stoichiometry of Aux=1.2 and Ao2=2, pure O, was used at the cathode. The PA
loading at the anodic electrode was 2gPA/gPt and cell’s temperature was kept
at 180°C.The anodic electrode employed 30wt% Pt/oxMWCNT-Py (MEA 1-3).
Figure 6-3. The effect of the gas stoichiometry on the MEAs performance under
synthetic reformate feed. Polarization curves of MEA 1 and 10 (PA
loading=2gPA/gPt) were acquired at 180°C under various total flow rates of
synthetic reformate gas mixture, 50.7kPa H», 33.5kPa H>O and 2kPa CO
balanced with Ar. Normal flows: stoichiometry of An2=1.2 and Ao2=2 and high
flows: constant 200cc/min total flow of reformate gas and O», which
corresponds to a nominal limiting current density of 3.5A/cm?.

Figure 6-4. The effect of the steam’s partial pressure in the H» feed on the cell’s
voltage. The values were obtained at 180°C and 0.4A/cm? from MEAs
employing 30%Pt/(ox.MWNT)-Py, 30%Pt/oxMWCNT and 30%Pt/C (MEAs
1,7 and 12), while the anode was fed with a Ho/H>O mixture (Au2>15) and
cathode with pure Oz (A02>30), 200cc/min respectively.

Figure 6-5. Polarization curves obtained under synthetic reformate fed (50.7kPa
Hy, 33.5kPa H>O and 2kPa CO balanced with Ar.) with gas stoichiometry of
Am2=1.2 and A02=2. The PA loading at the anodic electrode was 0.5gPA/gPt and
cell’s temperature was kept at 180°C.T MEAs used: 30%Pt/(ox. MWNT)-Py
(MEA 6), 30%Pt/oxMWCNT( MEA 9) and 30%Pt/C( MEA 13 and 15)
Figure 6-6. The effect of the steam’s partial pressure in the H» feed on the cell’s
voltage. The values were obtained at 180°C and 0.4A/cm? from MEAs
employing 30%Pt/(ox.MWNT)-Py, 30%Pt/oxMWCNT and 30%Pt/C (MEAs
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6,9 and 13), while the anode was fed with a H2/H,O mixture (Au2>15) and
cathode with pure Oz (Ao2>30), 200cc/min respectively. The PA loading at the
anode was 0.5gPA/gPt for all cases.

Figure 6-7. Polarization curves obtained at 180°C under H, and O
stoichiometry of 1.2 and 2 respectively. The composition of the gas mixture was
50.7kPa H2 and 2kPa CO, while the steam partial pressure was altered from 0
to 33.5 kPa and balanced with Ar. Both anodic electrodes had 0.5gPA/gPt. a.
MEA 14: employing 0.7mgPt/cm? 30wt% Pt/C and b. MEA 5: employing
0.68mgPt/cm? 30wt%Pt/ox. MWCNT-Py .

Figure 6-8. Polarization curves obtained at 180°C under H, and O
stoichiometry of 1.2 and 2 respectively. The composition of the gas mixture was
50.7% H2 and 2% CO, while the steam partial pressure was altered from 0 to
33.5 kPa and balanced with Ar. The anodic electrode employed 30wt%
Pt/oxMWCNT-Py, MEA 4: 0.47mgPt/cm? and 0.5gPA/gPt.

Figure 6-9. Voltage loss, IR drop corrected, at 180°C for MEAs employing a.
30wt% Pt/ox. MWCNT MEA 7: 0.77 mgPt/cm? and b. 30wt% Pt/ox. MWCNT-
Py MEA 1: 0.77 mgPt/cm?, under various fuel composition and pure O> flows
(200cc/min respectively): Black square: 50.7kPaH; balanced with Ar , open
circle: 50.7kPa H2 and 2kPa CO balanced with Ar, and black triangle : 50.7kPa
H2, 2kPa CO and 33.5kPa H>O balanced with Ar . The PA loading was 2
gPA/gPt at the anodic electrode.

Figure 6-10. Voltage loss, IR drop corrected, at 180°C for MEAs employing a.
30wt% Pt/oxMWNT, MEA 9: 0.79 mgPt/cm? and b. 30wt% Pt/(ox. MWCNT)-
Py MEA 6: 0.82 mgPt/cm? under various fuel composition and pure Oz flows
(200cc/min respectively): Black square: 50.7kPaH> balanced with Ar , open
circle: 50.7kPa H2 and 2kPa CO balanced with Ar, and black triangle : 50.7kPa
H2, 2kPa CO and 33.5kPa H>O balanced with Ar . The PA loading was 0.5
gPA/gPt at the anodic electrode.

Figure 6-11. AC impedance plots a. Nyquist and b. Bode, obtained at a current
of 0.2A/cm? at 180°C, under various fuel compositions and pure Oz flows
(200cc/min fuel mixture/O2). Black square: 50.7kPa H» balanced with Ar, open
circle: 50.7kPaH» and 2kPa CO balanced with Ar, and black triangle: 50.7kPa
H», 2kPa CO and 33.5kPa H»O balanced with Ar. MEA 1 employing 30wt%
Pt/(0ox. MWCNT)-Py: 0.77mgPt/cm? and 2gPA/gPt.

Figure 6-12. AC impedance plots a. Nyquist and b. Bode, obtained at a current
of 0.2A/cm? at 180°C, under various fuel compositions and pure Oz flows
(200cc/min fuel mixture/O2). Black square: 50.7kPa H; balanced with Ar, open
circle: 50.7kPaH> and 2kPa CO balanced with Ar, and black triangle: 50.7kPa
H», 2kPa CO and 33.5kPa H>O balanced with Ar. MEA 7 employing30wt%
Pt/oxMWNT: 0.77 mgPt/cm? and 2 gPA/gPt.

Figure 6-13. AC impedance plots a. Nyquist and b. Bode, obtained at a current
of 0.2A/cm? at 180°C, under various fuel compositions and pure Oz flows
(200cc/min fuel mixture/O2). Black square: 50.7kPa H; balanced with Ar, open
circle: 50.7kPaH; and 2kPa CO balanced with Ar, and black triangle : 50.7kPa
Hy, 2kPa CO and 33.5kPa H>O balanced with Ar. MEA 6 employing30wt%
Pt/(0ox.MWCNT)-Py: 0.82 mgPt/cm? and 0.5gPA/gPt.
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Figure 6-14. AC impedance plots a. Nyquist and b. Bode, obtained at a current
of 0.2A/cm? at 180°C, under various fuel compositions and pure Oz flows
(200cc/min fuel mixture/O2). Black square: 50.7kPa H; balanced with Ar, open
circle: 50.7kPa H; and 2kPa CO balanced with Ar, and black triangle: 50.7kPa
Hz, 2kPa CO and 33.5kPa H>O balanced with Ar. MEA9 employing
30wt%Pt/oxMWNT: 0.79mgPt/cm? and 0.5gPA/gPt.

Figure 6-15. Short term stability experiment using synthetic reformate gas at
0.2A/cm? (M=3 and A0>=5) and 180°C. The amount of PA in the CL was
2gPA/gPt and the MEA that were tested: MEA 2: 30wt%Pt/oxMWNT-Py and
0.87mgPt/cm?, MEA 8: 30wt%Pt/oxMNWT and 0.875mgPt/cm? and MEA 10:
30wt% Pt/C and 1.42mgPt/cm?.

Figure 6-16. Short term stability experiment using synthetic reformate gas,
consisting of 50.7kPa H», 33.5kPa H>O and 2kPa CO balanced with Ar, at
0.4A/cm? (u=1.5 and A02=2.5) and 180°C. The amount of PA in the CL was
0.5gPA/gPt and the MEA that were tested: MEA 6: 30wt%Pt/oxMWNT-Py and
0.82mgPt/cm2, MEA 9: 30wt%Pt/oxMNWT and 0.79mgPt/cm2 and MEA 13 :
30wt% Pt/C and 1.6mgPt/cm?.

Figure 6-17. Short term stability experiment using synthetic reformate gas
(consisting of 50.7kPa of H2, 2kPa of CO and 14.1kPa of H>O balanced with
Ar) at 0.4A/cm? (Am2=1.5 and L02=2.5) and 180°C. The amount of PA in the CL
was 0.5gPA/gPt and the MEAs that were tested: MEA 5: 30wt %Pt/oxMWNT-
Py and 0.68mgPt/cm? and MEA 14: 30wt% Pt/C and 0.7mgPt/cm?.

Figure 6-18. Polarization curve (MEA 1) obtained under synthetic reformate
gas consisting of 50.7kPa of H», 33.5kPa of H,O and 2kPa CO balanced with
Ar, and a stoichiometry of Auz-1.2 and Aox=2.

Figure 6-19. The effect of the H» partial pressure on the polarization resistance
at 0.2A/cm?. AC impedance spectra obtained at 180°C, under various fuel
compositions (100kPaH»-20kPa H» balanced with Ar). The cathodic electrode
was fed with a redundant O flow. a. Niquist plots and b. corresponding Bode
plots

Figure 6-20. Schematic representation of the structure of the electrochemical
interface for the case of 30wt%Pt/C, (a) under dry conditions (thin film
formation), (b) under high humidity (ganglia formation).

Figure 6-21. Schematic representation of the structure of the electrochemical
interface ,for the case of 30wt%Pt/oxMWCNT-Py , (a) under dry conditions
(thin film formation), (b) under high humidity (displacement of PA).

Figure 7-1. Cyclic voltamograms a. first and second CO adsorption under 0.1V
for 20 min and b. the reference baseline where the electrode was polarized at
0.1V for 20 min in the absence of CO.

Figure 7-2. TEM micrograph and the corresponding Pt size distribution
histogram of 30wt%Pt/C obtained after the activation period: a. before CO
stripping and b. after 2 sequential CO stripping experiments, where CO was
adsorbed under polarization 0.1V. The Pt particle size distribution is included
as an inset.

Figure 7-3. The effect of ECSA evaluation procedure on cathodic electrode
performance. IR drop corrected polarization curve obtained at 180°C and under

179

181

182

182

183

187

188

189

200

201

202



pure H> and Oz (stoichiometry Am=1.2 and Aox=2). MEA: 30wt%Pt/C
0.6mgPt/cm? and 2 gPA/gPt.

Figure 7-4. CO stripping voltammograms (first and second cycle) obtained after
different CO adsorption procedure at 140°C. The scan rate was 10mV/s. Both
MEAs had a Pt loading of 1.4mgPt/cm2 and 2gPA/gPt was present in the CL.
Figure 7-5. TEM micrograph and the corresponding Pt size distribution
histogram of 30wt%Pt/C after exposure for 5 min in H> and 2 sequential CO
stripping experiments. The Pt particle size distribution is included as an inset
and the average Pt particle size was estimated 4.7nm.

Figure 7-6. The effect of reducing atmosphere 5%H2/Ar on the Pt particle size
as a function of time. The XRD diffractograms of 30wt% Pt/C were acquired at
180°C, with 20min acquisition time.

Figure 7-7. First cycle of CO stripping voltamograms, obtained after several
cycles of CO bulk electroxiadation. CO was adsorbed at open circuit potential
for 20 min at Tcell=140°C.

Figure 7-8. TEM micrograph and the corresponding Pt size distribution
histogram of 30wt%Pt/C after 30 cycles of CO bulk electroxidation. The Pt
particle size distribution is included as an inset and the average Pt particle size
was estimated 5.5nm.

Figure 7-9. First cycle of sequential CO stripping experiments, obtained after
normal fuel cell operation at the cathodic electrode. CO was adsorbed at open
circuit potential for 20 min at Teen=140°C.

Figure 7-10. TEM micrograph and the corresponding Pt size distribution
histogram of 30wt%Pt/C after 5 sequential CO stripping experiments. The
average Pt particle size was found to be 4.3nm.

Figure 8-1. The effect of PA amount imbedded in the cathodic electrode, on the
overall fuel cell’s performance. The polarzation curves, IR drop corrected, were
obtained at 180°C and gas stoichiometry of 1.2 and 2 of pure H> and O,
respectively. The PA amount varied between 2 and 8 gPA/gPt. a. MEAs 2,9-12
employing 30wt% Pt/oxMWCNT-Py and b. MEAs 17-20 employing 30wt%
Pt/C.

Figure 8-2. The effect of PA amount on the fuel cell’s voltage (IR drop
corrected) under pure H> and O (gas stoichiometry Anx=1.2 and Ap2=2) at 180°C
ata. 0.2A/cm? and b. 0.6 A/cm?

Figure 8-3. The effect of the PA amount imbedded in the cathodic catalyst layer
on the charge transfer resistance a. Nyquist and b. bode plots. The data were
obtained at 180°C and at a gas stoichiometry of 1.2 and 2 of pure H> and O,
respectively. The current was set at 0.2A/cm?. The MEAs (2,9-12) employing
30wt% Pt/oxMWCNT-Py MEA. The Pt loading was similar for all MEAs,
whereas the amount of PA was altered from 2 to 8 gPA/gPt.

Figure 8-4. The effect of the PA amount imbedded in the cathodic catalyst layer
on the charge transfer resistance a. Nyquist and b. bode plots. The data were
obtained at 180°C and at a gas stoichiometry of 1.2 and 2 of pure H> and O,
respectively. The current was set at 0.2A/cm?. The MEAs (17-20) employed
30wt% Pt/C. The Pt loading was similar for all MEAs, whereas the amount of
PA was altered from 2 to 8 gPA/gPt.
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Figure 8-5. Polarization curves, IR drop corrected, at 180°C of MEAs 2 and 9-
12, employing 30wt% Pt/oxMWCNT-Py with different amount of sprayed PA
at the cathodic electrode (2 to 8gPA/gPt) under high H> and O> flows (200
cc/min respectively).

Figure 8-6 a. Nyquist and b. bode plots of MEA — employing 30wt%
Pt/oxXMWCNT-Py. The data were obtained at 0.2A/cm? and at 180°C under
constant high gas flow of pure H, and Oz (200cc/min respectively). The Pt
loading was similar for all MEAs (2, 9-12), whereas the amount of PA was
altered from 2 to 8 gPA/gPt.

Figure 8-7. ECSA as measured via CO stripping, with respect to the PA amount
in the CL a. after the activation of MEA employing 30wt%Pt/oxMWCNT-Py
and 30wt%Pt/C. b. before and after activation for MEAs employing 30wt%Pt/C.
Figure 8-8. The effect of the Pt loading of the cathodic electrode on the MEA’s
performance. Polarization curves, IR drop corrected, at 180°C of MEAs
employing 30wt% Pt/oxMWCNT-Py. The gas stoichiometry was 1.2 and 2 for
pure H> and O», respectively. The Pt loading varied between 0.43 and
2.2mgPt/cm? and the PA loading was a. 2gPA/gPt (MEA 1-4) and b. 3gPA/gPt
(MEA 6,8 and 9). For comparison reasons MEA 16, employing 30wt%Pt/C, was
used.

Figure 8-9. The effect of low Pt loadings cathode on the fuel cell’s performance.
Polarization curves, IR drop corrected, at 180°C of MEAs employing 30wt%
Pt/oxMWCNT-Py and 30wt% Pt/C . The gas stoichiometry was 1.2 and 2 for
pure Hz and O», respectively. The PA amount imbedded in the cathodic catalyst
layer was 3gPA/gPt and 2gPA/gPt for the 30wtPt/oxMWCNT-py and
30wt%Pt/C, respectively. a. MEA:,8, 14 and 15 and b. MEA: 5,7,13 and 14.
Figure 8-10. The effect of O partial pressure on the polarization resistance of
the cathodic electrode of MEA 15. AC impedance spectra obtained at a current
of 0.2A/cm? at 180°C, under various partial pressure of O, balanced with Ar.
The anodic electrode was fed with redundant H> flow. a. Nyquist plots and b.
corresponding Bode plots

Figure 8-11. The effect of O partial pressure on the polarization resistance of
the cathodic electrode of MEA 9. AC impedance spectra obtained at a current
of 0.2A/cm? at 180°C, under various partial pressure of O> balanced with Ar.
The anodic electrode was fed with redundant H> flow. a. Nyquist plots and b.
corresponding Bode plots

Figure 8-12. The effect of the catalyst support and the PA distribution on the
Tafel slopes under various O partial pressures. The measurements were
conducted under 200cc/min of pure H, and O; balanced with Ar, respectively,
at 180°C : a. MEA 9 employing 30wt%Pt/ox. MWCNT-Py and b. MEA 15
employing 30wt%Pt/C .

Figure 8-13. TEM micrographs after 144 hours of continuous operation of
cathodic electrode employing a. 30wt% Pt/C and b. 30% Pt/oxMWCNT-Py. The
Pt particle size distribution is included as an inset
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Chapter 1

Introduction to Hydrogen technology, Fuel
Cells and theory

1.1 Introduction to H2 technology

Energy demand globally has been increasing, at least since 1990 [1], mainly due to the
energy consumption of developing countries. Currently, the main energy source is fossil
fuel (coal, crude oil and petroleum products), which are not sustainable and are expected
to be depleted. A byproduct of fossil fuel consumption is CO2, which has been accounted
as a primary source that increases the Earth’s average temperature (IPCC, 2013), the so-
called greenhouse effect. One method to address the problems of fossil fuel consumption
is replacement by new alternative and sustainable energy sources.

The last decade alternative and renewable energy sources have been used to supplement
energy requirements reaching 16% in 2012 globally. Wind turbines, hydroelectric plants,
photovoltaic panels, biomass are few of the renewable energy technologies being used.
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Hydrogen technology is considered a clean technology because hydrogen is high in energy
and when oxidized (burned), its products cause almost no pollution. Thus it is an excellent
candidate for energy supply and storage. Renewable power plants exploiting the sun use
molten salts as energy storage that is in turn used to produce a constant power output even
during nightime. Hydrogen can be used to replace molten salts and has the advantage that
it can be transported, if needed from the source location without losses of its thermal
capacity, unlike molten salts which require thermal insulation.

Fuel cells have attracted scientific interest due to their wide range of applications. They are
considered a novel clean and highly promising energy production technology. Similar to a
battery that turns a chemical reaction into electricity, a fuel cell combines hydrogen and
oxygen to produce electricity, heat, and water. However, the benefit of using fuel cells is
that they will produce electricity as long as fuel (hydrogen) is supplied, never losing its
charge. Additionally, because fuel cells can generate power from a fraction of a watt to
hundreds of kilowatts, they can be used in almost any application, from stationary power
to vehicles of all sizes down to mobile phones. In order for the fuel cell technology to be
commercially available optimization is required.

1.2 Purpose of this thesis

The scope of this thesis is the understanding and improvement of the electrochemical
interface of the anodic and cathodic electrode in HTPEM fuel cells, as well as the
optimization of the catalyst layer structure under various operation conditions.

The porous electrode’s structure consists of the catalyst, usually Pt dispersed on carbon,
mixed with a binder-ionomer and an ionic carrier, in order to establish a 3-D ionic link
between the Pt catalyst active sites and the polymer electrolyte. The presence of PA possess
limitations concerning the slow kinetic of the oxygen reduction reaction [2] and the reduced
oxygen solubility in hot phosphoric acid [3], restricting the performance of the cathodic
electrode. In addition, due to the liquid state of PA and its mobility, maximization of the
triple-phase boundary is difficult to achieve. Thus, a certain amount of ionomer is required,
that will bind the free PA in the catalyst layer, providing adequate contact with the Pt
particles, in order to increase the catalyst utilization. Therefore, a delicate balance must be
achieved between the binder and the ionic carrier for the efficient transport of gases and
conductance of electrons and protons to the electrochemical interface. Uniform mixing
and distribution of these components is hard and is not guaranteed, as a result part of the
electrocatalyst is not used.
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In an attempt to solve the above presented problem and to increase the electrochemical
active surface area, a newly synthesized electrocatalyst 30wt % Pt/oxMWCNT-Py is
tested at the anodic and cathodic electrode. The newly synthesized electrocatalyst is

based on functionalized MWCNT. On the outer wall of the MWCNT pyridine groups are
covalent attached, which are known to interact with phosphoric acid. In this way it is
expected that they will bind the acid molecules creating proton conductive pathways
throughout the catalytic layer resulting in the increase of the three phase boundary and
ultimately the catalyst utilization. Thus, the acid—base interaction of the H3PO4 with
the pyridine moieties is expected to secure the uniform distribution of the acid
throughout the catalytic layer so that a 3D proton ionic link will provide an active
electrochemical interface with all deposited Pt particles, as shown in figure 1-1.

Figure 1-1 .Schematic model of a. the interaction of pyridine with H;PO4 and b.-the
Pt/pyridine moditied MWCNT

The advantage of this approach towards the increase of catalyst utilization lies in the lack
of need for the use of a polymer-binder inside the catalytic layer, thus avoiding problems
of inhomogeneous binder distribution and/or electronic insulation of catalyst nanoparticles.
Using this newly synthesized electrocatalyst opens the possibility of significant reduction
of the amount of Pt in the electrodes without sacrificing the performance and stability of
the fuel cell.

1.3 Basic Components of High temperature PEMFC and the electrocatalytic reactions
at each electrode

1.3.1 Fuel Cell Description

The heart of a PEM fuel cell is the membrane electrode assembly MEA. A MEA consists
of two porous electrodes sandwiched with a membrane. The membrane separates the two
gas compartments (Fig. 1-2). The membrane is designed as an electronic insulator material
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separating the reactants (H> and O/air) and allowing only protons to move towards the
electrodes. The electrodes consists of a catalyst layer (CL), where the electrochemical
reaction occurs, and a gas diffusion layer (GDL), providing access of the fuel and oxidant
to the CLs.

Humidified Humidified
fuel in oxidant in
e g

Water + Excess
oxidant out

Excess fuel +
Water out

=

“anocde  cathode

I\q—‘“v‘—"
MEA

Figure 1-2. Schematic of basic principle of fuel cell operation

This MEA assembly is sandwiched between two current collectors, bipolar plates, in which
gas distribution channels are integrated. The GDL typically consists of carbon cloth or
carbon paper (0.2—0.5mm thickness) with a layer of hydrophobic material that facilitates
the product water drainage and prevents the gas paths from water accumulation. The CL,
is placed on the GDL, and consists of catalyst particles supported on a carbon based
substrate, ionomer and pore spaces which form a three-phase boundary where electrons,
protons and reactant gases meet and electrochemical reaction takes place.

For the past years, the structure and composition of the MEAs have undergone a lot of
changes. Up to now, platinum (pure or alloyed) is the catalyst material which gives the best
electrocatalytic performances [4]. In the following sections, the individual components and
the requirements they have to meet are being discussed. As shown in Fig 1-2, there are two
oxido-reduction couples reactions involved in fuel cell’s operation. At the anode, the
negative electrode, the hydrogen is oxidized according to:
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Hy - 2H" +2e— (eq. 1-1)

At the cathode, the positive electrode , oxygen is reduced according to:

02 +4H" +4e¢ > 2H,0 (eq. 1-2)

Giving the overall reaction:

2H, + 0, > 2,0 (eq 1-3)

Besides water, the operation of a PEMFC releases electricity and heat. The following
process takes place inside a fuel cell during normal operation conditions:

1. Gas flows through the channels ,where some convective flow may be induced in the
porous electrode

2. Gas diffusion through porous media

3. Electrochemical reaction

4. Proton transport through the membrane

5. Electron conduction through the electrically conductive cell components

6. Water transport through th9e polymer electrolyte membrane

7. Water transport through porous catalyst layer and gas diffusion layer

8. Heat transfer ,including both conduction through solid components of the cell and
convection to reactant gases and cooling medium.
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Proton Carbon Electrically
Conducting Supported Conductive
Media Catalyst  Fibers

PEM Catalyst GDL
Layer

Figure 1- 3.Cross section schematic of a cathodic electrode/membrane interphase during
operation

1.3.2. Electrodes- Catalyst Layer

Commercialization of PEMFC:s is still significantly restricted by its high content in Pt or
other noble metals. This has a significant impact on both the cost of the fuel cell and the
quantitative availability of Pt as an abundant raw material for the preparation of the
electrocatalytic layers. Reduced cost, resulting from increased catalyst utilization and/or
catalyst stability, is highly desirable. The last decade great advances have been made
towards the optimization and commercialization of low and high temperature PEMFC’s.
Many research studies have focused on the design and optimization of electrocatalytic
layers in order to increase the triple-phase boundaries and the electrochemical interface
[4,5,6,7,8,9].

The structure of the catalytic layer usually comprises the catalyst, mainly Pt dispersed onto
carbon black and a binder, aiming to the establishment of a 3-D ionic link between the Pt
catalyst active sites and the polymer electrolyte. In this way the reaction interface is
increased, given that only the Pt particles that are in direct contact with the proton
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conductor are electrochemically active. In such cases, the uniform mixing of the two
components is hard to be guaranteed and part of the electrocatalyst is not used.
Nevertheless, transport of gases and conductance of electrons and protons to the
electrochemical interface must be optimized to provide efficient electrochemical reactions.

Porosity of the catalyst layer is an essential property for a high performance electrode.
Pores allow transport of reactants onto three phase boundary sites and removal of reaction
product water. The porous structure in the catalyst layer depends on the electrode’s
preparation method and can be controlled by adding a pore forming agent, which is later
removed. The type of catalyst and substrate is also known to influence the pores
distribution and size.

PEMEFC electrodes are very thin, only ca. 10um, thinner than in other fuel cell types, and
thus power density in PEMFC electrodes is higher compared to other fuel cells [10]. The
most common used commercially available catalyst is based on carbon black particles
(Pt/C catalyst) with Pt nanoparticles size ranging from 2 -6nm [11]. The role of the carbon
substrates is not only to support the catalyst nanoparticles and stabilize them, in order to
minimize their agglomeration, but also to ensure a good electronic conductivity in the
catalyst layer.

Average catalyst loading on an electrode is usually between 0.1 and 0.4 mg cm™ for anode
and cathode, respectively, for low PEM fuel cells. Although it has to be mentioned that
High temperature PEM fuel cells employing phosphoric acid embedded polymer
electrolyte require higher catalyst loading compared to the perfluorosulfonic-acid-type
membrane based PEM fuel cell. The low solubility of oxygen and slow diffusion in
phosphoric acid [12] as well as phosphoric acid poisoning /adsorption [13] on the Pt surface
are responsible for the higher demand in Pt loading. PBI based fuel cells are able to operate
without significant loss in their performance utilizing Pt loading as low as 0.2 mgPt/cm? at
the anodic electrode and around 0.6mgPt/cm?2 for the cathodic electrode [14, 15].

1.3.3 Gas Diffusion Layer [16]
Gas diffusion layers (GDL) have many functions in a PEM fuel cell. Although it does not

participate directly in the electrochemical reactions, the GDL is of great importance as:
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1. It provides mechanical support to the catalyst layer as well as to the MEA,
preventing deformation when placed on top of the flow field channels

2. The porous nature of the materials provides the reactants access to the parts of the
electrodes that are under the flow channel ridges, as well as a passage for reaction
product water from the electrode to the flow channel. Reactant transport is usually
driven by diffusion and in some cases by convection and water removal by capillary
action.

3. It ensures a sufficient electric contact between the catalyst layer and the bipolar
plate, allowing the electrons to travel from the anode to the cathode.

4. It conducts the heat, mainly via conduction, that is been generated by the
electrochemical reactions in the catalyst layer.

In order to meet the above requirements the state of the art GDL consists of a complex
porous composite network. It is composed by a bilayer structure, where the macroporous
substrate faces the flow field and a microporous layer faces the catalyst layer. Due to the
requirement of high gas permeability of reactants and reaction’s products as well as
sufficient water management, a delicate balance is required between the hydrophilic and
hydrophobic pores. The pore size is also crucial, especially at the side facing the catalyst
layer, as the catalyst particles are very small.

Due to the harsh operation conditions, high chemical and mechanical durability is highly
desired. The GDL materials must have good electrical and thermal conductivity in-plane
and through-plane, as well as low contact resistance in order to minimize ohmic losses
inside the cell. The material should also be inexpensive in order to improve economic
competitiveness of fuel cell systems.

Many of these properties are interconnected and thus best performance is often achieved
by carefully balancing different properties instead of optimizing one. Barbir stated that
‘One cannot change only one parameter in a fuel cell-change of one parameter causes a
change in at least two other parameters, and at least one of them has an opposite effect of
the one expected to be seen’[17].
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Typically in PEMFC’s GDL the macroporous layer are made of graphite-fiber substrate,
such as carbon cloth, paper or felt. The diffusion media are usually treated with PTFE or
similar fluorocarbon to increase hydrophobicity. A composite particle layer known as the
microporous layer (MPL) is coated on one side of the macroporous layer and consists of a
dispersion of carbon black and fluoropolymer. Most common PTFE loading used in the
MPL are between 30%-50% wt. This configuration provides a porous structure with both
hydrophobic and hydrophilic domains. It has to be noted that the hydrophobic properties
of the GDL are rarely reported by the manufacturing companies as they are tailored for a
specific cell design. Fig 1-4 presents a schematic and SEM micrograph of a typical GDL.

500% 60 um

Sintered PTFE Nanoparticles N :
(200-500 nm dia.) Graphitized Fiber (~10 um)

10kx 3um

30kx 1um

Figure 1- 4. Schematic and SEM micrographs showing gas diffusion layer, (Toray TGP-
H) graphite-fiber and polytetrafluoroethylene (PTFE) microstructure spanning
approximately two orders of magnitude of length scale. Each scale plays a critical role in
optimized gas and liquid transport.[ 18]

The GDL plays a critical role in the overall performance of the PEM fuel cell, especially
in the concentration overpotential region. Experiments and modeling have shown that
majority of mass transfer losses occur due to limited oxygen diffusion through the cathode
side GDL, especially when liquid water or H3POy is present, the later for the case of
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HTPEM. Mass transport of reactants and removal of excess water are greatly affected by
GDL porosity, pore size distribution and ratio of hydrophobic and hydrophilic pores, gas
permeability and material thickness.

1.3.4 Polymer Electrolyte Membrane

The heart of a PEM fuel cell is a polymeric membrane that presents specific capabilities.
A good polymer electrolyte membrane must exhibit high proton conductivity, very low gas
permeability of fuel and reactant gases and high chemical and mechanical stability in the
demanding fuel cell environment. The polymer electrolyte membranes used for PEM fuel
cell are divided into two categories: low (up to 100°C) and high (up to 200°C) temperature
membranes.

The membranes employed in low-temperature PEM fuel cells consists of perfluorocarbon
-sulfonic acid ionomers (PFSA)[19]. The best material known and most commonly used is
Nafion [20] produced by DuPont, though similar materials have been developed for
commercial or development purposes by other manufacturers such as Asahi Glass
(Flemion) or Asahi Chemical (Aciplex).

Since this thesis is focused on HTPEM fuel cell, an extended discussion about the most
common materials used and their properties is presented. As reported in the literature, most
high temperature (150-200°C) polymer electrolytes are based on acid-base systems. The
polymer electrolyte membrane can be considered as a two component system. The
polymeric membrane material consists of a backbone, side chains and any added
components to enhance the properties, which corresponds to the first part of the solid
electrolyte. The second one, is the proton carrier, which in HTPEM systems is usually an
ionic medium such as H3POy or an ionic liquid. All membrane materials adsorb a desirable
amount of the ionic carrier. If the adsorption is too high, it can lead in the weakening of the
membrane structure, and if it’s too less, in the severe reduction of the proton conductivity.

Due to the harsh chemical conditions existing in these types of fuel cells, very few
polymeric materials can efficiently withstand [21]. Many approaches have been developed
that include modified perfluorosulfonic acid polymer membranes, alternative sulfonated
polymers and their composite membranes and acid-base polymer membranes. The most
studied system for high temperature is PBI membrane doped with phosphoric acid [22].
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In general, PBI materials are basic polymers (pK.= 5.23 as protonated) containing
benzimidazole units which bear both donor and acceptor hydrogen-bonding sites, as can
be seen in figure 1-5. They can be synthesized by combining tetraamines and diacids. The
proton acceptor sites of the imidazole ring react with H3;PO4 or polyphosphoric acid as in
a typical acid-base interaction. The basic polymer acts as a proton acceptor and an ion pair
is formed.

H.N NH; HOOC COOH

n S
I O f

H,N Z

2 TAB

NH,

IPA
H
b
. N N
& /> = + 4n HCI + 4n H,0
PPA, 170-200°C N N / ;

PBI

Figure 1-5. PBI structure

The challenge for the use of PBI membranes in HTPEMFC:s is their long term stability.
This is related to various factor comprising low molecular weights, mechanical integrity,
chemical stability and phosphoric acid retention. In particular the incorporation of high
amount of phosphoric acid in order to achieve high conductivity values, results in a highly
plasticized membrane with Ty values even below 200°C. Improvements in the
aforementioned properties are the focus of much research. Cross-linking of PBI material
appears to be a promising method to overcome these issues. In addition the PBI polymer
chains are vulnerable to oxidizing species (peroxide radicals), which are formed during
fuel cell operation. Polymer oxidative degradation (attack by H>O» and hydroxy and/or
hyperoxy radicals) is likely the principal reason of the failure. Therefore, PBI presents
serious drawbacks such as moderate mechanical properties and low oxidative stability.

Another very promising membrane for high temperature PEMFCs consists of pyridine
based aromatic poly-ethers [23,24,25]. Pyridine based aromatic poly-ethers are novel
polymer structures that contain polar pyridine groups as main chain linkage in aromatic
copolymers. These polymer structures were designed and synthesized in order to provide
functionalities such as high thermal and oxidative stability, mechanical integrity and the
ability to form ionically conductive membranes after doping with phosphoric acid. The
main or side chain pyridine units strongly bind phosphoric acid, which is retained in the
membrane matrix [26]. Doping of these polyethers results in membranes with ionic
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conductivity values as high as 10"'S/cm at 180°C. All the other functionalities can be met
by the proper selection of the aromatic polyether structure of the copolymers. Figure 1-6
depicts a general structure of these polymers.
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Figure 1-6. General structure of pyridine based aromatic polyethers.

This alternative type of polymeric materials has high thermal, mechanical and oxidative
stability due to the aromatic ether bonds. These acid doped polymeric materials can be
readily synthesized with tailor-made physicochemical properties due to the diversity of
monomers that can be used. The oxidative stability of those membranes is exceptionally
good and therefore are excellent candidates for high temperature PEMFCs application.
ADVENT’s TPS® polymer electrolyte MEA is a representative of this alternative polymer
electrolyte membrane [27].

Both PBI and TPS polymers contain basic groups in their chemical structure (imidazole
and pyridine groups respectively), which interact with PA thus facilitating the
impregnation of PA into the polymer matrix. The PA network within the membrane
provides the H" pathways, though the proton conductivity is affected by the polymer
chemical structure [28,29,30]. The proton conductivity mechanism in phosphoric acid
doped membranes is mainly controlled by structure diffusion (Grotthus mechanism) where
proton transfer occurs between hydrogen bonds.

1.3.5 Current collectors and flow field/bipollar plates [31]

Flow field/bipollar plates bear flow channels for the uniform distribution of reactant gases
over the active cell area. The bipolar plates provide an electrical interconnection between
the electrodes and outer components of the fuel cell and serve to separate the individual
electrochemical cells in stacks. Flow field plates in a fuel cell stack are referred as bipolar
plates, as they act as an anode side plate for one electrochemical cell and cathode side plate
for another, connecting electrically the anode of one unit cell with the cathode of another.
In a single cell configuration, there are no bipolar plates, they are monopollar and can be
considered to be halves of a bipolar plate at each side.
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The flow channels geometrical configurations have a variety of different designs, such as
pin, straight or serpentine channels etc. which can affect the cell’s performance [32]. A
typical simple serpentine flow field plate is shown in Figure 1-7. Channel and ridge width,
channel depth, surface properties and overall geometry is known to affect the reactant’s
distribution over the active surface.

Figure 1-7. A simple flow field plate with a serpentine flow channel. Gas inlet and outlet
are located on the opposite face of the plate.

Certain requirements have to be met in order to have the optimum performance. Beside the
uniform gas distribution over the electrode and high values of electronic conductivity, high
mechanical strength and corrosion resistance, as well as low gas permeability are highly
required.

It is well known that the electrical and thermal properties have an effect on fuel cell
operation and performance. Therefore in order to minimize ohmic losses in the flow field
plate, the electrical conductivity of the bulk material should be high and the contact
resistance between the flow field plate and adjacent components should be as low as
possible (<1pQcm?2). Besides performance, the production cost has to be considered. It
also have to be taken into consideration the fact that the bipolar plates consists of
approximately 80% of the mass distribution in a stack, therefore low density materials are
desired, in order to reduce the stack’s weight. Flow field plates are manufactured mainly
using graphite, graphite composites, and stainless steel and other metals. The most
commonly used material is resin-impregnated graphite which exhibits low gas permeability
and good electrical and thermal conductivity. A major drawback is that it is expensive and
unsuitable for mass production since the flow channels have to be machined, which
increases manufacturing costs.
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1.3.6 Other components

In addition to the core components described above, there are additional components
required to make a functional unit cell or fuel cell stack. Figure 1-8 depicts the components
of a simple single cell unit.

Figure 1-8. An exploded view of a unit cell. 1) MEA 2) PTL 3) Gasket 4) Flow field plates
5) Current collectors 6) Insulator 7) End plate.

Gaskets are necessary in order to prevent leaks and accidental mixing of reactants. The
most common and frequently used gasket materials are PTFE, VDF, EPDM, FEP or other
thermoplastic polymers that can endure the harsh conditions in a fuel cell.

Current collector plates are placed at both ends of the cell or stack and have terminals for
current leads. Corrosion resistant and high conductivity are highly desired for the materials
required for the manufacture of current collector plates.

Single cells and fuel cell stacks are held together by the end plates and clamping bolts,
providing mechanical support and compression for adequate sealing as well as electrical
and thermal contact between the components. The end plates consist of high conducting
materials with high rigidity, which is required in order to ensure even compression between
the different components.
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Fuel cell stacks require a cooling system for the facilitation of thermal management. For
that reason cooling plates are often integrated into fuel cell stacks and are placed between
bipolar plates that have been divided in two parts and feature channels for coolant

circulation. Alternatively, high thermal conductivity materials which feature cooling fins
for heat removal outside the flow field area are used.

On a fully operation system level, more components are needed. The number and type
depend on the needs of the system, but most common additional components are reactant
lines and storage units, reactant humidification systems, compressors or blowers, valves,
pressure and flow controllers and control electronics, heating and cooling systems, and
power conditioning units.

1.3.7 Mass transport in PEM fuel cells using single serpentine flow fields

In PEM fuel cells, mass transport is a combination of two mechanisms: binary diffusion
and convection. Binary diffusion is driven by gradient in concentration between the flow
channel and the catalyst layer. In contrast, convection does not require a loss in
concentration to drive reactants, rather a difference in pressure along the channel. The
performance of a fuel cell, especially at high current densities, is affected by mass transport
limitations originating by reactant deficiency in the under-rib regions.[33]

The thickness of the GDL contributes to diffusion-dominated mass transport and causes
uneven distribution of current density due to different diffusion distances, especially under
the ribs. Since convection does not require concentration gradient, higher reactant
concentrations can be achieved in the catalyst layer under convection-dominated
conditions. For that reason, under-rib convection is highly desired as it simultaneously
increase reactant concentration and reduce product concentration in the catalyst layer, thus
reducing the activation and mass-transport overpotentials [34]. By definition, under-rib
convection is the flow of reactant gas through the GDLs porous structure and the under
interconnected rib structure. The flow field design has a major impact on the mass transport
limitations and influences the contribution of under-rib convection.

In single serpentine flow field, under-rib convection has been recognized as a major
transport process in PEM fuel cells [35,36,37,38]. Along a single serpentine flow field a
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large pressure drop has to be generated in order to generate sufficient flow to satisfy the
stoichiometry requirements. Due to the flow rate typically employed during operation of
a PEM fuel cell, pressure difference occurs between adjacent channels due to viscous
losses, figure 1-9. This pressure drop improves the performance of the electrode, due to
increased contribution of the under-rib convection to the overall mass transport
[39].Increasing the reactant flow rate, results in the increase the pressure drop between the
channels, and consequently the under-rib convection dominates as the major contribution
of mass transport.

Under-rib convection
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Figure 1-9. Flow network model of GC with under rib convection effects: definition of
GC geometry and explanation of pressure drop [34].

1.4 Thermodynamics
1.4.1 Basic Reactions

Two electrochemical reactions take place during fuel cell operation as also mentioned in
the previous section. At the anode, over which hydrogen gas passes, occurs the HOR. At
the cathode, over which oxygen or air passes, the ORR occurs.

1.4.1.1 Oxygen Reduction Reaction [40]

The ORR is well recognized as a slow reaction in acid media. Due to the slow reaction
kinetics the performance of a PEMFC suffers major voltage losses, as a result of high
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reduction overpotential. This is one of the most limiting factors in the energy conversion
efficiency of the state-of-the-art PEMFC. For that reason, the ORR remains the focus of
many studies. The ORR process on Pt catalysts includes several individual reaction steps,
as shown in Figure 1-10. Two are the most examined processes, were each process contains
discrete steps. One is the production of water through a four-electron pathway, and the
other is production of hydrogen peroxide through a two-electron pathway.

The preferred route of ORR is the reduction of oxygen molecules to water through the four-
electron pathway. Incomplete reduction of oxygen to hydrogen peroxide leads to low
energy conversion efficiency and to the production of reactive intermediate which are
converted to free radical species.

K (+de”)
diff i k, (+28) l
B Gz{adgj < Hz{]z[ads) = H.,0O
K_.(-2e™)
kel Ky
|':-4 HEDE

Figure 1-10. Oxygen reduction mechanism on noble catalysts (Reprinted from Journal of
Power Sources, 152(2), Wang Bin, Recent development of non-platinum catalysts for
oxygen reduction reaction, 1-15)

1.4.1.2 Hydrogen Oxidation Reaction [41]

At the anode, hydrogen is stripped of its electrons and becomes protons and electrons. For
electrochemical reactions, even for the case of a simple one electron reaction, the reaction
mechanism involves several steps. The overall reaction rate depends on the slowest
elementary reaction, which is called the rate determining step. It is well known that H
oxidation/evolution is described by the Tafel, Volmer and Heyrovski reaction steps
according to the reacting scheme described by eqs 1-4 — 1-6.
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H, - 2H, 4 Tafel (eq. 1-4)
Hyg—> H' +e” Volmer (eq. 1-5)
Hy, > H,;+H"+e” Heyrovski (eq. 1-6)

Reaction 1-5 is fast and takes place at low overpotential being the primary charge transfer
H; electrooxidation reaction, while reaction 1-6 takes off at fairly higher overpotentials
characterized by a larger Tafel slope [42]. Platinum (Pt)-based catalysts are widely used as
the anodic electrode material for hydrogen oxidation as it presents lower oxidation
overpotential and a higher kinetic rate. The apparent exchange current density of the HOR
has been calculated to be five orders of magnitude higher compared to the ORR on Pt.

1.4.2 Heat of Reaction
The overall reaction of a hydrogen fuel cell (eq. 1-7) is an exothermic process.
H>+ 1/202 — H2O + Heat (eq. 1-7)

The heat or enthalpy of a chemical reaction is the difference between the heats of formation
of products and reactants. For the above equation, the heat or enthalpy for the formation of
liquid water is —286 kJ/mol at 25 °. The negative sign of the enthalpy means that this is an
exothermic reaction. The fuel cell reaction can now be written as

H» + 1/202 — H20(1) + 286 kJ/mol (eq. 1-8)

Equation 1-8 is only valid at 25 °C , meaning that both the reactant gases and the product
water are at 25 °C. The enthalpy of the hydrogen combustion reaction is also called the
hydrogen’s heating value. The value 286 kJ/mol is known as hydrogen’s higher heating
value (HHV), which means that 1 mol of hydrogen is fully combusted with 2 mol of
oxygen and cooled down to 25 °C. If hydrogen is combusted with sufficient excess oxygen
and cooled down to 25 °C, the value will become 242 kJ/mol,which is known as hydrogen’s
lower heating value (LHV).

1.4.3 Gibbs Free Energy
The change in Gibbs free energy (AGr ) of a reaction is the difference between the Gibbs

free energy of the product and the Gibbs free energy of the reactants. For the
hydrogen/oxygen fuel cell reaction is given by the following equation:
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-G

AGf :G f ,reactants (eq 1-8)

f ,products

The change in Gibbs free energy depends on both temperature and pressure. AG_;-' is the

change in Gibbs free energy at standard pressure, which varies with the temperature T of
the fuel cell, in Kelvin.

1/2
AG, = AG - RT n[£12Por)  (eq. 1:9)

Prao

PP and Py, are the partial pressure of the hydrogen, oxygen, and vapor,

respectively. R is the universal gas constant (8.314 J/kg*K). A negative value of AGr
means that the reaction releases energy.

1.4.4 Reversible Fuel Cell Potential

The reversible voltage of the fuel cell is related to the change of Gibbs free energy of the
reaction by the following equation:

AGf =—nFE  (eq. 1-10)

where F is Faraday constant (96485 Coulombs), E is the voltage of the fuel cell and n is
the number of electrons. For each mole of hydrogen two moles of electrons pass around
the external circuit (n=2). So the physical meaning of eq. 1-10 is the electrical work. E is
also known as the thermodynamic potential.

1.4.5 Effect of Operation Conditions on Reversible Fuel Cell Potential

The reversible voltage of the fuel cell, also known as Nernst voltage, can be expressed
using the Nernst equation,

—AG? 12
F=o0r T RE o PP, (eq. 1-11)
2F  2F 2F  p,

The reversible potenrial value at standard conditions (25°C and 1 atm) is :
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—-AG; 237,200 / mol

E-_0r _ =0 MOT 21220V (eq. 1-12)

2F  2x96485As/ mol

The reversible potential of hydrogen/oxygen fuel cell depends on the operation
temperature, as shown in equation 1-13:

G _ 1229 +(T-T*) (2
2F 2F
Where T° is the standard temperature (298.15K) and AS° corresponds to the entropy
change. It is known that the entropy change of a reaction is constant, therefore the above
equation can be simplified to eq. 1-14 :

) (eq. 1-13)

~AG? L
- =1:229-085x107(T-298.15) (eq. 1-14)

At 200°C the theoretical reversible potential is equal to 1.14V.

The reversible cell potential affected by both the temperature and the pressure and is
expressed in equation 1-15.

E

Nernst

=1.229-0.85x107(7 - 298.15) + 4.3085x10ST[ln(sz)—k%ln(poz)] (eq. 1-15)

1.4.6 Theoretical efficiency

The efficiency of an energy conversion device is defined as the ratio between useful energy
output and energy input. More specifically, for the case of a fuel cell, the useful energy
output is the electrical energy produced, whereas the energy input is the enthalpy of
hydrogen. If all the Gibbs free energy was converted into electrical energy the maximum
possible (theoretical) efficiency of a fuel cell at 25 °C can be calculated by equation 1-16:

~AGY
AGY 12
p="0r o nF 1233 _es0 0 1o16)
AH® —AH’ 148
nkF
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where 1.23 V is the theoretical cell potential, and 1.48 is the potential corresponding to
hydrogen’s HHV, or the thermoneutral potential. The theoretical efficiency is sometimes
also known as the thermodynamic efficiency or the maximum efficiency limit. The
theoretical efficiency depends on both temperature and pressure.

1.4.7 Energy Conversion Efficiency for Fuel Cells

A fuel cell during normal operation conditions, the fuel fed to the anodic compartment is
in excess with respect to the amount that is consumed. Therefore, the later has to be taken
into account in order to calculate the cell efficiency. The fuel utilization coefficient, which
is defined as

_ mass of fuel reacted in cell

= . 1-17
ﬂf mass of fuel input in cell (cq )

Therefore taking into consideration equation 1-17, the actual efficiency of the cell is
defined as the actual voltage divided by the thermoneutral potential, based on HHV or
LHYV, equation 1-18 and 1-19 respectively:

Cell efficiency = Hoy lVﬂTeléxIOO% (eq. 1-18)

Cell efficiency = Hy 1V“—26”3x100% (eq. 1-19)

1.5 Reaction Kinetics

1.5.1 Current density and Exchange current density

The rate of an electrochemical reaction is determined by an activation energy barrier that
the charge must overcome to move from electrolyte to a solid electrode and vice versa,
and is described by the electrical current. Faraday’s law relates the current density to the
charge transferred the consumption of the reactant and the surface area.

i=nFv (eq. 1-20)
where F is Faraday’s constant (96485 C/mol), and the physical meaning of nF is the charge

transferred and v is the reactant consumed with a unit of mol/cm?s. It has to be noted that
he reaction rate is easy to measure but it has to be kept in mind that the measured current
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density is a net current density, which is the difference between the forward and reverse
current densities on the electrode.

1.5.2 Butler-Volmer Equation

The net current density of a redox reaction can be expressed by the following equation:

i =nFlk, ,C, exp(—22Ey _y c., exp(%)] (eq. 1-21)
Where at equilibrium we have:
_ —ay ,nFE, (1—-ay, )nFE,
L= nk| kO,_f'C(];x eXp(Tq) = kO,beRd eXp(Tq) (eq. 1-22)

. . . b b .
Where Ecq is the reversible potential and C,. and Cy, are the bulk concentration of the

reacting species (mol/cm?). According to equations (1-21) and (1-22), we can derive a
simplified equation:

G —aptEn Gy (A—ag,)nFn
=i ex — €x .1.23
Al c p( RT ) c p( RT )] (eq )

Where 1) is the overpotential (for the anodic reaction ne=Es-Ec> 0 and for the cathodic

reaction 1c=Ec-Eeq<0). Assuming that Cox= C:x and Crq= Czd then:

l' — io[exp(_aRann)_ eXp((l B aRd )”F77

RT RT )1 (eq. 1-24)

The above equation is known as Butler-Volmer equation, and describes the current
potential relationship.
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1.5.3 Linear Polarization

The Butler-Volmer equation for small overpotential

Fi
nmn (] 1 can be written as:
RT

=i 1= - a) ) (eq. 1-25)
RT
which is further simplified to
. nFn
i=—,
RT (eq. 1-26)

Therefore the charge transfer resistance, R¢, which corresponds to the barrier electrons
transfer from the electrode surface to the asorbed species and vice versa, can be calsulated
by the following equation:

R =1_RT

eq. 1-27
ct l nFlO ( q )

As can be seen from equation 1-27, the resistance is related to the electrode potential, or
the overpotential. R is a very important kinetic parameter, as it describs the speed of the
electrode reaction and can be measured by Electrochemical impedance spectroscopy. It
has to be noted that the electron number refers only to the electrons involved in the rate
determining step. For a multi-electron, multi-step reaction, n is not equal the total electrons

involved in the whole reaction.
1.5.4 Tafel Equation —Simplified Activation Kinetics
At high overpotentials, one term of the Butler-Volmer equation can be ignored and the

equation takes the following form. For the forward reaction:
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—anF

S (eq. 1-28)

i =1i,exp(

And for the backward reaction:

(1-a)nFn

. 1-29
2T ) (eq )

i =—i,exp(

Rearrangement of the above two equations give the following:

= 230RT o (2303RT i (eq. 1-30)
anF an
Where if
o =230RT i (eq 1-31) and  p——2303RT
ank’ an

the equation (1-30) is simplified in the following form:

n:a—blogz (eq 1_33)

(eq. 1-32)

The above equation is known as Tafel equation, which shows us that in a certain current

range, the overpotential has a linear dependence on the logarithm of the current density.

Therefore the exchange current density can be obtained from the intercept at the current
density axis. The slope of the line, which is known as Tafel slope, indicates the reaction

kinetics. The higher the Tafel slope, the slower the reaction kinetics.
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Chapter 2

Physicochemical and electrochemical
characterization techniques used during
the fulfillment of this thesis

2.1 Introduction

This chapter presents in detail all physicochemical and electrochemical techniques used
during the fulfillment of this dissertation. A brief discussion of the basic principal of
operation of each technique is also included. Concerning the physicochemical
characterization of the electrocatalysts XPS, XRD, TEM and BET were employed.
Whereas for the electrochemical characterization of the MEAs, polarization curves, cyclic
voltammetry and AC impedance spectroscopy were empployed. Additionally, an online
MS was used to monitor the composition of the gas in the outlet of the fuel cell.

2.2 Electrochemical Characterization Techniques

The electrochemical characterization of HTPEM fuel cell based on ADVENT’s TPS
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membrane electrolyte, was conducted via cyclic voltammetry, polarization curves and
electrochemical impedance spectroscopy. In the following section the basic principles of
each technique is being briefly discussed.

2.2.1 Basic Principle of operation of a Potentiostat-Galvanostat

A potentiostat-galvanostat is a control and measuring device, and is a fundamental tool in
modern electrochemistry for the investigations of reaction mechanisms related to redox
chemistry. Potentiostats are designed to interface with a computer and operate through a
automated software package, which allows the user to shift between experiments (cyclic
voltammetry, electrochemical impedance spectroscopy etc). Up to date Hickling’s
principle on the three electrode potentiostat is in use [1].

Principal of Operation [2]

In potentiostatic mode, a potentiostat/galvanostat (PGSTAT) will accurately control the
potential of the Counter Eletrode (CE) against the Working Electrode (WE) so that the
potential difference between the working electrode (WE) and the Reference Electrode (RE)
is well defined, and correspond to the value specified by the user.

In galvanostatic mode, the current flow between the WE and the CE is controlled. The
potential difference between the RE and WE and the current flowing between the CE and
WE are continuously monitored. By using a PGSTAT, the value specified by the user (i.e.
applied potential or current) is accurately controlled, anytime during the measurement by
using a negative feedback mechanism.

As can be seen from the diagram below, the CE is connected to the output of an electronic
block which is called Control Amplifier (CA). The control amplifier forces current to flow
through the cell. The value of the current is measured using a Current Follower (LowCF)
or a Shunt (HighCR), for low and high currents, respectively. The potential difference is
measured always between the RE and S with a Differential Amplifier (Diffamp).

Depending on the mode the instrument is used (potentiostatic or galvanostatic) the
PSTAT/GSTAT switch is set accordingly. The signal is then fed into the Summation Point
(X) which, together with the waveform set by the digital-to-analog converter (Ein) will be
used as an input for the control amplifier.
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Figure 2-1. Basic diagram of a potentiostat/galvanostat.

2.2.2 Cyclic voltammetry

Cyclic voltammetry is one of the most common used techniques in electrochemistry,
providing both quantitative and qualitative information, concerning electrochemical
reactions occurring at the working electrode.

Cyclic voltammetry (CV) is a potentiodynamic electrochemical measurement, where the
working electrode potential is scanned linearly from an initial to a vertex value, and back
to the initial point. This potential inversion can happen multiple times during an experiment
and is referred as the number of scans. The acquired current of the working electrode is
plotted versus the applied voltage, and corresponds to the cyclic voltammogram. This
voltage ramping is known as the experiment's scan rate (V/s). During a typical cyclic
voltammetry experiment, the potential is applied between the reference electrode and the
working electrode and the current is measured between the working electrode and the
counter electrode. A fuel cell use’s typically a two electrode configuration; therefore the
counter electrode will also act as a reference.

During the CV’s measurement, the forward scan (usually towards positive values)
produces current peaks due to the oxidation of species (or reduction depending on the scan
direction). As the potential reaches the oxidation (or reduction) potential of the specie, the
current reaches its maximum, and start decreasing as the concentration of the

52

Department of Chemical Engineering, University of Patras



Alin Orfanidi, PhD Dissertation, Patra Greece

i A

ElV

Figure 2-2. An example of a cyclic voltamogram of a redox reversible system.

later is depleted at the electrode surface. For the case of redox couples which is reversible,
when the applied potential is reversed and will reach the potential that will reoxidize the
product formed in the first reduction reaction, it will lead to the production of a current
peak of reverse polarity from the forward scan. The oxidation peak usually has a similar
shape to the reduction peak; an example is presented in Fig 2-2.

2.2.3 Electrochemical Impedance Spectroscopy [3]

The electrochemical impedance spectroscopy (EIS) is a characterization technique being
utilized very frequently as a primary research tool in studies of proton exchange membrane
fuel cells [4]. The EIS technique can provide information about the reaction kinetic and
helps identifying the optimum operation conditions, as well as identifying different
processes occurring at electrodes of the fuel cell, such as interfacial charge transfer, mass
transfer phenomena etc. Also it allows the use of equivalent circuit to model the system, in
order to obtain electrochemical parameters, both at open circuit potential and under load.
Finally it can differentiate the contribution of each component of the fuel cell (membrane,
electrode etc) to its total performance. A PEM fuel cell is a two electrode electrochemical
system. For that reason, in-situ electrochemical impedance measurements are carried out
using a two electrode connection, where both the counter and the reference are connected
to one of the fuel cell’s electrode. In order to measure the impedance a frequency response
analyzer (FRA) and a load bank are required.

The FRA is connected to a DC load bank. During the measurement, a sinusoidal wave is
generated by the FRA and applied to the cell through the electric load. This AC signal
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overlaps on the DC current and is send back to the FRA to generate the impedance spectra.
The impedance spectra are generated by sweeping the frequencies usually from 10kHz to
10 mHz, using usually 50 points. The impedance spectra of the fuel cell can be measured
in both galvanostatic and potentiostatic mode.

Potentiostatic Mode: In potentiostatic mode, during the AC impedance measurements, an
AC potential perturbation is applied to the fuel cell, and the current response is measured.
It is well known that the amplitude plays a critical role in obtaining good results. A usual
AC signal amplitude, used in potentiostatic measurements of PEM fuel cell, is between 5-
15mV. Potentiostatic measurements have some disadvantages, as small changes in the
potential could result in large changes in the current, which can affect significantly the
accuracy of the information obtained from the impedance spectra.

Galvanostatic Mode: In galvanostatic mode, during the AC impedance measurements, an
AC current perturbation is applied to the fuel cell and the potential response is measured.
The use of this mode allows the current ,AC and DC , to be controlled during the
measurement ,which is a great advantage. The amplitude, as for the potentiostatic mode, is
very important and depends on the applied cell’s load. Usually a 10 to 20mA amplitude is
used for the case of the fuel cell operating at 0.8A.

Equivalent circuit

The electrochemical reactions that occurs at the electrodes of a fuel cell, consists of several
processes. In order for the reactions to occur, several process are initiated, such as
adsorption of electroactive species on the electrode surface, charge transfer on the
electrode, diffusion of the electroactive species from the bulk of the electrolyte, the
conduction of protons through the membrane and at the active sides etc.

Cathode Anode
R.(C) Electrolyte R.(A)

Rei

Figure 2-3. Equivalent circuit of a typical fuel cell at its simplest form.
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Each process can be represented as a simple electric component or circuit. Therefore, all
the processes that occur during a fuel cell operation can be represented as an electrical
circuit comprised of resistances, capacitors, inductors etc. Figure 2-3 shows a schematic
representation of the equivalent circuit of a typical fuel cell at its simplest form.

2.2.4 Polarization Curves

Polarization curves represent the response of the current with the voltage change. The
polarization curves provide useful data concerning the evaluation and characterization of a
fuel cell system. Fuel cells exhibiting high current densities at high cell’s potentials, which

indicate high power output, are highly desired. Figure 2-4, shows a typical polarization
curve of a fuel cell.

"No loss" voltage of 1.2 voits

Even the open circuit voltage is less than the

1 ﬁ(/thenretical no loss value

+————— Rapid initial fall in voltage

Region where voltage falls more
«— slowly and graph is fairly linear

Cell voltage /| V

Rapid fall at
0.2 higher currents

0 200 400 600 800 1000
Current density / mA.cm™

Figure 2-4. A typical polarization curve of a fuel cell [5].

Three different and distinct regions can be observed in the polarization curve, where the

cell’s voltage drop in each region is assigned to certain processes: kinetic, ohmic and mass
transfer.

Kinetic Region: In the kinetic region, the cell’s voltage drop is due to the charge transfer
kinetic of the H> oxidation and O» reduction reaction.
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Ohmic Region: At the middle of the polarization curve, the observed voltage drop is a
result of internal cell’s resistance. The internal resistance of a fuel cell consists of the
electric contact resistance between the various components, as well as the resistance of the
proton conduction of the polymer electrolyte.

Mass transfer Region: The region at the end of the polarization curve is controlled my mass
transfer phenomena and lead to further reduction of the fuel cell’s voltage. At high current
densities the reaction kinetics are very fast and the mass transfer of the reactant gases on
the electrode’s active sites is slow. As the reactant gas reaches the Pt surface, it is consumed
immediately. The surface has insufficient reactant limiting the reaction rate. Therefore the
limiting step in the whole reaction speed is the mass transfer.

2.3 Physicochemical Characterization Techniques

For the physicochemical characterization of the electrocatalysts XPS, XRD,SEM,BET and
TEM were employed. As well as measurement of Catalytic Active Surface Area with H»
and CO Chemisorption were performed. This section presents the basic principles of
operation of each technique.

2.3.1 X-Ray Photoelectron Spectroscopy (XPS) [6]

Today, XPS is among the most frequently used techniques in catalysis, as it provides
information on the elemental composition, the oxidation state of the elements and, in
favourable cases, on the dispersion of one phase over another. XPS is based on the
photoelectric effect, whereby an atom absorbs a photon of energy, hv, after which a core
or valence electron with binding energy Ey is ejected with kinetic energy (Fig.2- 5):

Ei=hv-Ev-¢ (eq2-1)

where Ex is the kinetic energy of the photoelectron, h is Planck’s constant; v is the
frequency of the exciting radiation, Ep is the binding energy of the photoelectron with
respect to the Fermi level of the sample and ¢ is the work function of the spectrometer.
Routinely used X-ray sources are Mg Ka (1253.6 eV) and Al Ka (1486.3 eV). In XPS, one
measures the intensity of photoelectrons N(E) as a function of their kinetic energy. The
XPS spectrum, however, is usually a plot of N(E) versus Ex, or, more often, versus the

binding energy Ep. In addition to the expected photoelectron peaks, the spectrums
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Figure 2-5. Photoemission and the Auger process. Left: An incident X-ray photon is
absorbed and a photoelectron emitted. Measurement of its kinetic energy allows the
binding energy of the photoelectron to be calculated. The atom stays behind as an unstable
ion with a hole in one of the core levels. Right: The excited ion relaxes by filling the core
hole with an electron from a higher shell. The energy released by this transition is taken up
by another electron, the Auger electron, which leaves the sample with an element-specific
kinetic energy. In Auger spectroscopy a beam of energetic (2—5 keV) electrons creates the
initial core holes.

also contain peaks due to Auger electrons. The latter arise from the de-excitation of the
photo ion by an Auger transition (Figure 2-5). Although Auger electrons have fixed kinetic
energies, which are independent of the X-ray energy, Auger peaks are nevertheless plotted
on the binding energy scale, which has of course no physical significance. Auger peaks can
be recognized by recording the spectrum at two different X-ray energies: XPS peaks appear
at the same binding energies, while Auger peaks will shift on the binding energy scale.
This is the main reason why X-ray sources often contain a dual anode of Mg and Al. By
varying the X-ray energy Auger peaks are readily identified, and sometimes an overlap
between XPS and Auger peaks can be avoided.

Photoelectron peaks are labeled according to the quantum numbers of the level from which
the electron originates. An electron with orbital momentum 1 (0; 1; 2; 3; ...indicated as s;
p; d; f;...) and spin momentum s has a total momentum j=I+s. As the spin may be either
up (s=+1/2) or down (s=-1/2) each level with 1>=1 has two sublevels, with an energy
difference called the spin-orbit splitting. Spin-orbit splittings as well as binding energies
of a particular electron level increase with increasing atomic number.

57

Department of Chemical Engineering, University of Patras



Alin Orfanidi, PhD Dissertation, Patra Greece

The intensity ratio of the two peaks of a spin-orbit doublet is determined by the multiplicity
of the corresponding levels. Thus, photoelectron peaks from core levels come in pairs
(doublets) except for s levels, which give a single peak.

An XPS spectrometer contains an X-ray source and an analyzer which, in most commercial
spectrometers, is hemispherical in design. In the entrance tube, the electrons are retarded
or accelerated to a value called the ‘‘pass energy’’, at which they travel through the
hemispherical filter. The lower the pass energy, the smaller the number of electrons that
reaches the detector, but the more precisely is their energy determined. Behind the energy
filter is the actual detector, which consists of an electron multiplier or a channeltron, which
amplifies the incoming photoelectrons to measurable currents. Advanced hemispherical
analyzers contain up to five multipliers. The resolution of XPS is determined by the line
width of the X-ray source, the broadening due to the analyzer, and the natural line width of
the level under study. These three factors are related as follows:

(AE)’ =(AEy )’ +(AE, Y +(AE,, )’ (eq2-2)

where AE is the width of a photoemission peak at half-maximum, AEx is the line width of
the X-ray source, AEan is the broadening due to the analyser and AEn. is the natural line
width.

2.3.2 X-Ray Diffraction (XRD) [7]

X-rays have wavelengths in the Angstrom range, and are sufficiently energetic not only to
penetrate solids but also to probe their internal structure. XRD is used to identify bulk
phases, to monitor the kinetics of bulk transformations, and to estimate particle sizes. An
attractive feature is that the technique can be applied in situ. A conventional X-ray source
consists of a target that is bombarded with high energy electrons. The emitted X-rays arise
from two processes. Electrons slowed down by the target emit a continuous background
spectrum of Bremsstrahlung. Superimposed on this are characteristic, narrow lines; the Cu
Kaline, with an energy of 8.04 keV and a wavelength of 0.154 nm, arises because a primary
electron creates a core hole in the K-shell, which is filled by an electron from the L-shell
under emission of an X-ray quantum. Kb radiation is emitted when the K-hole is filled
from the M-shell, and so on. This process, which is called X-ray fluorescence, is the basis
for X-ray sources and is also encountered in electron microscopy, EXAFS, and XPS. X-
ray diffraction is the elastic scattering of X-ray photons by atoms in a periodic lattice.
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The scattered monochromatic X-rays that are in phase, produce constructive interference.
Figure 2-6 illustrates how diffraction of X-rays by crystal planes allows one to derive lattice
spacings by using the Bragg relationship:

nA=2d sinf , n=1,2,... (eq. 2-3)

where A is the wavelength of the X-rays, d is the distance between two lattice planes, 0 is
the angle between the incoming X-rays and the normal to the reflecting lattice plane and n
is the integer called the order of the reflection.

X-rays

a
9 dsing

nA = 2d sin@

Figure 2-6. X-rays scattered by atoms in an ordered lattice interfere constructively in
directions given by Bragg’s law. The angles of maximum intensity enable one to calculate
the spacings between the lattice planes and allow furthermore for phase identification.
Diffractograms are measured as a function of the angle 20. When the sample is a
polycrystalline powder, the diffraction pattern is formed by a small fraction of the particles
only. Rotation of the sample during measurement enhances the number of particles that
contribute to diffraction.

If one measures the angles, 20, under which constructively interfering X-rays leave the
crystal, the Bragg relationship gives the corresponding lattice spacings, which are
characteristic for a certain compound. The XRD pattern of a powdered sample is measured
with a stationary X-ray source (usually Cu Ka) and a movable detector, which
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scans the intensity of the diffracted radiation as a function of the angle 260 between the
incoming and the diffracted beams. When working with powdered samples, an image of
diffraction lines occurs because a small fraction of the powder particles will be oriented
such that by chance a certain crystal plane is at the correct angle y with the incident beam
for constructive interference. Rotating powders during measurement enhances the fraction
of particles that contributes to the diffraction pattern. In catalyst characterization,
diffraction patterns are mainly used to identify the crystallographic phases that are present
in the catalyst. XRD has one important limitation, namely that clear diffraction peaks are
only observed when the sample possesses sufficient long-range order. The advantage of
this limitation is that the width (or rather the shape) of diffraction peaks carries information
on the dimensions of the reflecting planes. For crystallite sizes below 100 nm, however,
line broadening occurs due to incomplete destructive interference in scattering directions
where the X-rays are out of phase. The Scherrer formula relates crystal size to line width:

<L>=

L cos6 (eq 2-4)

Where <L> is a measure for the dimension of the particle in the direction perpendicular to
the reflecting plane, A is the X-ray wavelength, B is the peak width, 0 is the angle between
the beam and the normal on the reflecting plane and K is a constant (often taken as 1).
Scherrer equation indicates that measuring at smaller wavelengths gives sharper peaks, not
only because A becomes smaller but also because the diffraction lines shift to lower angles,
which decreases the 1=cosO term. Both effects help to reduce line broadening. Thus, by
using Mo Ka X-rays, one can obtain diffraction patterns from smaller particles than with
Cu Ka radiation. X-ray line broadening provides a quick — but not always reliable —
estimate of the particle size. The technique provides clear and unequivocal information on
particles that are sufficiently large, but it does not see particles that are either too small or
amorphous. Hence, one can never be sure that no other phases are present than those
detected with XRD.

2.3.3 Transmission Electron Microscopy (TEM) [8]

Transmission electron microscopy (TEM) is a microscopy technique whereby a high
energy electron beam is transmitted through an ultra thin specimen, and interacts with the
specimen as it passes through. As a result of the interaction of the electrons that were
transmitted through the specimen, an image is formed. The image is magnified and
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focused onto a fluorescent screen, and is being acquired through a layer of photographic
film, or a CCD camera. The high energy electrons are generated by a process known as
thermionic emission from a filament, usually tungsten, or alternatively by field electron
emission. The electrons are then accelerated by an electric potential (measured in volts)
and focused by electrostatic and electromagnetic lenses onto the sample. The transmitted
beam contains information about electron density, phase and periodicity; this beam is used
to form an image. TEMs are capable of imaging at a significantly higher resolution than
light microscopes, due to the small de Broglie wavelength of electrons. This enables the
instrument's user to examine fine detail, as a single column of atoms.

At smaller magnifications TEM image contrast is due to absorption of electrons in the
material, due to the thickness and composition of the material. At higher magnifications
complex wave interactions modulate the intensity of the image, requiring expert analysis
of observed images. Alternate modes of use allow for the TEM to observe modulations in
chemical identity, crystal orientation, electronic structure and sample induced electron
phase shift as well as the regular absorption based imaging.

2.3.4 Scanning Electron Microscope (SEM) [9]

A scanning electron microscope (SEM) is a type of electron microscope that images a
sample by scanning it with a high-energy beam of electrons in a raster scan pattern. The
electrons interact with the atoms producing signals that contain information about the
sample's surface topography, composition, and other properties such as electrical
conductivity. In a typical SEM, an electron beam is thermo-ionically emitted from an
electron gun fitted with a tungsten filament cathode. Tungsten is normally used in
thermionic electron guns because it has the highest melting point and lowest vapour
pressure of all metals, thereby allowing it to be heated for electron emission, and because
of its low cost.

The electron beam, which typically has an energy ranging from 0.5 keV to 40 keV, is
focused by one or two condenser lenses to a spot about 0.4 nm to 5 nm in diameter. The
beam passes through pairs of scanning coils or pairs of deflector plates in the electron
column, typically in the final lens, which deflect the beam in the x and y axes so that it
scans in a raster fashion over a rectangular area of the sample surface. When the primary
electron beam interacts with the sample, the electrons loses energy by repeated random
scattering and absorption within a teardrop-shaped volume of the specimen known as the
interaction volume, which extends from less than 100 nm to around 5 pm into the surface.
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The size of the interaction volume depends on the electron's landing energy, the atomic
number of the specimen and the specimen's density. The energy exchange between the
electron beam and the sample results in the reflection of high-energy electrons by elastic
scattering, emission of secondary electrons by inelastic scattering and the emission of
electromagnetic radiation, each of which can be detected by specialized detectors. The
beam current absorbed by the specimen can also be detected and used to create images of
the distribution of specimen current. Electronic amplifiers of various types are used to
amplify the signals which are displayed as variations in brightness on a cathode ray tube.
The raster scanning of the CRT display is synchronised with that of the beam on the
specimen in the microscope, and the resulting image is therefore a distribution map of the
intensity of the signal being emitted from the scanned area of the specimen. The image is

digitally captured and displayed on a computer monitor and saved to a computer's hard
disk.

2.3.5 Physisorption of N2 -BET

BET is a very important analysis technique as it provides information about the specific
surface area of materials. BET operation is based on the the physical adsorption of gas
molecules on a solid surface. The specific surface area of a powder is determined by
physical adsorption of a gas on the surface of the solid and by calculating the amount of
adsorbate gas corresponding to a monomolecular layer on the surface.

In physical adsorption weak forces (van der Waals forces) are present between the
adsorbate gas molecules and the adsorbent surface area of the test powder. The
determination of the specific surface area is usually carried out at the temperature of liquid
nitrogen. The amount of gas adsorbed can be measured by a volumetric or continuous flow
procedure. The BET adsorption isotherm equation is used to interpret the data:

1 c—l( P " 1 (eq. 2-5)
=  — e — eq. 2-
U(Po/P)-1] v,c Po v, a

m

P and Py are the equilibrium and the saturation pressure of adsorbates at the temperature
of adsorption, v is the adsorbed gas quantity (for example, in volume units), and vy, is the
monolayer adsorbed gas quantity. ¢ is the BET constant, which is expressed by (eq. 2-6):
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EI_EL

.2-6
27 ) (eq. 2-6)

c = exp(

E\ is the heat of adsorption for the first layer, and £ is that for the second and higher layers
and is equal to the heat of liquefaction. Equation (2-5) is an adsorption isotherm and can
be plotted as a straight line with 1 / v[(Po / P) — 1] on the y-axis and ¢ = P / Py on the x-
axis according to experimental results. This plot is called a BET plot. The linear
relationship of this equation is maintained only in the range of 0.05 < P/ Py < 0.35. The
value of the slope 4 and the y-intercept / of the line are used to calculate the monolayer
adsorbed gas quantity v,» and the BET constant c. The following equations can be used:

(eq 2-7)

=14 ? (eq. 2-8)

The BET method is widely used in surface science for the calculation of surface areas of
solids by physical adsorption of gas molecules. A total surface area S and a specific
surface area S are given by the following equations:

_ (v, Ns)

SBET,mtaI - v (eq~ 2'9)

where vy, 1S 1n units of volume which are also the units of the molar volume of the adsorbate
gas

_ St (eq. 2-10)
a

Where N is the Avogadro’s number, s is the adsorption cross section of the adsorbing
species, V is the molar volume of the adsorbate gas and a is the mass of the adsorbent in
gr. For the measurement of total surface area of a given sample N is been physisorped at
77.34 K and the range of the pressure is below 1 atm.
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The system used for the measurement conducted in this thesis was a Quantachrome device.
At first the sample is placed in the outgassing position prior to measurement, were the
sample is being heated under vacuum condition to remove all traces of water or other
solvents. The sample is then placed at the sample position, in order to begin the
physisorption of Na.

2.3.6 Measurement of Catalytic Active Surface Area with H2 and CO Chemisorption

Chemisorption is an interaction between the surface, where the adsorption takes place, and
the adsorbed substance in the presence of a catalyst. In ordinary circumstances, a solid
surface would not react easily with most gases as there would not be enough kinetic energy
between the two. But when a catalyst and a reactive gas are introduced at the point of
contact, the catalyst raises the kinetic energy and sets the reaction rolling. But the quantity
and characteristics of this catalyst have to be carefully controlled and monitored.

In the case of supported catalysts it is very useful to know the active metal surface area,
which is usually smaller than the total area of the catalyst. Under certain experimental
conditions, chemisorption of a specific gas such as Hydrogen or CO takes place only at the
metal surface area and not at the substrates surface. The formation of an adsorbed
monolayer that covers the whole metals surface takes place. For the case of Hydrogen is
chemisorbed on a metal surface area, the stoichiometry number is 2, since hydrogen is
adsorbed dissociative. In that case one molecule of hydrogen corresponds to 2 atoms of
metal. The adsorption isotherms can not only give us information about the total metal
surface area of the catalyst but also about the dispersion of the metal particles and the
particles average size. These isotherms resemble to the Langmuir isotherm with the
difference that the adsorption is not being zero at high pressures.This is attributed due to
the fact that hydrogen is weakly adsorbed on the catalyst substrate or due to formation of
a physisorbed layer of hydrogen on top of the chemisorbed monolayer. The volume Vm
that corresponds to a monolayer coverage of the surface is been calculated with the
extension of the straight line to zero pressure. We can also calculate from these isotherms
the mean particle size and the dispersion of the metal on the substrates surface. If we
assume that the crystallites are spheres, then the mean diameter is given by the following
equation:

S (eq2-11)
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Where Vis the specific volume of the metal, cm®/gr and S the area per gram of metal

X (eq 2-12)

Where S is the metal surface area per gram of catalyst and X is the percentage of metal
on the catalyst, gr-met./gr-cat.The dispersion of the metal on the substrates is given by the
following equation:

v

m

D= 20415 1

X (eq 2-13)
Where n is the stoichiometry of the chemisorption.
2.4 Mass spectrometer (MS) [10]

Mass spectrometry (MS) is an analytical technique that measures the mass-to-charge ratio
and relative concentrations of charged atoms and molecules. It is used for determining
masses of particles as well as elemental composition of a sample or molecule and other
chemical compounds. The technique has both qualitative and quantitative uses. In a typical
MS procedure the compounds of the samples are ionized, usually to cations by a loss of an
electron.

Figure 2-7. Schematic representation of typical MS operation
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Thereafter the ions are being separated according to their mass and charge ratio in an
analyzer by electromagnetic field and are detected using a quantitative method, where the
ion signal is converted into mass spectra. MS instruments consist of three modules: An ion
source, which can convert gas phase sample molecules into ions (or, in the case of
electrospray ionization, move ions that exist in solution into the gas phase); mass analyzer,
which sorts the ions by their masses by applying electromagnetic fields ; and a detector,
which measures the value of an indicator quantity and thus provides data for calculating
the abundances of each ion present. Because ions are very reactive and short-lived, their
formation and manipulation must be conducted in a vacuum. The pressure under which
ions may be handled is roughly 10”to 10-3torr (less than a billionth of an atmosphere).
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Chapter 3

Experimental: Materials, Catalyst
Synthesis, MEA assembly and
Instrumentation

3.1 Introduction

This chapter presents in detail the materials that were used, the synthetic procedure of the
under-study MWCNT based electrocatalysts, the manufacturing process of the electrodes
and the membrane electrode assembly, as well as the infrastructure used for the
electrochemical and physicochemical characterization of the samples.

3.2 Materials

High purity MWCNTSs 97% of diameter ranging between 10 and 30 nm were purchased
from Nanothinx S.A.. Chemical modifications of MWCNTs were carried out using the
chemicals: isopentyl nitrate >97% supplied by Aldrich, 3-aminopyridine 99% and 2-
amino-3-hydroxypyridine 98% purchased from Acros Organics. For catalyst preparation,
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dihydrogen hexachloroplatinate(IV) hexahydrate 99.95% (metals basis), 37.5% Pt basis
and sodium borohydride 98% were purchase from Alfa Aesar. The solvents N,N-
dimethylformamide (99%) and nitric acid 65% were purchased from Aldrich. Ethylene
glycol, (L) ascorbic acid, 2-propanol 99.8<, and H3PO4 purum p.a. >85% were purchased
from Merck or Sigma Aldrich. All chemicals were used as received unless otherwise noted.

3.3 Synthesis of MWNT supported electrocatalysts

Functionalized MWCNT were used as substrates for the newly Pt based electrocatalysts.
The newly synthesized electroctalysts were thoroughly characterized, physicochemically
and electrochemically (RDE), during the fulfillment of my Master thesis [1]. In
continuance to this work, catalyst layers were formulated and their performance was
evaluated under various conditions in HTPEM fuel cells. The carbon nanotubes were
functionalized with oxygen containing groups and pyridine groups. Chemical oxidation of
the carbon nanotube was used to insert carboxyl and hydroxyl groups on the side walls of
the nanotube and a solvent free functionalization method in order to attach the pyridine to
the outer surface of the nanotubes A brief description of the synthetic procedure is
described below.

3.3.1 Functionalization of the MWNT substrate

This section presents a description of the synthetic procedure of each carbon nanotube
based substrate. Figure 3-1 depicts the chemical structure of the functionalized MWCNT
substrates.

ox.MWNT : 0.2 g of the as received MWCNTs were dispersed in 20 ml of nitric
acid (65 wt.%) in a 50 ml round bottom flask equipped with a condenser and the
dispersion was refluxed under magnetic stirring for 48 h. The resulting solid was
washed up to neutral pH and was dried in vacuum at 100 °C overnight.

oxMWNT-Py: Functionalization of MWCNT or the as received MWCNTSs took place
using the solvent-free functionalization method. 0.2 g ofthe MWCNTs and 5.56 mmol
of 3-aminopyridine (0.523 g) were added in a 50 ml round bottom flask equipped with
a condenser. A slow addition of 1.14 ml isoamyl nitrate (8.4 mmol) followed and the
system was left under inert argon atmosphere and vigorous stirring for 1 d at 65—
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70 °C. The paste was thereafter diluted in dimethylformamide (DMF) and filtered through
a Nylon (200 nm) membrane.

The solid was washed with DMF until a colorless filtrate was obtained. The solid was
dispersed in DMF, sonicated and filtrated again. Finally, it was washed with ether and
dried at 80 °C under vacuum.

Figure 3-1. Schematic representation of the functionalized MWCNT substrates

All the pyridine functionalized substrates employed for the synthesis of the Pt
electrocatalysts, used during the fulfilment of this thesis, had an atomic ratio of C/N of 25,
as measured by XPS.

3.3.2 Pt deposition on functionalized MWCNT substrate

Platinum was introduced on the different MWCNT based supports. Dihydrogen
hexachloroplatinate(IV) hexahydrate was dissolved in water resulting in a 0.25M solution
and was used as the platinum precursor. The amount of the precursor was calculated in
order to obtain a final 30 wt.% Pt catalyst loading with respect to the CNTs. The
optimization of the reaction conditions were reported in an earlier work[1]. The same
optimized experimental procedure was followed for all MWCNT functionalized substrates.

In a round bottom glass flask, 60mg of ox-MWCNT or ox.MWCNT-Py were dispersed in
100ml of an ethylene glycol/H>O 2/1 v/v mixture. 0.22ml of the hexacloroplatinic acid
solution was added and the solution was left stirring for 20h at RT. The reduction reaction
was performed under reflux conditions at 120°C for 2h. The catalyst was obtained by
filtration, washed with deionized water and dried overnight at 90°C under vacuum. The as
synthesized pyridine functionalized electrocatalyst, used during the fulfilment of this
thesis, had a fine Pt distribution, as shown from TEM micrographs (figure 3-2). The
average Pt particle size for the 30wt%Pt/oxMWCNT-Py was 3.2 nm, whereas for the case
of 30wt%Pt/oxMWCNT was 4.3nm.
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Figure 3-2. TEM micrographs a. 30wt%Pt/oxMWCNT-Py and b. 30wt%Pt/oxMWCNT
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Figure 3-3. Schematic representation of the in-house test bench.

3.4 Test bench and fuel cell reactor

The electrochemical measurements were performed on a home-made test bench unit, which
had provisions for controlling temperature, humidification, and flow of reacting
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gases, interfaced with an Autolab potentiostat-galvanostat PGSTAT-302. The potentiostat-
galvanostat was equipped with the software and hardware being able to carry out steady
state potentiostatic and potentiodynamic measurements like cyclic voltamograms and AC
impedance measurements. The composition of the various reaction gas mixtures was
controlled by several mass flow controllers (Bronkhost), where the flow rate of each gas
was controlled separately. The mole fraction of water was adjusted by means of a
humidifying system (Fuel cells technology Inc). Fuel Cell Technology Inc single cell was
used with effective electrodes area 4cm2 (2cm x 2 cm). Both graphitic bipolar plates of the
single fuel cell had the same single serpentine flow field. The measurements were made
in a two-electrode arrangement and the outlet of the cell’s anodic or cathodic compartment
was monitored online by an OMNISTAR Balzers quadrapole mass spectrometer so that
the transient and steady state gas outlet composition can be recorded.

3.5 Electrode fabrication and Membrane Electrode Assembly

3.5.1 Electrodes’ fabrication

In general the preparation of the MEAs was based on the manufacturing procedures of
ADVENT MEAs. For the construction of the electrodes, carbon cloth supporting layer was
purchased from Fuel Cell Earth LLC, Vulcan XC-72R powder from RawChem Ltd and the
PTFE dispersion in water from Sigma-Aldrich. The gas diffusion layer, GDL, used in this
study was prepared by spraying a slurry made of carbon Vulcan XC-72R and PTFE
solution (50 wt% PTFE/C) on carbon cloth, followed by heat treatment at 300°C under
static air for 40 min. The electrodes were prepared using two different optimized methods,
depending on the catalyst type. Two types of electrocatalysts were used, Pt supported on
carbon black (30wt % Pt/C purchased from Tanaka Kikinzoku International) and Pt
supported on MWCNTs (30wt % Pt/(ox. MWCNT)-Py and 30wt% Pt/oxMWCNT) . The
electrodes containing 30wt % Pt/C were prepared by spraying 2-propanol-Pt/C ink on the
GDL. The electrodes were then treated for 12 hours at 80°C and 3 days at 190°C under
vacuum, in order to remove all traces of the organic solvent. The electrodes containing
MWCNT based catalysts were prepared by dispersing the catalyst powder in a 2-
propanol/3-D H>O 2/1(v/v) solution. The catalyst slurry was applied on the GDL by a
spatula and the electrodes were left over night to dry at room temperature prior heating at
100°C in an oven for 1 hour. The MEA’s anodic and the cathodic electrodes were modified
in terms of catalyst type, noble metal loading and PA loading in the catalyst layer,
according to the requirements of each experiment. Several MEAs were
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prepared by ADVENT technologies based on the TPS® polymer membrane imbibed with
200wt% PA and were tested at ICE-HT/Laboratory of H> technology for comparison
reasons.

3.5.2 Membrane electrode Assembly

Before the assembly a certain amount of phosphoric acid (purum p.a. >85% purchased
from Merck or Sigma Aldrich) was sprayed onto the catalytic layer. MEAs were fabricated
by placing the electrodes on both sides of the phosphoric acid doped membrane TPS®
(doping level ~200wt%). FEP gaskets were placed between the electrodes and the
membrane in order to ensure gas isolation between the two compartments. The MEA was
then placed between two metal plates with Teflon gaskets in order to ensure uniform
pressure. The latter was placed into a pressing machine. The hot pressing procedure that
was followed is described in detail below:

Initially the temperature is increased from 25°C to 60 °C while the applied pressure on the
metal plates is set to 10bar. Isothermal at 60 °C for 10 minutes and followed by increase of
the temperature up to 75 °C. Isothermal for 10 minutes followed by temperature increase
up to 90 °C. Isothermal for 30 minutes. The temperature is further increased up to 110 °C.
Isothermal for 30 minutes. Increase temperature up to 150 °C. Isothermal for 5 minutes.
The applied pressure was then increased to 20bar. Isothermal for 15 minutes to 150 °C.
Thereafter the cooling system was initiated and decreases the temperature to 50 °C and
release pressure. No temperature ramp was used in any of the above described steps.

3.6 Instrumentation

The Autolab potentiostat-galvanostat PGSTAT-302 was equipped with the software being
able to carry out steady state potentiostatic and potentiodynamic measurements like cyclic
voltammograms and AC impedance measurements.

An OMNISTAR Balzers quadrapole mass spectrometer was employed for on-line
monitoring of the transient and steady state gas outlet composition can be recorded. .

The crystalline structure of the catalysts was analyzed with an X-ray powder diffractometer
(Bruker D8 Advance) using Cu Ka radiation (A = 0.15418 nm). The XRD measurements
were carried out in the 20 angle range of 20-90°. The mean particle
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diameter of Pt was calculated from the X-ray line broadening of the Pt(111) diffraction
peak according to Scherrer’s equation.

A Zeiss SUPRA 35VP scanning electron microscope (SEM) analyse the catalysts produced
in this study. SEM measurements were carried out in collaboration with Dr.V.Drakopoulos
at ICE-HT/FORTH .

X-ray Photoelectron spectroscopy (XPS), was incorporated for determination of the
elemental composition and the chemical state of the elements that exist within the various
CNT supports prepared in this work. The XPS experiments were performed in an UHV
chamber (base pressure 8x107'° mbar), equipped with a hemispherical electron energy
analyzer, a twin anode X-ray gun. The unmonochromatized Mg Ka line at 1253.6eV and
a constant pass energy mode for the analyzer were used in the XPS experiments. Pass
energy of 97eV resulted in a full width at the half- maximum (FWHM) of 1.8eV for the
Au 4f7,» peak of a reference foil. The energy scale of the spectrometer was calibrated with
both the Au 417, line at 84.0eV and the Ni 2p;.» line at 852.4eV of carefully cleaned
polycrystalline Au and Ni foils. Curve fitting was performed with a least-squares curve
fitting program based on a mixed Gaussian/Lorentzian function, which accounted for the
band asymmetry at higher binding energies in the core level spectra of metallic species.
XPS analysis were carried out in collaboration with Dr. L. Sygelou, from the laboratory of
Surface Science in ICE-HT/FORTH .

The size of Pt nanoparticles supported on CNTs and carbon black were also characterized
by transmission electron microscopy (TEM) on JEOL JEM2100 operating at 200kV.
Sample preparation for TEM examination involved the ultrasonic dispersion of the sample
in water and placing a drop of the suspension on 3mm carbon coated copper grids (Electron
Microscopy Sciences). TEM imaging was carried out in collaboration with Dr. M.Kollia.

Equilibrium chemisorption of hydrogen and CO at 40°C was performed in an automated
apparatus (Autosorb-1, Quantachrome) for the determination of the Pt surface by CO and
H; uptake.The Pt particles surface area and dispersion was calculated by assuming a 1:1
hydrogen:metal atomic stoichiometry. Each sample was pre-treated as follows: outgassing
under vacuum at 120°C for 2h, thereafter it was exposed 4 times under hydrogen
atmosphere in order to reduce the metal surface area for 30 min at 45, 70, 95 and 120°C
followed each time by outgassing under vacuum for 30 min.
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Chapter 4

The role of phosphoric acid in the anodic
electrocatalytic layer of HT-PEM fuel
cells

4.1 Introduction

Commercialization of PEMFC:s is still significantly restricted by its high content in Pt or
other noble metals. This will have significant impact on both the cost of the fuel cell and
the quantitative availability of Pt as an abundant raw material for the preparation of the
electrocatalytic layers. Reduced cost, resulting from increased catalyst utilization and/or
catalyst stability, is highly desirable. The last decade great advances have been made
towards the optimization and commercialization of HT PEMFCs. Many research studies
have focused on the design and optimization of electrocatalytic layers in order to increase
the triple-phase boundaries at the electrochemical interface [2-5]. The structure of the
catalytic layer usually comprises the catalyst, mainly Pt dispersed onto carbon black and a
binder, aiming to the establishment of a 3-D ionic link between the Pt catalyst active sites
and the polymer electrolyte. In this way the reaction interface is increased, given that only
the Pt particles that are in direct contact with the proton conductor are electrochemically

active. In such cases, the uniform mixing of the two components is hard to be guaranteed
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and part of the electrocatalyst is not used. Moreover, the phosphoric acid presence in the
HT PEMFC system creates limitations concerning the slow reaction kinetics of the oxygen
reduction reaction, ORR, and reduced oxygen solubility in phosphoric acid. Nevertheless,
transport of gases and conductance of electrons and protons to the electrochemical interface
must be optimized to provide efficient electrochemical reactions.

In a previous work, a new approach towards the development of Pt based electrocatalytic
layers with increased catalyst utilization for use in high temperature PEMFCs was reported
[6]. Surface modified multi-wall carbon nanotubes, MWCNTs, were used as the support.
The aim was to achieve a uniform distribution of polar pyridine groups which can interact
with phosphoric acid, on the surface of the carbon support. The polar groups are expected
to bind the acid molecules creating proton conductive pathways throughout the catalytic
layer resulting in the increase of the three phase boundary and ultimately the catalyst
utilization. Stable and finely distributed Pt catalysts, Pt/(ox. MWCNT)-Py, with
nanoparticle size ranging between 2-4nm were obtained.

As also mentioned above, the presence of phosphoric acid in the catalyst layer is critical
for the creation of an ionic link between the Pt particles and the membrane. The electric
fields at electrode/electrolyte interface that is being generated and controlled by the applied
potential, plays a significant role as it does not only affect the double layer structure
influencing the orientation of adsorbed species but also may modify the reactions’ pathway
and the electrochemical reactions’ rate [ 14]. Phosphoric acid, in strong acidic solution (pH
lower than 1) is adsorbed on the Pt surface with the non protonated atom, but becomes
ionized as the potential increases. Adsorbed dihydrogen phosphate, HoPO4~, presents two
coordinations, which are potential depended [15]. Also, PA coverage on Pt increases with
potential and the maximum value is obtained at 0.8V vs NHE , the later was studied in a
phosphoric acid solution containing 1mol/dm®> HCIO4[16]. It has been reported that
phosphoric acid adsorption compete with other molecules like water for the free Pt sites
[17,18]. Anion adsorption, H;PO4[19, 20] amounts to 4 per cent of the surface
coverage in dilute phosphoric acid at room temperature for an adsorption potential
of 0.1V (RHE). The adsorption of H2POs is likely to be appreciably higher in 96
wt% phosphoric acid where the mole ratios of acid and water are shifted to a large
excess of HoPOs anions. Dehydration (or condensation) of orthosphosphoric acid, leads
to its polymerization. In this way, a series of polyphosphoric acids can be obtained. The
"backbone" chain of these types of molecules consists of alternating P and O
atoms covalently bonded. Polyphosphoric acid molecules can have dozens of such
phosphoric units bonded in a row. Phosphoric acids molecules can also be bounded
together in rings or from the third -OH group on an orthophosphoric acid unit with other
phosphoric groups to form branches in the polyphosphoric/polyphosphate chains.
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The hydrogen oxidation is very fast in the HTPEM fuel cells and requires less Pt loading
in the electrodes, compared to the cathodic electrode. Nevertheless, the available active
sites can be significantly reduced due to the adsorption of phosphoric acid species and
therefore influence the performance of the anodic electrode [23]. The influence of the
operating conditions on the performance of the anodic electrode especially when it operates
under reformate conditions motivated us to study the influence of the amount of phosphoric
acid in the anodic catalyst layer. In order to understand the performance of the anodic
electrode in a high temperature acid doped PEM fuel cell the physical chemistry and
electrochemistry of PA in the presence of H> over the surface of platinum must be
understood. As it will be explicitly discussed PA is catalytically reduced on the Pt surface
by Ha, thus resulting in the decrease of the electrochemical active surface area. The
formation of PA species during normal fuel cell operation on the Pt surface, was evaluated
via cyclic voltammetry and CO stripping voltammetry. Also the phosphoric acid species
that poison the Pt active sites and the effect of H2O, CO and H> on the distribution of PA
on the Pt surface have been thoroughly investigated by means of XPS. The catalyst layer
consisted of the newly synthesized electrocatalyst 30%wt Pt/(ox. MWNT)-Py [6], while the
commercial 30%wt Pt/C was also employed for comparison.

4.2 Experimental

4.2.1 Materials

Phosphoric acid doped polymer electrolyte membranes were provided from Advent
Technologies S.A.. The in-house synthesized 30wt% Pt/(ox.MWCNT)-Py catalyst used in
this study was synthesized according to literature [6]. Catalyst powder 30wt % Pt/Vulcan
XC-72R was purchased from Tanaka Kikinzoku International. For the construction of the
electrodes, carbon cloth supporting layer was purchased from Fuel Cell Earth LLC, Vulcan
XC-72R powder from RawChem Ltd and the PTFE dispersion in water from Sigma-
Aldrich. For the preparation of Pt unsupported nanoparticles dihydrogen hexa-
chloroplatinate(IV) hexahydrate 99.95% (metals basis), Pt 37.5% min were purchased
from Alfa Aesar and L(+) ascorbic acid 99.0% from Carlo Erba. 2-propanol 99.8<,
dimethylacetamide (DMAc) and H3PO4 purum p.a. >85% were purchased from Merck or
Sigma Aldrich. All chemicals were used as received unless otherwise noted.

4.2.2 Instrumentation

The electrochemical measurements were performed using a single cell purchased from Fuel
Cell Technologies Inc. Both graphite bipolar plates of the single cell had the same single
serpentine flow field for the distribution of reacting gases. The active area of the electrodes
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was 2 cm x 2 cm. The assembling torque applied for the single cell was 4.8 Nm. The cell
was installed in a fuel cell test station which was built in-house and had provisions for
controlling temperature, humidification, and flow of reacting gases. The measurements
were made in a two-electrode arrangement using an Autolab potentiostat-galvanostat
PGSTAT-302. The outlet of the cell’s anodic compartment was connected to an
OMNISTAR Balzers quadrapole mass spectrometer for the transient and steady state
monitoring of the composition of the outlet gas. The size of the Pt nanoparticles of the
MWCNT and carbon based electrocatalysts was characterized by transmission electron
microscopy (TEM) on JEOL JEM2100 operating at 200kV. Equilibrium chemisorption
of hydrogen and CO at 40 -C was performed in an automated apparatus (Autosorb-
1, Quantachrome) for the determination of the Pt surface H» and CO uptake. The Pt
particles surface area and dispersion were calculated by assuming a 1:1 H/Pt and CO/Pt
atomic stoichiometry. The photoemission experiments were carried out in a ultrahigh
vacuum system equipped with a SPECS LHS-10 hemispherical electron analyzer.

4.2.3 Electrode Preparation and MEA assembly

Electrodes’ fabrication: The gas diffusion layer, GDL, used in this study was prepared by
spraying a slurry made of carbon Vulcan XC-72R and PTFE solution (50 wt% PTFE/C)
on carbon cloth, followed by heat treatment at 300°C under static air for 40 min. The
electrodes were prepared using two different optimized methods, depending on the catalyst
type. Two types of electrocatalysts were used, Pt supported on carbon black (30wt % Pt/C)
and Pt supported on MWCNTs (30wt %t Pt/(ox.MWCNT)-Py). The electrodes containing
30wt % Pt/C were prepared by spraying 2-propanol-Pt/C ink on the GDL. The electrodes
were then treated for 12 hours at 80°C and 3 days at 190°C under vacuum, in order to
remove all traces of the organic solvent. The electrodes containing MWCNT based
catalysts were prepared by dispersing the catalyst powder in a 2-propanol/3-D H>O 2/1(v/v)

solution. The catalyst slurry was applied on the GDL by a spatula and the electrodes were
left over night to dry at room temperature prior heating at 100°C in an oven for 1 hour.

The cathodic electrode’s specifications were kept constant for all MEAs. The carbon black
based electrocatalyst (30wt% Pt/C) was used and the Pt loading was around 2 mgPt/cm? in
all cases. The electrocatalyst used for the construction of the anodic electrodes differed and
the Pt loading varied from 0.20 to 2.15 mgPt/cm?.

Membrane Electrode Assembly, MEA: Before the MEA assembly, a certain amount of
phosphoric acid, PA, was sprayed onto the electrodes. The cathodic electrodes were
sprayed with 2 gPA/gPt, whereas in the case of the anodic electrodes the ratio of gPA/gPt
varied from 0 to 17.8. The electrode active area was 2 cm x 2 cm. Several MEAs with
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differences in the anodic electrode were fabricated. The specifications of the anodic
electrodes employing either 30 wt % Pt/(ox. MWCNT)-Py (MEAs 1-12) or 30wt % Pt/C
(MEAs 13-15) are depicted in Table 4-1. In the case of MEAs 1-7 the Pt loading varied,
while the amount of phosphoric acid was kept constant per electrode (at 0.0203
gPA/electrode). Whereas for MEAs 9-12 the Pt loading varied, while the amount of
phosphoric acid sprayed on the catalyst layer was kept constant, at 2.00 gPA/gPt.
Differentiation of the Pt loading in the electrode, results in the alteration of the catalyst
layer thickness. By keeping the PA per electrode constant, while at the same time varying
the Pt loading (ergo catalyst thickness), the PA distribution per volume of catalyst layer
will be altered at each case. More specifically, a thin catalyst layer will contain more PA
per volume of catalyst layer, as compared to a thicker one, and therefore more PA will be
available for the wetting of the of the Pt particles’ surface (gPA/gPt). On the other hand,
for the second case, were the gPA/gPt ratio is kept constant, the available PA for the wetting
of the Pt particles’ surface is expected to be the same for each Pt loading. The second set
of MEAs were tested in order to verify that the phenomena that will be described in detail
further in this paper are not related to the amount of Pt in the electrode, but are in a direct
reliance to the amount of PA present within the catalyst layer.For comparison, a MEA
with no PA sprayed at the electrode (MEA 8) was also prepared.The MEAs were fabricated
by hot pressing, the phosphoric acid doped membranes (doping level ~200 wt %) between
the two electrodes at 150°C for 5 min. For comparison reasons, MEAs having similar
specifications but employing the commercial 30wt % Pt/C electrocatalyst at the anodic
electrode were also prepared and studied in parallel.

4.2.4 Electrochemical Characterization.

4.2.4.1 Cyclic Voltammetry.

The pretreatment and investigation of the anodic electrodes, prior to the CO stripping
voltammetry measurements, were conducted via linear sweep voltammetry. The potential
was cycled between 0.075 and 0.9 V with a scan rate of 10mV/s. The cell temperature was
140°C. One compartment was supplied with a constant flow of 200 cc/min of 10% H: in
argon and the corresponding electrode acted as the reference electrode. The compartment
with the electrode under investigation (working electrode) was fed with 200 cc/min of Ar
flow, which was prior humidified by passing through a thermostated humidifier and the
partial pressure of water was adjusted at 10.5 kPa by controlling the operating temperature
of the humidifier at 45°C.
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Table 4-1. Specifications of the MEAS tested and anodic electrodes. (noble metal loading
and phosphoric acid, PA, sprayed on the electrodes prior to the MEA assembly)

MEA  Ptloading  PA amount

Catalyst used
No (mgPt/cm?) (gPA/gPt)
1 0.20 17.62
2 0.40 8.81
3 0.65 5.42
4 1.02 3.45

30% Pt/(ox. MWCNT)-Py 5 1.25 2.82
6 1.49 2.36
7 2.06 1.71
8 2.03 0.00
9 0.86 2.00
10 0.29 2.00
1 0.77 2.00
12 1.77 2.00
13 1.61 2.00

30% Pt/C
14 1.50 2.00
15 1.64 6.00

4.2.4.2 CO stripping voltammetry

The electrochemically active surface area, ECSA, of the Pt based catalyst was determined
via CO stripping voltammetry. CO stripping measurements were performed after a
standard activation period of 48 hours of continuous operation. The cell temperature was
kept constant at 140°C. One compartment was supplied with a constant flow of 200 cc/min
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of 10% Ha in argon and the corresponding electrode acted as the reference electrode. The
compartment with the electrode under investigation (working electrode) was fed with 25%
CO in argon (air liquide) at a flow rate of 100 cc/min at open circuit potential. It was found
that the maximum coverage with CO was achieved in approximately 8 minutes.
Subsequently, the compartment was flushed with 200 cc/min argon in order to remove all
the traces of CO in the gas phase. The argon flow was humidified by passing through a
thermostated humifier kept at a constant temperature of 45°C, prior to its introduction to
the cell. The potential was then cycled between 0.075 and 0.9 V with a scan rate 10 mV/s.
To calculate the CO stripping charge, Qco (in C), the area under the peak that corresponds
to the CO electrooxidation was integrated. The second cycle in the same experiment was
used for baseline subtraction, considering that during the second cycle CO was absent from
the Pt surface. The ECSA, in m? was determined considering a charge of 420 uC cm™ for
CO oxidation that corresponds to a monolayer of adsorbed CO on polycrystalline Pt as
follows [21]:

ECSA (m?) = Qco(C) / 4.20 C m (eq. 4-1)

The CO» produced during the CO stripping experiment was recorded at the exit of the
working electrode by a quadrupole Mass Spectrometer (Buzzlers Omnistar).

4.2.5 TEM analysis

Post mortem analysis of the catalytic layer of used membrane electrode assemblies (MEA)
was carried out by using transmission electron microscopy (TEM) .The electrodes were
separated from the membrane after approximately 50 hours of continuous fuel cell
operation for the evaluation of the Pt particle size distribution and morphology of the
electrocatalyst. Adequate amounts of catalysts were scrapped off the used electrodes and
were ultrasonically dispersed in water. A drop of the suspension was placed on a 3mm
carbon coated copper grids (Electron Microscopy Sciences). The Pt particle size
distributions were obtained by manually measuring over 800 Pt particles from the TEM
pictures. The mean Pt particle size was then calculated using the following equation:

Dapt=2DpNp/n  (nm) (eq. 4-2)

where Np is the number of particles corresponding to a Pt particle size with diameter Dpy
(nm) and n is the total number of measured particles. Pt active surface area, is calculated
by the use of eq. 4-3[6],

CSATEM=6000/dpDap; (m?/gr) (eq. 4-3)
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where dp; is the surface density of bulk Pt (21.4 g/cm?). Pt utilization (Up;) can be
determined by comparing the results obtained for the ECSA by the CO stripping voltametry
and the Pt surface area (CSAtem) obtained by post mortem TEM imaging according to eq.
4-4.

Upt = ECSA/ CSATEM (eq. 4-4)

The validity of the method was checked by the determination of the active Pt surface (CSA)
by the chemisorption of CO or Hz on the Pt surface of 30wt%Pt/C catalyst. Table 4-2 shows
the results obtained from H> and CO chemisorption as well as data obtained from TEM
imaging for the same catalyst. It is apparent that the results are in good correlation and the
maximum deviation between the three methods does not exceed 10%. Thus CO can be
safely used as the probe molecule for the determination of the ECSA by the use of CO
stripping voltammetry and can be compared with the Pt surface area determined using TEM
post mortem measurements in order to derive the electrochemically active surface area
utilization (Upy).

4.2.6 XPS measurements

The photoemission experiments were carried out in a ultrahigh vacuum system equipped
with a SPECS LHS-10 hemispherical electron analyzer, which additionally comprises a
water cooled high pressure cell (10°mbar-2bar) connected with the vacuum chambers
through a fast entry system, a sample preparation chamber (base pressure 5x10) and an
analysis chamber with a base pressure ~ 107'° mbar where the XPS measurements took
place. The XPS measurements were performed at room temperature using
unmonochromatized AlKa radiation under conditions optimized for maximum signal
(constant AE mode with pass energy of 97 eV giving a full width at half maximum
(FWHM) of 1.7 eV for the Au 4f7/2 peak). The measurements were recorded at 0° with
respect to the sample surface normal. The analyzed area was a rectangle with dimensions
2.5x 4.5 mm?.

The sample was mounted on a heated stainless steel holder, figure 4-1. The under
study electrode was a Pt nanoparticle film interfaced on PA imbibed TPS® membrane. The
Pt film was grounded in order to avoid any surface charging during data acquisition.
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Figure 4- 1. Schematic representation of the sample mounted on the heated holder.

4.2.6.1 Pt film preparation on polymer electrolyte for XPS experiments and SEM
characterization

Pt thin film fabrication: 0.3 ml of H,PtCls (H20) 0.25 M was added in 10ml of 3-distilled
water. Ascorbic acid (AA) solution was used as reduction agent. 0.07 g of AA was diluted
in 10ml of 3-distilled water and then mixed with the Pt precursor solution. The solution
was then heated at 140°C on a preheated hot plate for a few minutes until nucleation and
crystal growth was observed. The solution prior to heating had a light clear orange color,
during the heating process the color changed from light grey to black. As soon as the
solution turned black it was removed from the hot plate. The black color of the solution
indicates the formation of Pt crystallites. The solution was then left over night at room
temperature for ripening. Thereafter it was poured in an 8cm diameter glass disc and placed
on a hot plate at 140°C until complete water evaporation. The Pt unsupported nanopaticles
formed a thin conductive film. The Pt film was carefully washed several times with 3-
distilled water and heated again until complete water evaporation.

The pyridine based aromatic polyether membrane was immersed in a 85 wt% H3PO4
solution at 1400C for 20 hours in order to obtain the desired phosphoric acid doping level
(~200wt %). The weight gain was calculated by using the sample's weight before and after
the immersion. The doped membrane was then pressed against the Pt film for a few
minutes, while heating the glass disc on a hot plate at 140°C. The membrane was carefully
lifted from the glass disc surface. The procedure was repeated until desirable conductivity
and film thickness were obtained. Figure 4-2 shows a SEM image of a freshly made Pt
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nanoparticle film. It consists of large aggregates of approximately 30nm to 60nm, which
are formed by Pt particles of average particle size of Snm.

=476 nmse
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Figure 4-2. SEM image of Pt surface of the sample before use

4.2.6.2 Treatment of the Pt film surface in XPS chamber

A Pt nanoparticle film deposited on a PA doped membrane (section 4.2.6.1) was exposed
to several gas atmospheres for several hours in the high pressure cell chamber of the UHV
system. More specifically, the sample was inserted in the high pressure cell and was heated
at 200°C or 180°C under Hz, He/H>0O or CO flows. The He flow was humidified by the use
of a water saturator at room temperature (water partial pressure 5 kPa). In the case of
He/H>O exposure, the sample temperature was set at 180°C for 90 min. The gas flow was
adjusted at 100 cc/min by the use of mass flow controller. Each gas exposure of the sample
lasted for 4 hours. Thereafter the temperature was lowered to room temperature. As the
high pressure chamber was attached on the UHV, the sample was subsequently inserted in
the analysis chamber without being exposed to the ambient atmosphere.

After each measurement the sample was returned to its initial state by a two step procedure,
before its subsequent exposure to another gas atmosphere. Initially the sample was placed
in the high pressure cell under a constant flow of humidified He (100 cc/min) for 90min at
180°C. The humidifier was set at room temperature. Subsequently the sample’s
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temperature was lowered to R.T. and the sample was transferred in the preparation
chamber.

4.3 Results and Discussion

MEAs were fabricated employing the 30wt% Pt/(ox.MWCNT)-Py electrocatalyst at the
anodic electrode and the conventional 30wt% Pt/C at the cathodic electrode. The
specifications of the anodic electrodes, Table 4-1, altered as to differentiate the catalyst
layer (CL) thickness and/or the amount of phosphoric acid (PA) sprayed on the electrode.
The electrodes were prepared by changing the catalyst loading while keeping constant the
sprayed amount of phosphoric acid per electrode or per Pt gram for the MEAs (1-7) and
MEAs (9-12) (table 5-1), respectively. MEAs employing the commercial 30wt% Pt/C at
the anodic electrodes with similar specifications were also prepared and evaluated.

All MEAs under study require a break in period of approximately 48 h under the constant
low current density of 0.2 A/cm? at 180°C. During this galvanostatic break-in period, the
cell performance improves gradually, with the cell voltage to increase by 30-35 mV for the
specific current. The voltage increase is attributed to the so called activation of the MEA,
although its exact nature has not yet been determined. Plausible reasons causing the
improvement in the cell’s performance are the decrease of the ionic resistance of the
membrane due to humidification and reorganization of the PA/polymer matrix during fuel
cell operation, removal of impurities from the Pt active sites and redistribution of the
phosphoric acid in the catalyst layer leading to the increase in the three phase boundaries.
As discussed earlier, only the Pt particles that are in direct contact with the proton
conductor are electrochemically active. The phosphoric acid amount in the catalytic layer
is a very important and critical parameter for the achievement of a good proton conductive
pathway throughout the catalyst layer.

4.3.1 Determination of the electrochemically active surface area (ECSA)

As has been described in the experimental section the calculation of ECSA, can be
determined by the electrochemical oxidation of the pre-adsorbed CO on the Pt electrode.
In the case of high temperature PEMFCs, the electroxidation conditions i.e. chemisorption
temperature and steam partial pressure, can play a significant role on the reliability of the
measurements [22]. For the determination of the optimum conditions of CO stripping
voltammetry, CO was adsorbed and electroxidized at various cell temperatures (100-
180°C). As expected the voltage position of the CO electroxidation peak depends on cell’s
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temperature (Fig 4-3a), while the integrated charge under the CO oxidation peaks is
constant at temperatures below 140°C. Thus, it is safe to consider that a full monolayer of
adsorbed CO is developed at temperatures below 140°C. As described in the experimental
section, the outlet of the working electrode compartment was monitored by means of a
mass spectrometer. It must be noted that there exists a direct correspondence between the
calculated area from the CO titration peaks of the CV and the mass spectrometry recorded
CO; peaks. Fig. 4-4 depicts the ECSA values calculated from the CO uptake measurements
(eq. 4-1) for electrodes with various Pt loadings (MEAs 1-5,7,12), The linear evolution
with increasing Pt loading at the electrode confirms the validity of the method for the
determination of ECSA. The ECSA was found to be 40m*Pt/gPt, and the post mortem TEM
derived average Pt particle size was found 6nm, resulting in CSAtem =46.7m>Pt/gPt. This
corresponds to Upi approximately 85% for all Pt loadings on the electrode.

Table 4-2. Mean Pt particle size and active Pt surface area for the 30% Pt/C catalysts,
as measured via H, chemisorbtion, CO chemisorbtion and TEM imaging.

Pt particle size (nm) Active Pt surface area
(m?Pt/gPt)
H2 chemisorption 3.5 80.3
CO chemisorption 3.7 75.8
TEM 3.2 87.6

It has to be mentioned that CO was adsorbed at both open circuit potential and at 0.075V
at 140°C. It was found that the CO uptake was exactly the same for both cases, as shown
in figure 4-5. Therefore, CO adsorption was conducted at OCP conditions. T.Vidakovic et
al [42] also observed no difference in the CO uptake under potential and OCP conditions.
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Figure 4-3. (a) CO stripping voltammograms at various cell temperatures for constant
water partial pressure of 10 kPa (b) effect of temperature on CO uptake.
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Figure 4-4. ECSA determination with increasing Pt loading based on CO stripping
voltammetry measurements at 140°C (MEAs 1-5,7,12 in Table 4-1).
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Figure 4-5. CO stripping voltamograms, obtained after CO adsorption at open circuit

potential and under polarization of the working electrode at 0.075V. Tcell=140°C.
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4.3.2 Effect of H3PO4 loading on the anode

All MEAs, were left under continuous fuel cell operation at 180°C at 0.2 A/cm? under pure
H»/O> flows (gas stoichiometry of A2 = 1.2, Ao2 = 2) for at least 15 hours after the break-
in period prior to any measurement. Thereafter cyclic voltammetric experiments were
performed at the anodic electrodes. All cyclic voltammograms were normalized with
respect to the Pt loading per electrode for comparison reasons. The first and second
recorded cycles for the first set of MEAs 1-7 (Table 4-1) are presented in Figures 4-6a and
4-6b, respectively. During the first voltage sweep of the cyclic voltammetry measurements,
two oxidation peaks were observed at approximately 500 and 750 mV in the anodic scan.
These peaks appear only when the sprayed PA amount on the electrode was below 3
gPA/gPt (Fig. 4-6a). Interestingly these peaks were not detectable during the second
voltage sweep (Fig. 4-6b). Increasing the gPA/gPt ratio such peaks at 500 and 750mV do
not appear, though a slight increase in the double layer charging is observed. The above
mentioned behavior and the appearance of the peaks was also observed when electrodes
employing the commercial 30wt% Pt/C were prepared with similar specifications (MEAs
13 and 15) and were used under the same conditions (Fig 4-7).

In order to clarify whether the aforementioned oxidation peaks are related to the amount of
Pt and/or the double layer charging a set of MEAs was tested, where Pt loading was varied
from 0.29 to 1.77mgPt/cm2 and the ratio of gPA/gPt was kept at constant 2gPa/gPt for all
cases (MEAs 10-12). The first and second recorded cycles are present in Fig 4-8. It is clear
that the appearance of the two oxidation peaks at 500 and 750mV is not related to the Pt
loading but instead to PA amount sprayed in the electrodes, which is within the region that
the above observed anodic peaks appear. Also it has to be noted, that when similar
experiments were conducted at the cathodic electrode for low PA amounts in the
electrodes, no such peaks were observed thus showing that the appearance of these peaks
is directly related to the anodic process.
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Figure 4-6. Cyclic voltammograms (a) first cycle and (b) second cycle at 140°C after fuel
cell operation at 180°C for 24 h at 0.2 A/cm? under pure H»/Ox flows (A2 = 1.2, Aoz = 2)

for MEAs 1, 4, 6 and 7. Variation of the Pt loading with constant amount of PA on the
catalytic layer.
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Figure 4-7. Cyclic voltammograms, first cycle, at 140°C after fuel cell operation at 180°C
for 24 h at 0.2 A/cm? under pure H2/O flows (A2 = 1.2, Aoz = 2) for MEAs 13 (2 gPA/gPt)
and MEA 15 ( 6 gPA/gPt).

Similar peaks were reported by Buelte et al in a half cell apparatus using standard Pt/C
based electrode, especially at high phosphoric acid concentration, 115wt % phosphoric
acid (75wt% P205). They assumed, that those peaks during CV is the result of phosphoric
acid species adsorption on the Pt surface and subsequent oxidation followed by polarization
[23]. Several studies in literature report the appearance of a peak at around 0.7 V when
performing cyclic voltammetry of Pt in different phosphoric acid based systems [18,24-
29]. The peak was attributed to the anodic oxidation of impurities formed electrochemically
from the phosphoric acid in the hydrogen region; phosphine formation by direct reduction
of H3PO4 or by a partial disproportionation of phosphorous with simultaneous formation
of oxyacids such as H3POs3, adsorbed at low potentials.

However, Burke et al [30] gave another explanation for the peak’s origin and concluded
that it arises from the pre-monolayer oxidation processes and is independent of the
electrolyte anion, therefore it is a property of the metal rather than the electrolyte. This
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Figure 4-8. Cyclic voltammograms, first (a) and second (b) cycle, at 140°C after fuel cell
operation at 180°C for 24 h at 0.2 A/cm? under pure Ho/O> flows (A2 = 1.2, Aoz = 2) for
MEAs 10-12, where the Pt loading per electrode varied and gPA/gPt=2 .
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hypothesis was supported by the observation of a similar peak in systems not involving
phosphoric acid [31,32]. The reaction producing the peak under low water environments
(dehydrated) was reported to be slow [32] and was described as the formation of
submonolayer quantities of hydrous oxide films where the reduced state is a Pt adatom,
rather than a normal surface or bulk lattice atoms [31].
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Figure 4-9. Cyclic voltammograms (first cycle) of MEA 13 employing the commercial
30%wt Pt/C catalyst at 140°C after continuous fuel cell operation at 180°C at 0.2 A/cm?
under pure H2/O flows (A2 = 1.2, ko2 = 2) for 2, 3 and 8 days.

The cumulative built up of the of the species that appear in the CVs of Figs 4-6, 4-7 and 4-
8 at 500-750mV is shown in Figure 4-9 for an MEA left under constant polarization mode
at 0.2 A/cm? for longer operation intervals. As depicted in Fig. 4-9, the CVs were obtained
after 2, 3 and 8 days of continuous fuel cell operation at 180°C. The increase of the
intensity of the peaks with time is apparent and denotes the accumulation of electro-active
species on the Pt surface. For the anodic electrodes with PA loading higher than 3 gPA/gPt,
no peaks were noticed during the first CV cycle with respect to the operation time. On the
other hand, for PA loadings lower than 3 gPA/gPt, an increased variation of the peak
intensity at 750 mV on the duration of the cell’s operation was observed in all cases.

During all the above voltage sweeps, the outlet of the working electrode compartment was
monitored using an on-line mass spectrometer. In the course of the potentiodynamic scan
of the electrode, production of CO, was recorded. As depicted in Figure 4-10 the CO;
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MS signal is plotted versus potential. The observed CO- production is a result of the carbon
substrate’s electrooxidation during cyclic voltammetry and is not correlated with the anodic
peak at 750 mV. Interestingly, the intensity of the CO» formation followed a very specific
pattern when relatively low amounts of PA (below 3 gPA/gPt) were present in the catalyst
layer. A striking difference between the first and second cycle of the cyclic voltammograms
is the increase in CO» electrooxidation rate during the second cycle. This is accompanied
by the non appearance of the oxidation peak at 750mV. The low CO> electrooxidation rate
observed during the first cycle in Fig.4-10 is indicating either a blockage of the
electrochemically active surface area or a reconstruction of the electrochemical interface.
The hysteresis observed in the CO» signal during the first cycle can be attributed to the
activation of the electrochemical surface after the appearance of the oxidation peak at
750mV. Further potential cycling after the second cycle, did not result in any additional
change either in the voltammogram or the amount of CO> production. A totally different
behavior is observed in the case of high gPA/gPt>3. As it is depicted in Fig. 4-10b there is
no difference between the 1% and 2" cycle either in the CV or the CO; signal.

Polarization curves were obtained from various MEAs with different anodic electrode
specifications for the evaluation of the effect depicted in Fig. 4-10 on the performance of
the MEAs after short term operation. Figure 4-11 depicts three characteristic IV plots were
the PA amount differs in the catalytic layer of the anodic electrode, while maintaining the
cathodes specification constant for all cases.

Each diagram shows two IV curves, which were recorded under high excess of Hz and O>
(200cc/min Hz and O, respectively). The first was recorded after the continuous fuel cell
operation of the MEA for 48h at 0.2 A/cm? under pure Hx/O: flows (gas stoichiometry Amz
= 1.2, ho2 = 2). Subsequently a CV was carried out within the potential range of 0.07 - 0.9
V and the polarization curve of the same MEA was recorded again. The electrode with 5.42
gPA/gPt, i.e. higher than 3 gPA/gPt, did not exhibit any apparent changes in the
performance (Fig. 4-11a). An improvement in the performance especially at high current
densities is observed for the low gPA/gPt ratios after the CVs were carried out (Figs 4-11b
and 4-11c). The improvement is more significant or otherwise the long term degradation
is larger upon decreasing the gPA/gPt ratio. Although the MEAs had different Pt loadings
the highest performance is observed for the MEA with the lower Pt loading (0.65mg/cm?)
and the highest ratio of gPA/gPt, while the lowest performance is observed for the anode
with the highest Pt loading (2mg/cm?) without PA sprayed on the anode. It must be noted
that in the later case the electrochemical interface must be formed by the diffusion of part
of PA from the membrane.
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Figure 4-10. Cyclic voltammograms (first and second cycle) at 140°C and the
corresponding CO» signal as recorded from the on-line mass spectrometer at the outlet of
the working electrode’s compartment of (a) MEA 7 (1.71 gPA/gPt) and MEA 1 (17.62
gPA/gPt), after fuel cell operation at 180°C for 24 h at 0.2 A/cm? under pure H2/O: flows
M2 = 1.2, ho2 = 2).
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IR drop corrected, after the break in period (24 h in
operation at 0.2A/cm?2) at 180°C before and after the cyclic voltammogram measurements
for MEAs with different amount of sprayed PA at the anodic electrode under Hz and O2
flows (200 cc/min respectively): (a) MEA 3 (5.42 gPA/gPt), (b) MEA 12 (2.00 gPA/gPt)
and (c) MEA 8 (0 gPA/gPt). Black squares: before the CV and open circles: after the CV.
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These results indicate two issues regarding the effect of the amount of PA on the electrode:

1. Increased amount of PA at the anode is beneficial for the efficient performance
of the anode and more importantly with significantly lower degradation

2. Decreased amount of PA affects both the performance and induces higher
degradation rate due to the formation of reduced species on the electroactive
Pt surface.

The long term poisoning effect of the lower quantities of the PA on the electrode is
observed at high current densities where the turnover of the electrochemical interface is
higher.

In order to confirm that the cell performance improvement upon potential cycling is due to
the‘re-activation’ of the Pt active sites, the ECSA of the different MEAs was measured
after several hours of continuous fuel cell operation by means of CO stripping
voltammetry. After the first CO stripping measurement, a second CO stripping experiment
was sequentially carried out. The outlet gas of the working electrode was monitored with
an on-line mass spectrometer. At high gPA/gPt>3 ratio on the electrode, the measured CO
uptake and consequently the calculated ECSA in the first and second CO stripping
experiments were exactly the same. On the other hand, for the MEAs with low PA loading
in the anodic CL ( < 3 gPA/gPt), the CO stripping experiment gave very different results
before and after the CV. Fig. 4-12 shows an example for MEA 8.

In this figure, the two subsequent CO stripping measurements are depicted, along with the
corresponding MS signal of CO; at the electrode’s outlet, produced during CO
electrooxidation. As can be seen in Fig. 4-12a (first CO stripping), immediately after 15
hours of continuous fuel cell operation at 0.2 A/cm?, the measured CO oxidation peak was
very small, which is also confirmed by the MS CO; signals. As expected, in the second
sequential CO adsorption and stripping voltammetry (Fig. 4-12b) the CO electrooxidation
peak in the CV and the MS COx> signal are 11 times larger than the initial measurement
(Fig. 4-12a). Therefore, it becomes obvious that at low PA loadings and after a certain time
of operation the real ECSA decreases. It can be recovered after the CVs depicted in Figs
4-6 up to 4-10 and the oxidation of the electroactive species at 750mV. This phenomenon
can have a negative influence in the long term performance of the anodic electrode.

Based on the results of Fig. 4-12 it can be concluded that under low PA loading on the
anodic electrode only < 10% of the Pt active surface is electrochemically active under fuel
cell operating conditions. However, the image is drastically different at high gPA/gPt>3
loadings, from that depicted in Fig. 4-12. The initial CO adsorption coverage
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Figure 4-12. Voltammograms of adsorbed CO electrooxidation (first and second cycle) at
140°C and the corresponding CO> signal as recorded from the on-line mass spectrometer
at the outlet of the working electrode’s compartment, (a) before CV and (b) after CV for
the anodic electrode of MEA 9 after fuel cell operation at 180°C for 24 h at 0.2 A/cm?
under pure Hy/O; flows (A2 = 1.2, ho2 = 2).
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Figure 4-13. Polarization curves recorded after 24h of operation at 0.2A/cm2, IR drop
corrected, at 180°C for MEAs with different Pt loading and amount of sprayed PA at the
anodic electrode under H> and O, flows (200cc/min respectively). MEA 1: 0.2 mgPt/cm?
and 17.62 gPA/gPt and MEA 7: 2.06 mgPt/cm? and 1.71 gPA/gPt.

is not inhibited but instead is identical to the subsequent adsorption and CO stripping
experiment, thus implying a stable and high Pt surface utilization (>80 %), as the ECSA
was found to be approximately 39m>Pt/gPt. In this respect similar long term performance
can be achieved at very low Pt loadings (0.2 mg/cm?) by adjusting the gPA/gPt ratio at the
anode. This is clearly shown in Fig. 4-13 where the performance of MEA 1 and MEA 7
after the break in period is almost identical though the Pt loading at the corresponding
anodes differs by a factor of 10. This can be attributed to the fact that in the case of MEA
7 the low PA loading may result in a 10 fold decrease in the ECSA according to the findings
of Fig. 4-12. On the contrary, almost full exploitation is achieved in MEA 1 which has 10
times lower Pt loading due to its high gPA/gPt ratio.

In order to shed more light in these phenomena CO stripping experiments were carried out
after the electrode exposure in dry and humidified H> and Ar atmospheres for 24 h at open
circuit potential ,where the cell’s temperature was set at 180°C. As depicted in Fig. 4-14 a
fourfold inhibition of CO oxidation peak is observed when the Pt electrode is exposed
under dry Ar compared to the exposure of the same electrode under Ar/H>O flow. This can
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be rationalized by considering that under dry Ar flow the formation of pyrophosphoric or
triphosphoric acid is formed that blocks the Pt surface. This type of fuel cells usually
operate at a temperature range of 160-180°C. As has been mentioned in the introduction,
within this temperature range phosphoric acid is known to dehydrate and polymerize, ,
creating poly-phosphoric acid species. When two molecules of ortho-phosphoric acid are
dehydrated, they create pyro-phosphoric acid releasing a water molecule. A general
formula for such poly-acid compounds is HO(PO.OH)xH, where x = number of phosphoric
units in the molecule. S.J.Buelte et al [23] reported that prolonged exposure of a Pt
electrode in phosphoric acid using a half cell set up, resulted in the decrease of the
electrocatalyst active area. The later was enhanced as the phosphoric acid concentration
increased from 105 wt% to 115%wt phosphoric acid solution and it was attributed to the
formation of polyphosphates on the Pt surface.
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Figure 4-14. CO stripping experiments at 140°C of MEA 14 employing 30%wt Pt/C.
Before each measurement the working electrode was pre-exposed at OCP and 180°C for
18 hours under dry H», dry Ar, 10.5 kPa HoO/Ar and 10.5 kPa H,O/H; flows, while the
counter electrode was fed with Ar/H>O.

In both H> flow conditions (i.e. dry or humidified) the CO stripping spectra show
significant decrease in the CO oxidation peak. Thus beyond the formation of polymeric
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dehydrated forms of PA that can be adsorbed strongly on Pt, other specific interactions of
H> with PA can be the reason for the significant decrease of either the Pt CO uptake or the
decrease of the CO oxidation peak. This can be chemical reduction of PA and formation of
reduced species or even displacement of PA from catalyst surface, thus inducing shrinkage
of the electrochemical interface.

4.3.3 XPS measurements of the Pt/PA interface

Taking into consideration all the aforementioned information, the reversible
degradation observed at low PA loadings on the anodic electrode can possibly be a complex
phenomenon that can be attributed either to oxidizable species, which is formed during fuel
cell operation and its exposure to Hz, thus blocking the Pt surface, or due to restructuring
of the electrochemical interface because of the displacement of the PA from the catalytic
layer. The clarification of the aforementioned processes was attempted by means of XPS.

A Pt film deposited on a PA doped membrane was exposed to several gas atmospheres for
several hours in the atmospheric pressure chamber of the ultrahigh vacuum system
equipped with XPS (see experimental). The BE values for the main detectable elemental
states were obtained from the spectra of the Ols, Pt4f and P2p regions, (Table 4-3, Figs 4-
15 and 4-16). The binding energy of Pt4f spectra is shown in Fig. 5-15a, where the doublet
with binding energies 71.4 (Pt 4£7/2) and 74.7 eV (Pt 4f5/2) is attributed to metallic Pt for
all measurements [33]. It is obvious, that the different experimental conditions did not
affect the binding energy or the oxidative state of Pt. The later confirms the validity of our
measurements since no charging of the surface occurred during measurements.

Table 4-3. XPS binding energies with the corresponding FWHM in the braquets, intensity
ratio of Ols of (peakll)/(peakl) ,as well as the atomic ratio O/P.

Experimental B.E.(FWHM) B.E.(FWHM) O1s intensity o/P
Conditions (eV) P2p (eV) Ols ratio atomic

(peaklI)/(peakl) ratio

200°C 4h H2(1)  134.8,131.0 532.0,533.5 1.44 2.48
(3.2) (2.4)

180°C 1.5h H,O 133.9(3.0) 531.9,533.3 0.57 3.60
) (2.7)

200°C 4h UHV 134.8 (3.0) 531.7,533.4 1.28 3.18
A3) (2.7)

200°C 4h CO 134.8 (3.0) 532.0,533.5 1.34 3.32
“4) 2.4)
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The various recorded spectra of P2p are shown in Fig. 4-15b. As also shown in Table 4-
3, there is an apparent shift in the binding energies of the P2p peaks, which depends on the
temperature and gas phase pretreatment of the sample. The peak at 133.9¢V of spectrum 2
in Fig. 4-15b, is attributed to ortho-phosphate (H2PO4") species [34]. Upon heating the
sample to 200°C for 4 hours under vacuum the P2p signal increases and shifts to higher
binding energy positioned at 134.8 eV. This can be attributed to the dehydration of the
ortho-phosphate species into pyrophosphates or even polyphosphates (pyro- or
polyphosphoric acid). The P2p peak at 134.8eV (spectra 1, 3 and 4), is assigned in the
literature to pyrophosphoric acid or poly-phosphate species [35,36]. After the exposure of
the sample in humidified He at elevated temperature (180°C) the ortho-phosphate peak at
133.9¢V is recovered. The increase in the signal corresponds to the increase in the P2p/Pt4f
ratio (Fig. 4-17), thus showing a significant degree of restructuring of the PA/Pt film
interface. This observation in combination to the observed decrease in CO oxidation peak
in Fig. 4-14, after the long exposure of the electrode in dry Ar flow, strongly indicates that
pyrophosphoric acid may block the Pt surface. Whereas in all other cases the decreased
total P2p/Pt4f ratio indicates a displacement of the phosphoric or pyrophosphoric acid
from the Pt surface by H», HoO and CO. It is worth noticing that long exposure of the
sample under CO flow at elevated temperatures can even further displace pyrophosphoric
acid as this is evidently shown in Fig.4-17. The same trend was observed for the case of
O/Pt ratio, showing that the measured O1s oxygen species are chemically combined in the
various P and O containing adsorbed species.

Under dry H> flow for 4 hours at 200°C a second peak appears at significantly lower
binding energy (131eV), which suggests the formation of a compound that originates from
the catalytic reduction of the pyrophosphoric acid on the Pt surface. It is worth noticing
that the species after H» treatment contain the smallest amount oxygen thus showing the
severe reduction of the pyro/poly-phosphate species.

The data acquired from Ols peaks, give further insight confirming the previous
conclusions. Fig. 4-16 shows the XP Spectra of Ols peak. The peak is deconvoluted in all
cases in two components with equal FWHM (Table 4-3). The binding energy difference is
1.5eV. It has been reported that the Ols peak positions range between 531.6 and 532.6eV
(peak I) for non-bridging oxygen, (NBO:PO", POH, P=0) and 533.1 and 534.1eV(peakll)
for bridging oxygen (BO: P-O-P) [37]. The intensity ratio of these different chemical states,
is shown in Table 4-3 and can be considered as an indication of the most pronounced
chemical structure of the various phosphoric acid species on the surface. It is deduced that
increased peak intensity of the BO prompts to the formation of pyrophosphoric or
polyphodphoric acid with bridging oxygen in their structure. Using the total peak area
ofPt4f, Ols, and P2p peaks, in each experiment and the appropriate

103

Department of Chemical Engineering, University of Patras



Alin Orfanidi, PhD Dissertation, Patra Greece

| XPS [ 71.4eV (a) XPS 134.8eV (b)
=] =]
© ©
=] =
= =
c C
21 L
1= 1=
12
11 133.9eV
LI B B R R BN BRI BN B | — T T T T T T
84 82 80 78 76 74 72 70 68 66 142 140 138 136 134 132 130 128 126
Binding Energy Eg / eV Binding Energy Eg / eV

Figure 4-15. XP spectra of Pt4f (a) and P2p (b), after heating at 200°C for 4 h in H> flow(1),
after heating at 180°C for 1.5 h in 4% H>O/He flow (2), after heating at 200°C for 4h in
UHYV (3) and after heating at 200°C for 4h in CO flow (4).

sensitivity factors (based on Wagner’s collection and adjusted to the transmission
characteristics of analyser EA10) and equations, the O/P, O/Pt and P/Pt atomic ratio is
determined (Table 4-3). As itis shown in Table 4-3 both the O/P and the peakll/peakl Ols
ratios decrease after heating at 180°C under vacuum, thus indicating the formation of
pyrophosphates or polyphosphates. The O/P nominal atomic ratio for phosphoric acid or
ortho-phosphates is 4, whereas for the case of pyrophoshoric acid or pyrophosphates is 3.5.
Heating under H> atmosphere, the O/P ratio is even lower 2.48 (Table 4-3), thus implying
further reduction of the phosphate or pyrophosphate species by abstraction of oxygen. The
atomic ratio of Ols peak to P2p at 134.8eV of spectrum 1 in Fig. 4-15 was found to be
3.3, which lies between the O/P ratios of spectra 2 and 3 in Figs 4-15, Table 4-3. According
to the aforementioned considerations P species appearing at P2p=131eV originates from
the reduction of the pyrophosphate species containing significantly reduced oxygen
amount. It must be noted that the peak at 131eV cannot be attributed to elemental P° as
the latter appears according to the literature at 130eV [38,39]. Thus it is proposed that the

low binding energy peak originates from the catalytic reduction of
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Figure 4-16. XP spectra of Ols peaks after heating at 200°C for 4h in H» flow (1), at 180°C
for 1.5 h in 4% H>O/He flow (2), at 200°C for 4h in UHV (3) and at 200°C for 4h in CO
flow (4).
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Figure 4-17. Intensity ratio P2p/Pt4f and O1s/Pt4f after annealing at 200°C for 4h in H»
flow, at 180°C for 1.5h in 4% H>O/He flow, at 200°C for 4 h in UHV and at 200°C for 4h
in CO flow.
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pyro/poly-phosphate species by H> on the Pt surface through probably the abstraction of
hydroxyl groups, thus leaving a phosphorous-oxygen polymeric structure which can
account for the lower binding energy of the P2p. The hydroxyl removal may result into a
lower oxygen content chemical structure, thus resulting in the decrease of the valence of P
and the increase of the electron density around the P atom. In this respect we can possibly
rationalize the significant decrease in binding energy by 3.5 eV.

4.3.4 The proposed mechanism

To summarize, after careful evaluation of all of the above results, the following chemical
mechanism can be responsible for Pt electrochemical active area loss, especially for the
case of low PA amounts in the anodic catalyst layer (<3gPA/gPt). During normal fuel cell
operation, three processes occur at the anode electrode. The phosphoric acid is dehydrated,
according to eq. 4-5, into pyrophosphoric or poly-phosphoric species which spreads and
blocks the Pt surface.

2 H3PO4 — H4P207 + H20 or nH3PO4 —Hp2PyOsn+1 + n-1H20  (eq. 4-5)

Displacement of phosphoric acid and the formed poly-phosphoric species from the Pt
surface is possible by H> adsorption and spill-over. Concurrently, poly-phosphoric acid, is
being catalytically reduced most probably into an oxide form of P with less oxygen. The
exact chemical structure of this oxidic species cannot be defined within the context of the
present study. It is considered that this species covers and poisons the Pt surface. Upon
exposure of the sample in humidified He ortho-phosphate species is recovered (Fig. 4-15,
spectrum 2), thus showing the reversibility of the processes. The electrochemical oxidation
of these species can take place during the CVs of Figs 4-6 to4-10 at 750 mV with the
simultaneous recovery of the Pt surface. The electrochemical oxidation of reduced
phosphoric acid species (hypophosphite H2PO>") on Ni surfaces, has been reported in the
literature [40].

It has been clearly shown that the PA amount sprayed on the anodic electrode influences
the anode performance. At least for the studied high temperature MEA system, an
inadequate amount of PA at the anodic electrode can lead to the gradual shrinking of the
electrochemical interface, as well as a gradual “poisoning” of the Pt electrocatalyst by
species originating from dehydrated and especially H> reduced chemical structures of PA.

Though one would expect that the poisoning effect of higher amount of PA on the anodic
electrode would have been more severe, it turns out that the utilization of PA above a
certain ratio
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(>3 gPA/gPt) to be beneficial, as the species that are oxidized at 750mV or the shrinkage

of the ECSA were not observed. This controversial behavior strongly indicates that this is
directly related and limited to the catalytic interference of the PA with the Pt surface under
lean hydration conditions, while the active water molecules can be provided through the
absorbed water in the PA. It can be assumed that increased amount of distributed PA within
the catalytic layer will absorb and store higher amount of water. In addition the increased
amount of PA and its fine distribution within the catalytic layer will result in a more
extended Pt/PA interface, thus providing higher hydration degree onto the Pt surface. In
this respect the poisoning and blocking species can be displaced from the Pt surface.
Another significant reason for the beneficial role of the increased PA amount in the
catalytic layer is to compensate its displacement either by H» or CO as this is clearly shown
in Fig. 4-17b, thus providing the necessary boundary length of the electrochemical
interface to facilitate the H» electrooxidation. As was formerly stated [41] the
amount/concentration of water plays an autocatalytic role for the facilitation of H:
electrochemical oxidation on PA imbibed high temperature PEM electrochemical
interface.

4.4 Conclusions

It was observed that the reversible performance loss of the anodic electrode was a function
of the PA amount in the catalyst layer. More specifically, under low PA loading (<3
gPA/gPt) on the anodic electrode, < 10% of the Pt active surface is electrochemically active
under fuel cell operating conditions. This was attributed to the blockage of the Pt surface
by pyrophosphoric acid or poly-phosphates, H> reduced polyphosphoric acid species and
the shrinkage of the interface due to the displacement of the H;PO4 by the adsorbed H:
species. The results are dramatically different for high PA loadings, where it was found
that the Pt surface utilization was very high (>80 %) and has been attributed to the enhanced
degree of the hydration of the electrochemical interface that accompanies the more uniform
distribution of the H3PO4 within the catalytic layer. The controlled and increased PA
content within the catalytic layer can result even up to the tenfold decrease in the Pt loading
when the anode operates under H» rich conditions.
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Chapter 5

Electrochemical characterization of the
anodic catalyst layer employing Pt
nanoparticles decorated on functionalized
MWCNT in HTPEM fuel cells

5.1 Introduction

Up to date, PEMFCs commercialization is still significantly restricted by its high noble
metal content and low cathode performance. Reducing cost via reduction of the Pt content,
arising from high catalyst utilization and stability, is highly desired. The design and
optimization of electrocatalytic layer, towards the increase of the electrocatalytic active
surface area, has been the focus of many studies [1,2,3,4].

The porous electrode’s structure consists of the catalyst, usually Pt dispersed on carbon,
mixed with a binder-ionomer and an ionic carrier, in order to establish a 3-D ionic link
between the Pt catalyst active sites and the polymer electrolyte. In HTPEM fuel cell’s, PBI
is commonly used as the ionomer [5,6,7], and phosphoric acid as the ionic-proton carrier.
Due to the liquid state of PA and its mobility, maximization of the triple-phase boundary

is difficult to achieve. Thus, a certain amount of ionomer is required, that will bind the free
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PA in the catalyst layer, providing adequate contact with the Pt particles, in order to
increase the catalyst utilization. A delicate balance must be achieved between the binder
and the ionic carrier for the efficient transport of gases and conductance of electrons and
protons to the electrochemical interface. Uniform mixing and distribution of these
components is hard and is not guaranteed, as a result part of the electrocatalyst is not used.
For that reason, many studies have been focused on the synthesis and characterization of
carbon MWNT or nanofiber supported Pt catalyst, aiming to the increase of Pt utilization
in fuel cells. To this respect, many groups have successfully functionalized MWCNT using
polymers or monomers in an attempt to increase the three-phase boundary (TPB) [8,9].

High temperature PEM fuel cell employing phosphoric acid embedded polymer electrolyte
require higher catalyst loading at the anode, compared to the perfluorosulfonic-acid-type
membrane based PEM fuel cell. Although, it has been reported that PBI based fuel cell are
able to operate without significant loss in their performance utilizing Pt loading as low as
0.2mgPt/cm? for the anodic electrode, for specific PBI loading in the CL [10,11].
Phosphoric acid poisoning on the Pt surface at the anodic electrode is responsible for the
higher demand in Pt loading, as described in detail in chapter 4. The available active sites
can be significantly reduced due to the adsorption of reduced phosphoric acid species and
therefore influence the performance of the anodic electrode.

During my master thesis, a new functionalized MWCNT Pt based electrocatalyst was
developed in an attempt to increased catalyst utilization in high temperature PEMFCs [12].
Pyridine groups were covalently attached at the outer wall of the MWCNT and were used
as the catalyst support. The aim was to achieve a uniform distribution of polar pyridine
groups in the catalyst layer. The pyridine groups are known to bind phosphoric acid
molecules and was expected that a good proton conductive pathways would be created
throughout the catalytic layer, which would result in the increase of the three phase
boundary and ultimately the catalyst utilization. The obtained Pt/(ox.MWCNT)-Py
electrocatalyst had finely and homogeneously distributed Pt particles, with size ranging
between 2-4nm.

In continuance to this work, CLs were fabricated employing this newly synthesized
electrocatalyst and were tested as anodic electrocatalysts. In the present chapter, anodic
catalyst layers employing the newly synthesized 30 wt% Pt/ox.MWNT-Py were optimized
with respect to the Pt loading and PA loading and tested in HTPEM fuel cells. The
electrochemical active surface area and the Pt utilization for the aforementioned
electrocatalyst, as well as its durability after short term operation, are also presented.

113

Department of Chemical Engineering, University of Patras



Alin Orfanidi, PhD Dissertation, Patra Greece

5.2 Experimental

5.2.1 Materials

Phosphoric acid doped polymer electrolyte membranes were provided from Advent
Technologies S.A. The in-house synthesized 30wt% Pt/(ox.MWCNT)-Py, 5wt%
Pt/oxMWCNT-Py, and 30wt% Pt/oxMWCNT catalysts used in this study were
synthesized according to the results reported in my master thesis. Catalyst powder 30wt %
Pt/Vulcan XC-72R was purchased from Tanaka Kikinzoku International. For the
construction of the electrodes, carbon cloth supporting layer was purchased from Fuel Cell
Earth LLC, Vulcan XC-72R powder from RawChem Ltd and the PTFE dispersion in water
from Sigma-Aldrich. 2-propanol 99.8< and H3PO4 purum p.a. >85% were purchased from
Merck or Sigma Aldrich. All chemicals were used as received unless otherwise noted.

5.2.2 Instrumentation

The electrochemical measurements were performed using a single cell purchased from Fuel
Cell Technologies Inc. Both graphite bipolar plates of the single cell had the same single
serpentine flow field for the distribution of reacting gases. The active area of the electrodes
was 2 cm x 2 cm. The assembling torque applied for the single cell was SNm. The cell was
installed in a fuel cell test station which was built in-house and had provisions for
controlling temperature, humidification, and flow of reacting gases. The measurements
were made in a two-electrode arrangement using an Autolab potentiostat-galvanostat
PGSTAT-302.

The size of the Pt nanoparticles of the MWCNT and carbon based electrocatalysts was
characterized by transmission electron microscopy (TEM) on JEOL JEM2100 operating at
200kV. The crystalline structure of the catalysts was analyzed with an X-ray powder
diffractometer (Bruker D8 Advance) using Cu Ko radiation (A=0.15418 nm). The
XRD measurements were carried out in the 20 angle with the range of 20-90°. The
mean particle diameter of Pt was calculated from the X-ray line broadening of the Pt(111)
diffraction peak according to Scherrer’s equation.

The photoemission experiments were carried out in a ultrahigh vacuum system equipped
with a SPECS LHS-10 hemispherical electron analyzer, which additionally comprises a
water cooled high pressure cell (10 mbar-2 bar) connected with the vacuum chambers
through a fast entry system, a sample preparation chamber (base pressure 5x10) and an
analysis chamber with a base pressure ~ 107! mbar where the XPS measurements took
place. The XPS measurements were performed at room temperature using
unmonochromatized AlKa radiation under conditions optimized for maximum signal
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(constant AE mode with pass energy of 97 eV giving a full width at half maximum
(FWHM) of 1.7 eV for the Au 4f7, peak). The measurements were recorded at 0° with
respect to the sample surface normal. The analyzed area was a rectangle with dimensions
2.5 x 4.5 mm?. The sample was mounted on a heated stainless steel holder. The under study
electrode was a 5wt% Pt/oxMWCNT powder/layer interfaced on PA imbibed TPS®
membrane. The catalyst powder/layer was grounded in order to avoid any surface charging
during data acquisition.

5.2.3 Catalyst film preparation on H3POs doped polymer electrolyte for XPS
experiments

The pyridine based aromatic polyether membrane was immersed in a 85 wt% H3PO4
solution at 140°C for 20 hours in order to obtain the desired phosphoric acid doping level
(~200 wt%). The weight gain was calculated by using the sample's weight before and after
the immersion. The doped membrane was then hot pressed against a thin layer of catalyst
powder for 15 minutes at 150°C. During the assembly process, free phosphoric acid is been
redistributed from the membrane in the catalyst layer. The catalyst powder film consisting
of Swt% Pt/oxMWNT-Py was thick, insuring complete coverage of the membrane, as no
peaks originating from the membrane were detected during the XPS measurement. For
comparison reasons Swt% Pt/oxMWNT-Py catalyst powder was also analysed, in the
absence of PA, originating from the same batch as the one used above. Prior to each
measurement, all samples were heated for 4 hours in the preparation chamber, at 180°C, in
order to precondition the catalyst surface resembling temperature of fuel cell operation.
The sample was cooled down and transferred to the analysis chamber.

5.2.4 Electrode Preparation and MEA assembly

Electrodes’ fabrication: The gas diffusion layer, GDL, used in this study was prepared by
spraying a slurry made of carbon Vulcan XC-72R and PTFE solution (50 wt% PTFE/C)
on carbon cloth, followed by heat treatment at 300°C under static air for 40 min. The
electrodes were prepared using two different optimized methods, depending on the catalyst
type. Two types of electrocatalysts were used, Pt supported on carbon black (30wt % Pt/C)
and Pt supported on MWCNTs (30wt %t Pt/(ox. MWCNT)-Py and 30wt %Pt/oxMWCNT).

The electrodes containing 30wt % Pt/C were prepared by spraying 2-propanol-Pt/C ink on
the GDL. The electrodes were then treated for 12 hours at 80°C and 3 days at 190°C under
vacuum, in order to remove all traces of the organic solvent. The electrodes containing
MWCNT based catalysts were prepared by dispersing the catalyst powder in a 2-
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propanol/3-D H>O 2/1(v/v) solution. The catalyst slurry was applied on the GDL by a
spatula and the electrodes were left over night to dry at room temperature prior heating at
100°C in an oven for 1 hour.

The cathode’s specifications were kept constant for all MEAs. The carbon black based
electrocatalyst (30wt% Pt/C) was used at counter electrode and the Pt loading was around
2mgPt/cm? in all cases. The electrocatalysts used for the construction of the anodic
electrodes differed and the Pt loading varied from 0.20 to 2.15mgPt/cm?.

Membrane Electrode Assembly, MEA: Before the MEA assembly, a certain amount of
phosphoric acid, PA, was sprayed onto the electrodes. The cathodic electrodes were
sprayed with 2 gPA/gPt, whereas in the case of the anodic electrodes the ratio of gPA/gPt
varied from 1.71 to 17.6. The electrode active area was 2 cm x 2 cm. Several MEAs with
differences in the anodic electrode were fabricated. The specifications of the anodic
electrodes employing either 30wt % Pt/(ox.MWCNT)-Py (MEAs 1-14), 30wt%
Pt/oxMWCNT (MEAs 15-19) or 30wt % Pt/C (MEAs 20-25) are depicted in Table 5-1. In
the case of MEAs 7-13 the Pt loading varied, while the amount of phosphoric acid was kept
constant per electrode (at 0.0203 gPA/electrode). Whereas for MEAs 1-6, MEA 15-19 and
MEA 20-25 the Pt loading varied, while the amount of phosphoric acid sprayed on the
catalyst layer was kept constant, at 2.00 gPA/gPt. Differentiation of the Pt loading in the
electrode, results in the alteration of the catalyst layer thickness. By keeping the PA per
electrode constant, while at the same time varying the Pt loading (ergo catalyst thickness),
the PA distribution per volume of catalyst layer will be altered at each case. More
specifically, a thin catalyst layer will contain more PA per volume of catalyst layer, as
compared to a thicker one, and therefore more PA will be available for the wetting of the
of the Pt particles’ surface (gPA/gPt). On the other hand, for the second case, were the
gPA/gPt ratio is kept constant, the available PA for the wetting of the Pt particles’ surface
is expected to be the same for each Pt loading.

The MEAs were fabricated by hot pressing, the phosphoric acid doped membranes (doping
level ~200 wt %) between the two electrodes at 150°C for 5 min. For comparison reasons,
MEAs having similar specifications but employing the commercial 30wt % Pt/C
electrocatalyst at the anodic electrode were also prepared and studied in parallel.
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Table 5-1 . Specifications of the anodic electrode of the tested MEAs tested (noble metal loading and
phosphoric acid, PA, sprayed on the electrodes prior to the MEA assembly)

Pt loading PA amount
Catalyst used MEA No
(mgPt/cm?) (gPA/gPt)
1 0.29 2.00
2 0.77 2.00
3 0.87 2.00
30% Pt/(oxMWCNT)-Py

4 1.26 2.00
5 1.77 2.00
6 2.15 2.00

7 0.20 17.62
8 0.40 8.81
9 0.65 5.42
10 1.02 3.45
11 1.25 2.82
12 1.49 2.36
13 2.06 1.71
14 1.55 1.40
15 0.37 2.00
30% Pt/ox. MWCNT 16 0.77 2.00
17 0.875 2.00
18 1.52 2.00
19 2.19 2.00
20 0.35 2.00
30% Pt/C 21 0.98 2.00
22 1.30 2.00
23 1.55 2.00
24 1.61 2.00
25 1.99 2.00
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5.2.5 Electrochemical Characterization and Catalyst layer characterization

5.2.5.1 Activation of MEA

All MEAs were activated under galvanostatic mode. Initially the cell’s temperature was
increased from room temperature to 100°C while Ar flushed both compartments.
Subsequently, the gases were switched to pure H, and O» and the temperature was set at
140°C. Once the temperature was reached, a current of 0.2A/cm? was applied to the fuel
cell using pure H> and O (gas stoichiometry Anp=1.2 and Aox=2). The temperature was
then set at 180°C. The break in period was found to be approximately 48 hours. Details
concerning the activation of the MEAs are provided in detail in the appendix Al.

5.2.5.2 Electrochemical Impedance Spectroscopy measurements

All electrochemical impedance spectroscopy measurements were conducted in
galvanostatic mode using a sinusoidal current wave with an amplitude of 5SmA/cm? and
sweeping the frequency from 50kHz up to 10mHz with a logarithmic distribution of 50
points. The measurements were conducted without interrupting the cell’s operation.

5.2.5.3 CO stripping voltammetry

The electrochemically active surface area, ECSA, of the Pt based catalyst was determined
via CO stripping voltammetry. CO stripping measurements were performed after a
standard activation period of 48 hours of continuous operation. The cell temperature was
kept constant at 140°C. One compartment was supplied with a constant flow of 200 cc/min
of 10% Ho> in argon and the corresponding electrode acted as the reference electrode. The
compartment with the electrode under investigation (working electrode) was fed with 25%
CO in argon (air liquid) at a flow rate of 100 cc/min at open circuit potential. It was found
that the maximum coverage of CO was achieved in approximately 8 minutes.
Subsequently, the compartment was flushed with 200 cc/min argon in order to remove all
the traces of CO in the gas phase. The argon flow was humidified by passing through a
thermostated humidifier kept at a constant temperature of 45°C, prior to its introduction to
the cell. The potential was then cycled between 0.075 and 0.9 V with a scan rate of 10
mV/s. To calculate the CO stripping charge, Qco (in C), the area under the peak that
corresponds to the CO electrooxidation was integrated. The second cycle in the same
experiment was used for baseline subtraction, considering that during the second cycle CO
was absent from the Pt surface. The ECSA, in m? was determined considering a charge of
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420 pC cm™ for CO oxidation that corresponds to a monolayer of adsorbed CO on
polycrystalline Pt as follows:

ECSA (m?) = Qco(C) / 4.20 C m (eq. 5-1)

The validity of the method was checked and presented in detail in Chapter 4.

5.2.6 TEM analysis

Post mortem analysis of the catalytic layers of used membrane electrode assemblies (MEA)
was carried out by using transmission electron microscopy (TEM) .The electrodes were
separated from the membrane after approximately 50 hours of continuous fuel cell
operation for the evaluation of the Pt particle size distribution and morphology of the
electrocatalyst. Adequate amounts of catalysts were scrapped off the used electrodes and
were ultrasonically dispersed in water. A drop of the suspension was placed on a 3mm
carbon coated copper grids (Electron Microscopy Sciences). The Pt particle size
distributions were obtained by manually measuring over 1000 Pt particles from the TEM
pictures. The mean Pt particle size was then calculated using the following equation:

Dapt=2DpNp/n  (nm) (eq. 5-2)

where Np is the number of particles corresponding to a Pt particle size with diameter Dpy
(nm)and n is the total number of measured particles. Pt active surface area, is calculated by
the use of eq. 5-3[6],

CSATEM=6000/dpDap; (m?/gr) (eq. 5-3)

where dp; is the density of bulk Pt (21.4 g/cm?). Pt utilization (Up) can be determined by
comparing the results obtained for the ECSA by the CO stripping voltammetry and the Pt
surface area (CSATeMm) obtained by post mortem TEM imaging according to eq. 5-4.

Up: = ECSA/ CSATEM (eq. 5-4)

5.3 Results and discussion
5.3.1 The effect of catalyst substrate on the anodic electrode’s performance

Despite the fast reaction rate of HOR, higher Pt loadings are required compared to the
Nafion-based fuel cells, due to phosphoric acid poisoning of the anodic electrode (chapter
4). Operation at low Pt loading without sacrificing the fuel cell performance is highly

desired, therefore the newly synthesized electrocatalyst 30wt% Pt/oxMWCNT-Py, was
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evaluated towards its performance and compared with the conventional 30wt% Pt/C, with
respect to different PA and Pt loading. Initially the effect of the catalyst substrate on the
anodic electrode’s performance was evaluated. For that reason, MEAs were formulated
employing 30wt%Pt/C and 30wt%Pt/oxMWCNT-Py at the anodic electrode, having the
same Pt and PA loading, 1.3mgPt/cm? and 2gPA/gPt respectively. Figure 5-1 shows the
polarization curves of MEA 4 and MEA 22, obtained at 180°C under pure Hz and O and
gas stoichiometry of Au2=1.2 and Ao2=2. The potential is IR drop corrected.
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Figure 5-1. The effect of catalyst substrate on the fuel cell performance. Polarization
curves, IR drop corrected, were acquired under pure H, and O> with a gas stoichiometry of
M=1.2 and Aox=2 at 180°C. MEA 4:1.26mgPt/cm?> and 2gPA/gPt employing
30wt%Pt/oxMWCNT-Py and MEA 22: 1.3mgPt/cm? and 2gPA/gPt employing 30wt%
Pt/C.

As shown in figure 5-1, the performance of MEA 4 employing 30wt%Pt/oxMWCNT-Py
is higher compared to MEA 22. Despite the fact that the HOR is very fast, compared to the
ORR, it is clear that changes at the anodic electrode influences the overall fuel cell
performance, as also discussed in the previous chapter. In order to verify that the
improvement of the performance originates from the anodic electrode and is due to the
newly synthesized electrocatalyst, the contribution of the cathodic electrode had to be
quantified. For that reason impedance spectra were acquired for both MEAs at 0.2A/cm?.
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The spectra were recorded at high excess of reacting gasses (200cc/min of pure H> and O»)
to ensure their uniform pressure distribution over the electrode’s surface and reduce the
mass transport resistance, especially under the ribs of the flow field. The gas transfer
resistance is associated with transfer of reactant gasses to the active sites of the electrodes,
in terms of convection in the channels of the bipolar plate and diffusion in the GDL and
catalyst layer (chapter 1, section 1.3.7). The gas transfer resistance is part of the
polarization resistance of each electrode. Although when low gas stoichiometry is used,
the polarization resistance increases due to contribution of mass transport to its value, and
an additional separate semicircle or Warburg resistance (finite or infinite) is formed.
However, when the cell is supplied with a sufficient flow of reactants or high gas
stoichiometry the gas transfer resistance becomes negligible or at least constant if the flow
remains unchanged [14]. This way by supplying 200cc/min of pure Hz and Oz, a more
accurate picture concerning the effect of the catalyst substrate to the overall cells
performance can be derived.

Two arcs are observed in figure 5-2. The first one, which appears at high frequencies,
corresponds to the impedance of the H» oxidation reaction at the anode side [15,16], as also
confirmed by experiments that will be presented in section 5.3.4. Whereas the second arc,
appearing in the medium and low frequency region, originates from dominant cathode
effects. As shown in figure 5-2, the polarization resistance of the anodic electrode for the
MEA employing 30wt% Pt/oxMWCNT-Py is smaller than the one for the commercial
catalyst, indicating faster charge transfer and thus higher reaction yield. The FRA module
of Autolab software was used to quantify the polarization resistance of both electrodes, by
deconvolution of the spectra. The results are summarized in table 5-2. The polarization
resistance values of the cathodic electrodes in both cases are similar, whereas for the case
of the anodic electrode they exhibit a significant difference. When 30wt%Pt/oxMWCNT-
Py is used the overall cell performance is enhanced, as it presents a polarization resistance
of 87.5mOhm*cm?, as opposed to 125.8mOhm*cm? for the case of 30wt%Pt/C. Therefore,
it is clear that the anodic electrodes contribution is responsible for the performance
difference observed in the polarization curves.

Table 5-2. Polarization resistance as calculated from Impedance spectra of MEAs
employing 30wt%Pt/C and 30wt%Pt/oxMWCNT-Py at the anodic electrode, and
30wt%Pt/C at the cathodic for both cases. The spectra were acquired at 0.2A/cm? and under
200cc/min H> and O, and were deconvoluted using FRA module of Autolab Sof.

Anode Cathode
Rp/Ohm*cm?  CPE/F n  Rp/Ohm*cm?> CPE/F n
MEA 4 0.0875 4.231e-1 0.557 0.2608 5.719e-1  0.851
MEA 22 0.1258 1.366e-1 0.612 0.2456 4.748¢e-1  0.874
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Figure 5-2. AC impedance spectra of MEA 4 :1.26mgPt/cm2 and 2gPA/gPt employing
30wt%Pt/oxMWCNT-Py and MEA 22: 1.3mgPt/cm2 and 2gPA/gPt employing
30wt%Pt/C. The data were obtained at 0.2A/cm? and at 180°C under constant high gas flow
of pure Hz and O (200cc/min respectively). a. Nyquist plot and b. Bode plot
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It is clear from the above results that the performance of the anodic electrode can be
enhanced when the Pt catalyst substrate is being replaced by oxMWCNT-Py. As
thoroughly discussed in the previous chapter, PA loading plays a significant role in the
performance of the anodic electrode, due to the formation of reduced PA species at low PA
loadings, which results in the diminution of the ECSA. Therefore in continuance to the
findings in chapter 4, and in order to further maximize the performance of the anodic
electrode, the catalyst layer specifications employing 30wt%Pt/oxMWCNT-Py were
altered with respect to PA and Pt loading. The specifications of the anodic electrodes, Table
5-1, were altered as to differentiate the catalyst layer (CL) thickness and the amount of
phosphoric acid (PA) sprayed on the electrode. The electrodes were prepared by changing
the catalyst loading between 0.2 and 2.06mgPt/cm2 while keeping constant the sprayed
amount of phosphoric acid per electrode (0.0203gPA/electrode).
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Figure 5-3. The effect of the anodic electrode’s specification (Pt loading varies whereas
the PA amount per electrode is kept constant) on the overall fuel cell performance.
Polarization curves of MEA 7,8,11 and 13 employing 30wt%Pt/oxMWCNT-Py, IR drop
corrected, acquired under pure Hz and Oz and gas stoichiometry of Anx=1.2 and Ao=2 at
180°C .
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Figure 5-3 presents the polarization curves of MEA 7,8,11 and 13, IR drop corrected,
acquired using a gas stoichiometry of Anp=1.2 and 102=2.0, at 180°C. The MEA with the
lower Pt loading 0.2mgPt/cm? and higher PA loading 17.6gPA/gPt, exhibit the higher
performance. As the Pt loading increases and the ratio of gPA/gPt decreases. As a result,
the performance of the fuel cell diminishes. The reduction of the PA amount in the catalyst
layer results in the formation of phosphoric acid poising species, as thoroughly discussed
in the previous chapter 4, shrinking the ECSA and in turn affecting the anodic electrode’s
performance. Despite the high Pt loading for the case of 2.06mgPt/cm? the fuel cell exhibits
the lower performance. To further support the above and ensure that the latter is not an
effect of the cathodic electrode, impedance spectra were recorded at high excess of the
reacting gasses, 200cc/min of pure H, and O». The calculated polarization resistance, from
deconvolution of the AC spectra of the aforementioned MEAs (7,8,11 and 13) are
summarized in table 5-3. It is clear that the polarization resistance values of the cathodic
electrodes are similar for all cases, whereas the anodic electrodes suffers major changes.
The AC spectra of MEA 7 and MEA 13 are shown in figure 5-4 for immediate comparison.

Table 5-3. Polarization resistance as calculated from Impedance spectra of MEAs
employing different Pt loadings of 30wt%Pt/oxMWCNT-Py at the anodic electrode.
30wt%Pt/C is employed at the cathodic electrode having the same Pt loading
approximately 2mgPt/cm?. The spectra were acquired at 0.2A/cm? and under 200cc/min
H> and O, and were deconvoluted using FRA module of Autolab Software.

Anodic Pt Anode Cathode
loading
mgPt/cm? Rp CPE/F N Rp CPE/F n
Ohm*cm? Ohm*cm?

MEA 7 0.2 0.07868 1.963e-1 0.608 0.26488  5.858e-1 0.835
MEA 8 0.4 0.06652 1.796e-1 0.656 0.27952  432le-1 0.804
MEA 11 1.25 0.1128 1.353e-1 0.647 0.26116  6.072¢e-1 0.8256
MEA 13 2.06 0.1084 1.516e-1 0.663 0.2514 5.285¢-1 0.879

Besides the PA poisoning which affects the anodic electrode’s performance at low PA
loadings (MEA 11 and 13), the high catalyst layer thickness has to be taken also into
consideration, as it may affects mass transport. High Pt loadings or thick catalyst layers,
may result in the presence of additional mass transport resistance in the anodic electrode
that contributes to some extent to the performance loss observed for Pt loadings higher than
1.25mgPt/cm?. A qualitative way to confirm the latter is through impedance spectra
acquired under both low gas stoichiometry of pure H> and O> (An2=1.2 and Ao>=2) and high
excess of reacting gasses (200cc/min H> and O»).
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Figure 5-4. AC impedance spectra of MEAs employing 30wt%Pt/oxMWCNT-Py at the
anodic electrode, where the Pt and PA loadings differentiate. MEA 7: 0.2mgPt/cm? and
17.62gPA/gPt and MEA 13: 2.06mgPt/cm? and 1.71gPA/gPt. The data were obtained at
0.2A/cm? and at 180°C under constant gas flow of pure H2 and Oz (200cc/min respectively).
a. Nyquist plot and b. Bode plot

125

Department of Chemical Engineering, University of Patras



Alin Orfanidi, PhD Dissertation, Patra Greece

Figure 5-5, shows impedance spectra acquired under different gas stoichiometry at
0.2A/cm? of MEA7 and 11 with Pt loading 0.2mgPt/cm? and 1.25mgPt/cm? respectively.
As also mentioned earlier, under low gas stoichiometry, mass transfer resistance
contributes to the acquired polarization resistance of each electrode [13]. This is clearly
seen in figure 5-5, where the first semicircle decreases as the gas stoichiometry increases,
whereas the cathode’s polarization resistance remains almost unaffected. For the case of
1.25mgPt/cm? the decrease of the polarization resistance of the anodic electrode is higher
when switch from low to high gas stoichiometry ,as opposed for the case of 0.2mgPt/cm?.
This is an indication of the difference in the mass transport limitations as a function of the
catalyst layer thickness. The cathodic electrodes polarization resistance doesn’t suffer such
big changes as the anodic electrode. The beginning of a third semicircle which occurs at
low gas stoichiometry, according to the literature, corresponds to the mass transport
resistance of the cathodic electrode [13,17]. Although according to I. A. Schneider et al,
the low frequency arc is formed due to sinusoidal oxygen-concentration oscillations within
the cathode gas along the flow field [18].

The ohmic resistance at high frequencies, which corresponds mainly to the proton
conduction resistance shifts to higher values as the gas stoichiometry increases. This is to
be expected; as the reactant flow increases the water’s partial pressure in the cathodic
compartment is being reduced. During operation at those elevated temperatures and low
partial pressure of water, two processes take place: phosphoric acid is being dehydrated
and pyrophosphoric acid or other dimerised products are being formed (eq.5-5 and 5-6),
and hydration of the latter when exposed to water vapor and formation of phosphoric acid
[19,20].The equilibrium concentrations of these reversible reactions are temperature and
relative humidity dependent.

2H3P0O4 <> H4P207 +H20 1 (eq. 5-5)
H4P207 +H3PO4 <> H5P3010 +H20 1 (eq. 5-6)

The dimerised products are less proton conductive than phosphoric acid [21,22] which
explains the increase of the proton conduction resistance when high gas stoichiometry is
used [23].

Unfortunately deconvolution of the impedance spectra at low gas stoichiometry was not
possible due to the complexity of the equivalent circuit, which requires modeling of the
data. Therefore only qualitative information was obtained from the impedance spectra
concerning the effect of the catalyst layer thickness on the mass transport limitations of the
anodic catalyst layer. In an attempt to quantify the voltage loss originating from mass
transport limitations at the anodic electrode, polarization curves were obtained under
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Figure 5-5. The effect of the gas stoichiometry on the AC impedance spectra of MEA
employing 30wt%Pt/oxMWCNT-Py at the anodic electrode, where Pt and PA loadings
(gPA/gPt) differentiate. MEA 7: 0.2mgPt/cm2 and 17.6gPA/gPt and MEA
11:1.25mgPt/cm2 and 2gPA/gPt. The data were obtained at 0.2A/cm? and at 180°C. a.
Nyquist plot and b. Bode plot

127

Department of Chemical Engineering, University of Patras



Alin Orfanidi, PhD Dissertation, Patra Greece

different gas stoichiometry (An2=1.2 and Ao2=2 and 200cc/min H>/O, constant flow which
corresponds to a nominal current density of 6.6 A/cm?). Figure 5-2 shows the effect of the
gas stoichiometry on the performance MEA 7 and 13, having a noble metal loading of
0.206mgPt/cm? and 2.06mgPt/cm? respectively. Both electrodes exhibit the same
performance at high flow rates (200cc/min H2/O2), as opposed to when low stoichiometry
is used. The voltage loss due to mass transport limitations was calculated using the
following equation:

Vioss= VHF-VNF (eq 5- 7)

Where Vur and Vnr, is the voltage which corresponds to high and low gas stoichiometry
respectively and is IR drop corrected. Since the cathodic electrode had the same
specifications and, as shown from the impedance spectra (figure 5-5), exhibited similar
polarization resistance under different gas stoichiometry, it is safe to assume that the
voltage loss originates mainly from the anodic electrode. The results are depicted in figure
5-7.
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Figure 5-6. The effect of gas stoichiometry on the overall fuel cell performance of MEAs
where Pt loading varied whereas the PA amount per electrode is kept constant at the anodic
electrode. Polarization curves of MEA 7 and 13 employing 30wt%Pt/oxMWCNT-Py, IR
drop corrected, acquired under pure H» and O; and gas stoichiometry of Aip=1.2 and Ao2=2
and under constant 200cc/min H2/O; at 180°C(Au2>15) .
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From the results depicted in figure 5-7 it is clear that the catalyst layer with a noble metal
loading of 0.2mgPt/cm? exhibits smaller voltage loss as compared to the one with
2.06mgPt/cm?, which was expected. By comparing under the same experimental
conditions the voltage loss due to mass transport resistance of MEA 22 employing
1.3mgPt/cm? 30wt%Pt/C at the anodic electrode, it was clear that the later exhibited the
minimum voltage loss, even at such high catalyst layer thickness. This is believed to be
due to the difference in the porous structure of the catalyst layer as well as due to the
manufacturing process of the CL.
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Figure 5-7. Voltage loss with respect to the applied current density due to dominating
mass transport resistance as a result of different catalyst layer thickness for anodic
electrodes employing 30wt%Pt/oxMWCNT-Py (MEA 7 and 13) and 30wt%Pt/C (MEA
22).

Therefore in order to minimize the mass transport limitations at the anodic electrode for
the case of MWCNT based electrocatalyst, operation at low Pt loadings is necessary, as
opposed to carbon black based catalyst. Nevertheless, it has to be noted that although MEA
22 exhibited the lowest mass transport resistance, its performance was less satisfactory than
MEA 4, under the same electrode specifications and operation conditions, figure 5-1. This
indicates that the pyridine functionalized MWCNT based catalyst creates a higher and well
extended three phase boundary. The latter is fully discussed in the next section.

129

Department of Chemical Engineering, University of Patras



Alin Orfanidi, PhD Dissertation, Patra Greece

The effect of PA loading for low Pt loadings on the fuel cell performance, where the mass
transport resistance is the lowest for the MWCTN based CL, is being presented in figure
5-8. Both MEAs (MEA 1 and 7) had similar Pt loading around 0.2mgPt/cm? and the PA
loading was 2gPA/gPt and 17.6gPA/gPt, respectively. At low Pt loadings the PA poisoning
effect at the anodic electrode severely affects the performance of the fuel cell, therefore in
order to be able to operate without any performance losses, high PA loadings are required.
This is clearly seen in figure 5-8. The anodic electrode with a PA loading of 17.6gPA/gPt
exhibits higher performance as expected, compared to the one with 2gPA/gPt. MEA 7
showed the same performance as MEA 23 employing the commercial catalyst with a noble
metal loading of 1.55mgPt/cm2 and 2 gPA/gPt. These results are very encouraging. Using
this newly synthesized electrocatalyst opens the possibility of significant reduction of the
amount of Pt in the anodic electrodes without sacrificing the performance and stability of
the fuel cell.
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Figure 5-8. The effect of PA on anodic electrode with low Pt loadings. Polarization
curves, IR drop corrected obtained at Tcen=180°C and under low gas stoichiometry
A2=1.2 and Ao2=2. The MEAs employed 30wt%Pt/oxMWCNT-Py, MEA 1: 0.29 and
2gPA/gPt, MEA 7: 0.2mgPt/cm? and 17.6gPA/gPt. For comparison MEA 23 employing
30wt%Pt/C is used: 1.55mgPt/cm2 and 2gPA/gPt.

To summarize, taking all of the above into consideration and despite the higher mass
transport limitations as opposed to the commercial 30wt%Pt/C, the higher performance of
the 30wt%Pt/oxXMWCNT-Py electrocatalyst is believed to be due to the presence of
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pyridine groups. The role and the contribution of the pyridine groups on the creation of
high three-phase boundary is investigated and presented in the next section in detail.

5.3.2 Evaluation of ECSA and Pt utilization

The Pt surface area available for the electrochemical reaction is critical in order to sustain
high fuel cell performance, especially under lean partial pressure of H> and high mole
fraction of CO in the fuel gas. It is widely known that the properties of the catalyst support
can affect the wettability and the interaction with the acid electrolyte and thus influence
the length of the reaction’s TPB.

For that reason, the catalyst layer thickness was altered, in order to study the effectiveness
of the phosphoric acid toward the creation of a 3-D ionic link between the catalyst
nanoparticles and the ion conductor as a function of the catalyst support. The three catalyst
supports were evaluated: the commercial 30wt%Pt/C, the newly synthesized
30wt%Py/oxMWCNT-Py and 30wt%Pt/oxMWCNT. The latter was only measured for
comparison reasons in order to distinguish the effect of the pyridine groups from the overall
effect of using carbon nanotubes as a substrate, towards the creation of high three phase
boundary. All three substrates have different morphologies and hydrophilic properties, and
thus different interaction is expected with the acid electrolyte influencing the lengthiness
of the reaction’s TPB. Three series of MEAs were fabricated employing 30wt%
Pt/(ox. MWCNT)-Py (MEA 1-6), 30wt%Pt/oxMWNT (MEA 15-19) and a conventional
30wt%Pt/C (MEA 20,21,24 and 25) electrocatalyst at the anodic electrode (table 5-1).The
noble metal loading of the anodic electrode varied from 0.2 to 2.15mgPt/cm2, while
maintaining the PA amount constant at 2gPA/gPt.

The electrochemical active surface area (ECSA) of all the aforementioned anodic
electrodes was measured via CO stripping voltammetry, as described in the experimental
section and validated in chapter 4. Since the formation of the reduced phosphoric acid
species at the anodic electrode cannot be avoided during the activation period, for the
chosen PA loading, preconditioning of the working electrode via cyclic voltammetry for
the complete removal the PA “poisoning’ species was necessary. The obtained ECSA will
be higher than the actual one during normal fuel cell operation, as also mentioned in chapter
4. Nonetheless, it will not influence the overall ECSA pattern for each electrocatalyst. The
results with respect to the Pt loading in the electrocatalytic layer are depicted in Figure 5-
9. For comparison reasons, the ECSA is normalized to the mass of the noble metal and
therefore expressed as m?/gp:.

It is clearly shown that the ECSA is independent of the Pt loading on the electrodes for all

three Pt supported electrocatalyst . The 30%Pt/ox. MWCNT catalyst exhibits an ECSA
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value of approximately 25m?’Pt/grPt, whereas the 30% Pt/(0ox.MWCNT)-Py and the
30%Pt/C approaches 40 m?/grPt and 35 m?/grPt, respectively. The thickness of the catalyst
layer does not affect the ECSA, above a certain noble metal loading ( 0.7mgPt/cm2).
Nevertheless, it is worth mentioning that for the case of 30wt% Pt/oxMWCNT-Py and for
a Pt loading as low as 0.2 mgPt/cm?, the ECSA is significantly higher as compared to the
commercial catalyst, 30wt% Pt/C.
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Figure 5-9. ECSA (m?/gPt) determination via CO stripping voltammetry measurements at
140°C with respect to the Pt loading of the anodic electrode employing different
electrocatalysts : MEAs 30% Pt/(ox. MWCNT)-Py, MEAs 30% Pt/ox. MWCNT and
MEAs 30% Pt/C (all listed in Table 5-1).

In continuance, the specifications of the anodic electrodes, MEA 7-13, were altered as to
differentiate the catalyst layer (CL) thickness and the amount of phosphoric acid (PA)
sprayed on the electrode. The electrodes were prepared by changing the catalyst loading
while keeping constant the sprayed amount of phosphoric acid per electrode. By keeping
the PA per electrode constant, while at the same time varying the Pt loading (ergo catalyst
thickness), the PA distribution per volume of catalyst layer will be altered at each case.
More specifically, a thin catalyst layer will contain more PA per volume of catalyst layer,
as compared to a thicker one, and therefore more PA will be available for the wetting of
the Pt particles’ surface (gPA/gPt). The phosphoric acid amount in the catalytic layer is a
very important and critical parameter for the achievement of a good proton conductive
pathway throughout the catalyst layer. In the case of MEAs 7-13 the Pt loading varied,
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while the amount of phosphoric acid was kept constant per electrode (at 0.0203
gPA/electrode). The measured ECSA was compared with the case of altering the Pt
loading while maintaining the PA loading in the catalyst layer constant, 2 gPA/gPt, figure
5-10. Overall, the 30wt%Pt/oxMWCNT-Py exhibits a high ECSA value even at Pt loadings
as low as 0.2mgPt/cm? and 17.6gPA/gPt. It is clear that for the aforementioned catalyst the
ECSA is independent of the Pt loading and the PA amount present in the catalyst layer.

50
45 o
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25-
20-
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5] ~o- 0.00352 gPA/cm’
-@- 2 gPA/gPt

00 05 10 15 20 25

Pt loading per electrode, mgPt/cm®

ECSA, m?/gPt

Figure 5-10. ECSA determination with increasing Pt loading based on CO stripping
voltammetry measurements at 140°C, for different Pt and PA loadings (MEAs 1-6 and
MEA 7-13 in Table 5-1).

Accurate calculation of Pt utilization requires measurement of the average Pt particle size
after 48 hours of continuous operation (activation period), since the ECSA is being
evaluated after the activation period. TEM imaging was used for the evaluation of the Pt
average Pt size, as described in detail in the experimental section. The measured Pt particle
size of each catalyst and the corresponding Pt utilization are shown in Table 5-4.

Pt sintering and agglomeration can be affected by a numerous of factors such as operation
time [23], temperature [24,25] etc. Nanoparticles have the tendency to agglomerate into
bigger particles in order to reduce their high surface energy. As particles grow, their surface
energy decreases and their growth process slows down [26]. Therefore, MEAs with the
same specification were fabricated, as the ones used for the determination of the ECSA.
The Pt particle sizes of the anodic electrodes were then measured via TEM imaging. The
results revealed that Pt growth at the anode, meanly occurs during the activation period of
the MEA. No significant change was observed when the operation time was increased by
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24 hours (will be discussed in detail in section 5.3.6.2). Although all three as prepared
electrocatalysts had similar particle size, 3.2-4nm, they showed different Pt growth rate.

The growth of the Pt particles for the 30wt% Pt/(ox-MWNT)-Py electrocatalyst was
smaller than in the case of 30wt% Pt/(oxMWNT), table 5-4. Within 48 hours of continuous
fuel cell operation the average Pt particle size for the pyridine functionalized MWNT based
catalyst reached an average value of 5.6 nm, whereas 7.9nm for the one without. It is widely
established, that the nature of the supporting substrate can strongly influence the
stabilization of particles and determine the size of supported metals. It our case, it is very
clear that the presence of pyridine groups has a positive effect in stabilizing the Pt particle
size as compared to the ox. MWCNT based catalysts. There are contradictory results in the
literature concerning the effect of oxidative pre-treatment and the role of oxygen groups of
the carbon on platinum dispersion and sintering. Some groups [27,28] reported, that the
presence of weak acid groups, strongly increases the interaction between the metal particle
and the support, while others [29,30,31], instead, reported that the presence of oxygen
surface groups inhibit the metal dispersion, and thus would be more prone to sintering. On
the other hand, a small increase in the particle size was observed for the case of the 30wt%

Pt/C, which showed to be more sintering resistant under these operation conditions (table
5-4).

Table 5-4. Average Pt particle size after 48 hours of continuous operation for different
catalyst, as measured from TEM, and their corresponding catalyst electrochemical
utilization, Upt-max-

Catalyst Pt size (nm) Upt-max (%)
30wt% Pt/C 4.1 51.4
30wt% Pt/(ox. MWCNT) 7.9 70.4
30wt% Pt/(ox. MWCNT)-Py 5.6 80.5

The Pt utilization was calculated as described in the experimental section. As shown in
table 5-4, the highest Pt utilization was found to be for the 30wt% Pt/(ox. MWNT)-Py
electrocatalyst around 80.5%, whereas 70.4% and 51.4% for 30wt%Pt/oxMWCNT and
30wt%Pt/C ,respectively. It is clear that the carbon nanotube supported catalyst exhibited
higher Pt utilization as compared to the conventional carbon based, due to the difference
in the wettability properties and interaction of the substrate with the PA. The high value of
catalyst utilization in the case of 30wt% Pt/(0x.MWCNT)-Py is undeniably due to the
homogeneous distribution of polar pyridine groups in the catalyst layer. Pyridine groups,
which are covalently attached on the carbon support, interact and bind phosphoric acid
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promoting its uniform distribution and stabilizing it inside the catalytic layer. The created
well extended 3D ionic network of PA also minimizes the local flooding in the electrodes.

5.3.3 Investigation of the interaction of PA with the pyridine groups in the CL by
means of XPS

The PA interaction with the pyridine groups attached on the outer wall of the MWCNT
was verified by means of XPS. The pyridine groups are identified by the XP spectra of
Nls, as depicted in Figure 5-11.

_ no PA ‘ N1s
PA | 1

XPS Intensity, a.u.

W
] W A Wi,
_/WW\/MN( neutralﬂ = postively charged "/
13950 3975 400.0 4025 4050 407.5
Binding energy, eV

Figure 5-11. XPS spectra of Swt%Pt/oxMWCNT-Py in the presence and absent of PA in
the catalyst layer.

As mentioned in the experimental section, the noble metal loading on the MWNT based
substrate that was used for the XPS experiment was 5wt% Pt per carbon support, despite
the fact that the catalyst used in the electrochemical measurements had a noble metal
loading of 30wt % Pt per carbon support. The pyridine groups are homogeneously spread
on the outer wall of the carbon nanotube, as reported from earlier work, therefore during
Pt deposition, the Pt particles will cover a large amount of the pyridine groups. Thus,
lowering the Pt loading on the substrate reduces the surface coverage, leaving exposed a
larger number of pyridine groups, resulting in a higher measured signal of the N1s peak
,which increases the accuracy of any observed change due to the presence of PA. For that
reason,5% wt Pt per carbon support was considered appropriate.
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Figure 5-11, presents the results of the N1s spectra of the catalyst powder in the absence
and presence of phosphoric acid. These spectra are resolved into two peaks. The main
feature is the peak at 398.8+0.3 eV binding energy, which corresponds to the pyridinic
nitrogen [32,33] while the second peak, at 401+0.5¢V binding energy, to quaternary N
(positively charged) [34,32]. The Cls for both cases was identical and presented a binding
energy of the main peak at 284.3 eV which corresponds to the typical graphitic carbon
peak, indicating that no charging of the surface occurred and that it was properly grounded.
When PA is present in the catalyst layer, as indicated in the N1s spectra, an apparent
decrease in the low binding energy peak is observed, where it is clear that the neutral’s
pyridine contribution has decreased. This is a clear indication of the interaction and charge
transfer between the phosphoric acid in the catalyst layer and the pyridine groups attached
on the MWNT. Also, the decrease in the acquired signal might be due to the PA coverage
of the MWNT surface.

5.3.4 Kinetic of HOR

The kinetics of HOR on both 30wt%Pt/C and 30wt%Pt/oxMWCNT-Py was studied. The
strong dependence of the reaction kinetics on the partial pressure of H» is shown by the AC
impedance spectra recorded at various partial pressures of H» and at the same current
density (Figure 5-13). The dependence of the reaction kinetics on the partial pressure of
H:> was independent of the catalyst substrate, where the exact same response was observed
for both catalyst. For that reason the only data obtained from MEA 4 were chosen to be
presented. The spectra were recorded at high excess of the reacting gasses to ensure their
uniform partial pressure distribution over the electrode’s surface. The monitoring of the
spectra at the same current density allows for the isolation of the effect of the partial
pressure of H> on certain features of the AC spectra that characterize the response of the
anode’s electrokinetic behavior. In this respect cathode remains unaffected. Thus, as it is
clearly shown in Figure 5-13 the variation of the polarization resistance of the high
frequency arc is definitely attributed to the anode. Eq. 5-8, is derived from the Tafel
equation and is related the polarization resistance R, of the EI with the applied current I
and the transfer coefficient a or otherwise the Tafel slope aF/RT.
Ry =1 (eq. 5-8)

The variation of the polarization resistance under constant current density implies variation
in the transfer coefficient o, which depends on the reaction mechanism and the limiting
step of the electrocatalytic process [35]. In the present case its variation indicates the
transition in the electrochemical reaction steps that drive the H» electrooxidation reaction.
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It is well known that H> oxidation/evolution is described by the Tafel, Volmer and
Heyrovski reaction steps according to the reacting scheme described by Eqs 5-9 —10-11.

H, - 2H,4 Tafel (eq. 5-9)
Hyg—o> H 4+ e” Volmer (eq. 5-10)
H, > H,;+Ht+e” Heyrovski (eq. 5-11)

Reaction 3 is fast and takes place at low overpotential being the primary charge transfer H»
electrooxidation reaction, while reaction 4 takes off at fairly higher overpotentials
characterized by a larger Tafel slope [36]. Two factors corroborate for this kinetic
transition. Either the low partial pressure of Ha thus affecting the rate of reaction (5-9) or
the limited surface sites (phosphoric acid poisoning), thus posing restrictions on reaction
(5-10) due to the low coverage of the adsorbed hydrogen Haq. In this respect, the change in
the slope of the I-V curves of Figure 5-12 is attributed to the transition from the Volmer
reaction (5-10) to the activation of the Heyrovski reaction (5-11).
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Figure 5-12. The effect of H» partial pressure on the fuel cell’s performance of MEA 4.
The polarization curves were IR drop corrected and were acquired under constant total
flow of 200cc/min of H» balanced with Ar and 200cc/min O, at 180°C. MEA 4 : employed
30wt%Pt/oxMWCNT-Py, 1.26mgPt/cm2 and 2gPA/gPt.
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Figure 5-13. Impedance spectra of MEA 4 obtained at a current density of 0.2A/cm? at
180°C, under various H partial pressure (total flow 200cc/min of H> in Ar). The cathodic
electrode was fed with a redundant O; flow (200cc/min). a. Niquist plots and b. Bode plots
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5.3.5 Charge transfer resistance of the anodic electrode

The change of the charge transfer resistance with the applied current is being presented in
this section. The change of the charge transfer resistant as a function of the applied current
density was found to be independent of the catalyst substrate and the PA amount present
in the catalyst layer (figure 5-14), as the exact same response was observed for all cases.
Figure 5-14 presents the results obtained from MEA 7 and 13.

AC impedance spectra were acquired at different current densities under high constant gas
flow (200cc/min Hz and O») and are depicted in figure 5-15 and figure 5-16. It can be seen
that the overall charge transfer resistance decreases with increasing current density. In the
low current region, the oxygen reduction reaction (ORR) at the cathode dominates while
the hydrogen oxidation reaction (HOR) at the anode is negligible. In the low current region
the polarization resistance of the anodic electrode is significantly lower than the one
assigned to the cathode electrode (figure 5-14). In the high current density region, the HOR
becomes as important as the ORR, as the polarization resistance of the anodic electrode
has similar values with the cathodic polarization resistance.
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Figure 5-14. Polarization resistance of the anodic and cathodic electrode as a function of

the applied current. Both MEAs employed 30wt%Pt/oxMWCNT-Py at the anodic
electrode and 30wt%Pt/C at the cathode (MEA 7 and MEA 13).
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Figure 5-15. AC impedance spectra of MEA 13 obtained at different current densities at
180°C, under constant flow 200cc/min of H,. The cathodic electrode was fed with a

redundant O; flow (200cc/min). a. Nyquist plots and b. Bode plots

Department of Chemical Engineering, University of Patras



Alin Orfanidi, PhD Dissertation, Patra Greece

0249+ 0.2 A/cm’ (a)
1 = 04ACm
R N
1 » 0.8A/cm’
~ 0.16
e
'ko |
E 0.12
o) ]
N 0.08-
0.04
0.00 —T
0.0 0.1
14 z

oq) 12 n 0.2A/cm2 "y

0 10 ©® 0.4 A/cm2 . 869@@

® gl O 06ACm m e F s

1) o -0

S 64 o 08Am® g% ® 0 ﬁ"ﬁﬁ g

3 41 . .. Doo Q

© 2 an® 00 0° o

& 0 eSenono” "5

2]
'0'8__ (LLTTT T

_-0.9—_ ",

E -1.0 ooooo;ooooo..

% -1.14 . ggggggg%%%o "npg,

N 121 Comn ""--.

8 ot L] [T
4] © 55%5“‘-
-1.4

ALY

001 04 1 10 100 1000 10000
frequency, Hz

Figure 5-16. AC impedance spectra of MEA13 obtained at different current densities at
180°C, under constant flow 200cc/min of H> and O, respectively. Nyquist plots and b.
Bode plots
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This can be explained if we take into consideration the oxidative state of the Pt surface at
the cathodic electrode. In the low current region, the ORR is controlled by pure electron
transfer, where the catalyst surface is partially covered by PtO. However, the ORR in the
high current region, is controlled by electron transfer and mass transfer, where the catalyst
surface is mainly reduced Pt [37]. The HOR occurs on pure Pt, for all current densities.
The dependence of the polarization resistance of the anodic and cathodic electrode with the
applied current density has been reported in the literature for PBI based systems under
similar conditions, exhibiting the same phenomena [38,39].

5.3.6 Durability of electrocatalyst after short term operation
5.3.6.1 XPS measurements

Pyridine groups are an essential part of the newly synthesized catalyst, as they interact with
the free phosphoric acid, homogeneously distributing it in the catalyst layer. Although
thermogravimetric analysis showed that the pyridine groups are thermally stable below
200°C [40], due to the harsh operating conditions of a HT-PEM fuel cell it was necessary
to investigate the stability of the pyridine groups after various operation periods. For that
reason, MEAs were formulated with the same specifications. The anodic electrode, which
employed 30%Pt/oxMWCNT-Py, had a Pt loading of approximately 1mgPt/cm? and an
acid loading of 4 gPA/gPt.

Table 5-5. N/Pt atomic ratio after certain operation time of the cathodic electrode of an
MEA employing 30% Pt/(ox.MWCNT)-Py.

.Operations Conditions N/Pt atomic ratio
Oven at 180°C 0.444
OCV for 24 h 0.165

0.2A/cm? for 24 h 0.244
0.2A/cm? for 50 h 0.360
0.2A/cm? for 8 days 0.151

The MEAs were left at 180°C to operate for various periods (24 hours to 8 days) at a
constant current density of 0.2 A/cm? using pure H» and O: (gas stoichiometry An=1.2 and
A02=2). Moreover, an amount of the catalyst powder was placed in a furnace at 180°C and
left under H, atmosphere for almost 24 hours and an MEA was left at OCP conditions at
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180°C for 24h (both served as reference sample). Thereafter, the MWCNT based catalyst
were characterized using X-ray photoelectron spectroscopy in order to determine and
verify the functionalization degree of the carbon nanotube based catalyst.

Table 5-5 depicts the results of the XPS characterization. Due to the structure of the
electrode, after fuel cell operation, it is very difficult to scratch off the catalytic layer
without any trace of the gas diffusion layer. Therefore, the functionalization degree of the
carbon nanotube could not be estimated through the atomic ratio of N/C. For that reason it
was considered more appropriate to use the atomic ratio of N/Pt. Also due to the different
degree of Pt sintering, which will be thoroughly discussed in the next section, as a result
of the different operation times and conditions, and the surface sensitivity of the XPS, only
estimation can be made about the amount of pyridine group on the outer wall of the
MWNT. From the results shown in table 5-5, it was concluded that the pyridine groups are
stable after short term operation.

5.3.6.2. The effect of short term operation of the Pt particle size

The reduction of the electrochemical active surface area during normal fuel cell operation
is attributed to several factors, such as Pt sintering/agglomeration or Pt migration and loss.
In order to investigate the effect of reducing atmosphere and operation time in the ECSA
diminution of the newly synthesized electrocatalyst, used membrane electrode assemblies
were thoroughly analyzed using transmission electron microscopy (TEM) and X-ray
diffraction (XRD). The electrodes were detached from the membrane in order to investigate
the Pt particle size after various operation times of the anodic electrodes by means of XRD
analysis. TEM postmortem analysis was also performed on the same samples to investigate
the Pt size distribution and morphology of the electrocatalyst. Adequate amount of catalysts
were scrapped off the used electrodes and were ultrasonically dispersed in water and placed
a drop of the suspension on a 3mm carbon coated copper grids (Electron Microscopy
Sciences). The Pt particle size distributions were obtained by manually measuring all the
particles from the TEM pictures. The distribution and the average Pt particle size were
calculated as thoroughly described in the experimental section.

As mentioned earlier, the Pt particles undergo an increase in their diameter, depending on
the operation conditions and time. The relatively low temperature (180°C) and the reducing
atmosphere leading to the sintering of the platinum particles, points out some questions
about the behavior of the electrocatalysts under Fuel Cell working conditions. The same
MEAs as the one mentioned in section 5.3.6.1, were used for the determination of the Pt
particle size at the anodic electrode with respect to operation time (1mgPt/cm? and
4gPA/gPt). The as synthesized 30%Pt/oxMWNT-Py electrocatalyst has an average Pt
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particle size of 3.2nm as measured by TEM imaging. The same experiment was conducted
for MEAs employing 30wt%Pt/C for comparison reason. The as received 30wt%Pt/C
electrocatalyst has an initial average Pt particle size of 2.9nm as measure by TEM.

Table 5-6. Pt particle size average diameter (nm) with respect to operation time as
estimated via TEM imaging, of 30wt%Pt/C and 30wt%Pt/oxMWCNT-Py.

Operation Pt particle size (nm)
Conditions
30wt%Pt/C 30wt%Pt/oxMWCNT-Py
24 OCV N.A 4.8
24 hours 4.0 5.4
50 hours 4.1 5.6
6 days 5.1 5.75

As shown in table 5-6, as the operation time increases, the growth of the Pt particles in the
anodic electrode slows down. After only 50 hours of fuel cell operation the Pt particle size
increases from to 3.2 nm and reaches 5.6 nm, for the case of 30wt%Pt/oxMWCNT-Py,
whereas after 6 days of operation in reaches 5.75nm. During the first operation hours
sintering of the smaller crystallites are expected, whereas as the operation time increases,
sintering of bigger particles is likely involved and thus the sintering rate slows down. From
the data obtained for different operation times it is clear that the mean Pt particle growth
on the anode side occurs during the first hours of cell operation for both electrocatalyst. It
has to be mentioned that the 30wt%Pt/C is more sintering resistant than the carbon
nanotube supported electrocatalyst.

TEM micrographs were obtained for the examination of the morphology of the catalyst
after various operation time of the anodic electrodes. Figure 5-17 shows the obtained TEM
migrographs and their corresponding Pt size distribution histograms for the case of 6 days
of continuous operation for both electrocatalyst. It is clear that the Pt distribution is wider
for the case of the carbon nanotube based catalyst. However both exhibit log-normal
distribution, indicating the same Pt growth mechanism, which is thoroughly discussed in
the next section.

The sintering process of both commercial and functionalized MWCNTs based catalysts
was investigated ex-situ to clarify the effect of the reducing atmosphere. Both
electrocatalyst were placed in an oven in a XRD apparatus. Initially a spectum was acquired
at 25°C under H> atmosphere and served as a benchmark. XRD diffractograms were then
obtained at 180°C under constant 5%H?2/Ar flow with 1 h step and 20 min acquisition time
at each step. X-ray diffraction measurements as a function time showed that sintering of
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the platinum crystallites takes place during the 1-2hours of H> exposure and remains
unchanged after even after 20 hours, figure 5-18.
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Figure 5-17 : TEM images and the corresponding Pt size distribution histogram after 6
days of continuous operation. a. 30wt%Pgt/C and b. 30%Pt/oxMWNT-Py

Due to the low operation temperature of 180°C, probably sintering of the more energetic
smaller particles takes place, however sintering of larger crystallites can also occur in this
temperature region [41]. The final Pt particle size for both electrocatalysts as calculated
from Scherrer’s equation, is slightly smaller compared to the case when the catalysts where
exposed in Ha during normal fuel cell operation. This result indicates that the presence of
PA is not such an important factor in the sintering/agglomeration process during the first
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operation hours of a fuel cell. A full discussion concerning the latter is presented in the
following section.
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Figure 5-18 .The effect of reducing atmosphere 5%H2/Ar on the Pt particle size as a
function of time. The XRD diffractograms of 30wt% Pt/C and 30wt% Pt/oxMWCNT-Py
were acquired at 180°C, with 20min acquisition time.

5.3.6.3 Effect of PA on the Pt particle size during normal fuel cell operation

The effect of the PA amount present in the catalyst layer towards the Pt sintering process
after short term operation was also investigated for the anodic electrode. The average Pt
particle size was measured by TEM and XRD. The PA amount in the catalyst layer varied
from 1.4 to 17.6 gPA/gPt (MEA 7-14).The MEAs operated at 180°C under constant
operation conditions for 8 days. From the results depicted in figure 5-19, is that a fast
sintering is observed at low PA loadings up to 3grPA/grPt while thereafter the sintering
procedure is lower. The amount of phosphoric acid seams to plays a major role in the Pt
sintering/agglomeration of the nanoparticles for values as high as 17.6gPA/gPt. Both TEM
and XRD results are in perfect agreement.
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Figure 5-19. The effect of PA on the Pt particle size after 8 days of continuous
operation. The average Pt particle size was measured by TEM and XRD.

TEM micrographs were obtained for the examination of the morphology of the catalyst
with respect to PA loading in the catalyst layer, after 8 days of continuous operation. A
significant sintering on the anode catalyst was observed for the ratio of 17.6 (figure 5- 20a
and 5-21a), as compared to the lower ratio 2.8gPA/gPt (figure 5-20b and 5-21b). Migration
of the Pt metal particles from the surface of the nanotube towards neighboring particles
was observed and as a consequence particle size growth occurred. The higher the amount
of PA, the average Pt particle size increases and the Pt size distribution became wider (as
shown in the histograms, figure 5-21a), as the agglomeration and sintering process were
enhanced. It was also observed that when the content of PA in the catalyst layer increased,
the number of Pt particles that were detached from the substrate and were found
unsupported on the TEM grid increased as well. This could be attributed due to corrosion
of the outer wall of the carbon nanotube, leading to the detachment of Pt particles from the
nanotube surface.
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Figure 5-20. TEM images after 8 days of continuous operation. a. MEA 11: 0.2mgPt/
cm? and 17.6mgPt/cm? and b. MEA 7: 1.25mgPt/cm? and 2.8gPA/gPt
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Figure 5-21. TEM micrographs and the corresponding Pt size distribution histogram
after 8 days of continuous operation. a. MEA 11: 0.2mgPt/ cm? and 17.6mgPt/cm? and b.
MEA 7: 1.25mgPt/cm? and 2.8gPA/gPt

5.3.6.4 Agglomeration mechanism of Pt particles on the ox.MWCNT-Py substrate

In principle particle growth on a substrate can occur through two different mechanism, the
coalescence/sintering growth and the Ostwald ripening process [42]. In the first case, whole
islands are moving over the substrate’s surface, leading to cluster-cluster collisions
accompanied by liquid-like coalescence of the nanoparticles. In the case of Ostwald
ripening, atoms are migrating from small crystals to larger ones. The driving force for this
particle growth process is the minimization of the clusters Gibbs free energy or a corrosion
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type mechanism due to nonuniform voltage distribution along the electrochemical interface
within the catalytic layer.

It has been reported in the literature that the shape of the size distribution can be used to
determine which particle growth mechanism is more dominant [43]. Ascarelli et al.
discussed that their method for distinguishing those two growth mechanism, could also be
used for Pt /C electrocatalyst with different size distributions in HTPEM fuel cells. In the
case of a coalescence process, the particle size distribution is negligible below a certain
finite size, has a maximum on the small particle size and a tail towards the larger particle
size. Whereas, for the Ostwald ripening process, the particle size distribution is considered
negligible above a certain finite size, has a maximum on the large particle sizes and a tail
toward the small particle sizes.
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Figure 5-22. The effect of the PA amount present in the anodic electrode on Pt size
distribution of 30wt%Pt/oxMWNT-Py, after 8 days of continuous fuel cell operation.

Since the PA amount, as discussed in the above section, influence the Pt growth, we wanted
to investigate whether the PA amount influenced also the growth mechanism. In figure 5-
21, , the Pt particle size distribution is plotted with respect to the different amount of PA
that was sprayed in the electrocatalytic layer. MATLAB was used for the fitting of the data
obtained from the TEM histograms. Before the use of the electrocatalyst in a fuel cell, the
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Pt size distribution is a typical normal distribution. After 8 days of continuous operation,
regardless the PA amount in the electrodes, all the Pt size distributions shows a typical log-
normal distribution. As shown in figure 5-22, the distribution is negligible below a certain
finite size, the maximum appears on the small particle size and the tail is towards the larger
particle sizes. Increasing the PA amount, lead to an increase in the maximum position and
to a longer tail towards the larger Pt sizes. Therefore, regardless the amount of PA in the
anodic catalyst layer, the Pt growth mechanism is via coalescence.

5.4 Conclusions

The catalyst efficiency largely depends on the catalyst morphology and its interface with
the proton conductor, thus this study opens new roads towards the creation of high
efficiency catalyst layers employing very low Pt loadings. The newly synthesized
electrocatalyst 30wt% Pt/oxMWCNT-Py was evaluated as an anodic electrocatalyst in
HTPEM fuel cell. The presence of pyridine groups was found to homogeneously distribute
PA in the catalyst layer, resulting in high ECSA values, 40m?/gPt. As a result the MEA
employing 30wt% Pt oxXMWCNT-Py showed the same performance as the 30%Pt/C
(having 1.3mgPt/cm?), for Pt loading loadings as low as 0.2mgPt/cm?. The performance
of the anodic electrode was also found to be largely depended on the PA amount imbedded
in the CL, when low Pt loading were used. Despite the hard operating conditions the Pt
particles attached to the ox.MWCNT-Py substrate exhibit similar stability as the
commercial catalyst and the pyridine groups were found to be stable as well, at least for
short term operation.
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Chapter 6

The effect of H3PO4 loading and the
electrocatalyst’s substrate on the anode’s
performance under different reformate
compositions

6.1 Introduction

The highest performance of a fuel cell is achieved when pure hydrogen is employed as fuel,
however the production of pure H> gas presents some difficulties, such as high production
cost. The most common and cost effective route for production of hydrogen is through
steam reforming of hydrocarbons and water gas shift reactions for the production of the
so called reformate gas. These methods produce carbon monoxide as a byproduct, the
concentration of which has to be dramatically reduced in order to be suitable for PEM fuel
cell applications. Typically, the composition of reformate gas is a mixture of approximately
50-60% Ha, 1-2% CO, 10-15% CO> and 20-33% H-O.

CO severely poisons platinum catalysts as it binds strongly on the catalyst sites, reducing
the active sites available for hydrogen adsorption and oxidation [1,2].The proposed models
of Pt-CO bonding include either linear bond between the carbon atom of CO and a single
Pt active site or bridge bonding where the carbon atom of the CO bonds with two adjacent
Pt active sites [3,4]. Desorption of carbon monoxide from the Pt sites can be easily achieved
via oxidation. In order to oxidize electrochemically CO to CO,, water is required, as from
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its dissociation the necessary oxygen atoms are obtained. The formation of oxygen
containing species at the surface of Pt occurs at an anodic potential of 0.5V vs RHE. Since,
during normal PEM fuel cell operation, the anode operates at a potential up to 0.1 vs RHE,
the inert CO electrooxidation is not favored. The performance losses in PEM fuel cells due
to CO poisoning are strongly related to the concentration of CO in the fuel, the exposure
time to CO, the cell operation temperature and the anode catalyst type [5].

Many hydrogen purification techniques have been developed. CO removal increases the
complexity the stability and the cost of the system’s balance of plant, which among others
comprises the fuel processor and the fuel cell stack. In order to minimize H> purification
cost, and increase CO tolerance in PEM fuel cells, several approaches have been proposed.
The development of CO tolerant electrocatalyst has been one of them. Many studies
demonstrated that the use of Pt based alloys [6,7,8], instead of pure Pt , exhibited higher
CO tolerance [9]. The most promising, which have attracted a lot of scientific interest is
Pt-Ru electrocatalyst [10,11]. An alternative to Pt based alloys, is the operation of fuel cells
at elevated temperatures. New polymer electrolyte membranes have been developed
capable of operating at temperatures as high as 200°C. At those temperatures, the CO
tolerance, increases significantly up to 30,000ppm, without any significant loss in the
MEA performance [12,13,14].

Despite the fact that PA imbibed HT PEM fuel cells are highly tolerant towards CO
poisoning, under certain reformate conditions the performance of the anode is severely
affected. This negative effect appears in relation to the structure of the electrochemical
interface, as this is specified by the amount of PA on the electrode, when high partial
pressure of water is present in the reformate gas. It was concluded that a hydrophilic
catalytic layer is highly preferred for the uniform distribution of PA on the electrocatalytic
surface and its stability under humidified conditions.[15]

In continuance to the above mentioned work, this chapter focuses on the creation of an
electrocatalytic layer that can operate in a HTPEM fuel cell using reformate gas consisting
of high CO and steam mole fraction without sacrificing its performance. The selected
electrocatalysts (30wt% Pt/(0x. MWCNT)-Py and 30wt% Pt/oxMWCNT) were formulated
into Gas Diffusion Electrodes, GDEs. The fuel composition used in our experiments was
similar with industrial reformate gas. A parametric analysis of each component that
participates in the reformate gas composition and the effect of the different catalyst
substrate, for its effect on the performance of High temperature PEM fuel cells is under
investigation. The interaction of both CO and water with the catalyst surface, as well as the
influence of PA and its distribution in the catalyst layer, appear to be the key in the
optimization of the HTPEM system working under these harsh conditions.
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6.2 Experimental
6.2.1 Materials

Phosphoric acid doped polymer electrolyte membranes were provided from Advent
Technologies S.A. The in-house synthesized 30wt% Pt/(ox. MWCNT)-Py and 30wt%
Pt/oxMWCNT catalyst used in this study was synthesized according to literature [16].
Catalyst powder 30wt% Pt/Vulcan XC-72R was purchased from Tanaka Kikinzoku
International. For the construction of the electrodes, carbon cloth supporting layer was
purchased from Fuel Cell Earth LLC, Vulcan XC-72R powder from RawChem Ltd and the
PTFE dispersion in water from Sigma-Aldrich. 2-propanol 99.8<, and H3PO4 purum p.a.
>85% were purchased from Merck or Sigma Aldrich. All chemicals were used as received
unless otherwise noted.

6.2.2 Instrumentation

The electrochemical measurements were performed using a single cell purchased from Fuel
Cell Technologies Inc. Both graphite bipolar plates of the single cell had the same single
serpentine flow field for the distribution of reacting gases. The active area of the electrodes
was 2 cm x 2 cm. The assembling torque applied for the single cell was 4.8 Nm. The cell
was installed in a fuel cell test station which was built in-house and had provisions for
controlling temperature, humidification, and flow of reacting gases. The measurements
were made in a two-electrode arrangement using an Autolab potentiostat-galvanostat
PGSTAT-302. The gas composition of the various reaction mixtures including the
reformate gas was set by several mass flow controllers (Bronkhost), by controlling the flow
rate of Hy, CO and Ar separately. The mole fraction of water was adjusted by means of a
humidifying system (Fuel Cell Technology Inc). The outlet of the cell’s anodic
compartment was connected to an OMNISTAR Balzers quadrapole mass spectrometer for
the transient and steady state monitoring of the composition of the outlet gas.

6.2.3 Electrode Preparation and MEA assembly

Electrode fabrication: The gas diffusion layer, GDL, used in this study was prepared by
spraying a slurry made of carbon Vulcan XC-72R and PTFE solution (50wt % PTFE/C)
on carbon cloth, followed by heat treatment at 300°C under static air for 40 min. The
electrodes were prepared using two different optimized methods, depending on the catalyst
type. Two types of electrocatalysts were used, Pt supported on carbon black (30wt % Pt/C)
and Pt supported on MWCNTs (30wt %t Pt/(ox. MWNT)-Py and 30wt % Pt/ox. MWCNT).
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The electrodes containing 30wt % Pt/C were prepared by spraying 2-propanol-Pt/C ink on
the GDL. The electrodes were then treated for 12 hours at 80°C and 3 days at 190°C under
vacuum, in order to remove all traces of the organic solvent. The electrodes containing
MWCNT based catalysts were prepared by dispersing the catalyst powder in a 2-
propanol/3-D H>O 2/1(v/v) solution. The catalyst slurry was applied on the GDL by a
spatula and the electrodes were left over night to dry at room temperature prior heating at
100°C in an oven for 1 hour. The noble metal loading of the anodic electrodes varied from
0.43 to 2.15 mgPt/cm?.

The cathodic electrode’s specifications were kept constant for all MEAs. The carbon black
based electrocatalyst (30w t% Pt/C) was used and the Pt loading was around 1.6 mgPt/cm?
in all cases.

Membrane Electrode Assembly (MEA): Before the MEA assembly, a certain amount of
phosphoric acid, PA, was sprayed onto the electrodes. The cathodic electrodes were
sprayed with 2 gPA/gPt, whereas in the case of the anodic electrodes the ratio of gPA/gPt
varied (0.5gPA/gPt and 2 gPAg/Pt). The electrode active area was 2 cm x 2 cm. Several
MEAs were fabricated, the specifications of which are depicted in Table 6-1. The MEAs
were fabricated by hot pressing, the phosphoric acid doped membranes (doping level ~200
wt %) between the two electrodes at 150°C for 5 min, as described in detail in Chapter 3.

6.2.4 Electrochemical Characterization

All MEAs were activated before each measurement. Initially the cell’s temperature was
increased from room temperature to 100°C while 40cc/min Ar flushed both compartments
of the reactor. Subsequently, the gases were switched to pure H> (15cc/min) and O»
(15cc/min) and the temperature was set at 140°C. Once the temperature was reached, a
current of 0.2A/cm? was applied to the fuel cell. The temperature was then set at 180°C
and was kept for 48-62 hours under these conditions. Details concerning the activation of
the MEAs are provided in detail in the appendix Al.

Galvanostatic measurements were taken under both high flows (constant 200cc/min H2/O»)
and low gas stoichiometry of H> (An2=1.2, 1.5 and 3) and Oz (A02=2, 2.5 and 5). Pure O;
was supplied at the cathode, whereas the anode was fed with pure H> or various fuel
composition (50.7kPa Hz in Ar, 50.7kPa H> and 2kPa CO in Ar, 100-66.5kPa H> and 0-
33.5kPa H>O ),as well as synthetic reformate gas . The synthetic reformate gas that was
used consisted of 50.7kPa Hj, 2kPa CO, 33.5kPa H»>O balanced with Ar. The cell’s
temperature was kept constant at 180°C. Each catalyst was tested several times in MEAs
to ensure reproducibility.
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All electrochemical impedance spectroscopy measurements were conducted in
galvanostatic mode (0.2A/cm?) using a sinusoidal current wave with amplitude of
5mA/cm?. The frequency was swept from 50kHz to 10mHz with a logarithmic distribution
of 50 points. The measurements were conducted without interrupting the cell’s operation.

Table 6-1. Specifications (Pt metal loading per electrode and catalyst type) of the anodic

electrodes that operated under reformate gas.

Pt loading PA amount
Catalyst used MEA No
(mgPt/cm?) (gPA/gPt)
1 0.77 2.00
2 0.83 2.00
3 2.15 2.00
30wt%Pt/oxMWCNT-Py
4 0.47 0.50
5 0.68 0.50
6 0.82 0.50
7 0.77 2.00
30wt% Pt/ox MWCNT 8 0.875 2.00
9 0.79 0.50
10 1.42 2.00
11 1.55 2.00
30wt%Pt/C 12 1.61 2.00
13 1.60 0.50
14 0.70 0.50
15 0.82 0.50

6.3 Results

This section presents a detailed analysis concerning the effect of the catalyst substrate, the
noble metal loading as well as the PA loading in the CL, on the anode’s performance under

synthetic reformate gas in various compositions.
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6.3.1 Fuel cell performance under various synthetic reformate conditions

Initially the effect of the catalyst substrate on the fuel cell’s performance was investigated.
Figure 6-1 shows the effect of the catalyst substrate on the fuel cell’s performance when
synthetic reformate gas consisting of 50.7kPa H», 2kPa CO and 33.5kPa H,O balanced
with Ar, was fed at the anode. A stoichiometry of Anp=1.2 for H> was used at the anode,
whereas at the cathode side pure O> was used with a stoichiometry of Ao=2. Polarization
curves where acquired from MEA 1, 7 and 11, prepared with different Pt supports as Shown
in Fig. 6-1. The fuel cell’s temperature was kept at 180°C and the PA amount in the CL
was set at 2gPA/gPt (table 6-1).

Three regions in the polarization curves are observed when 2gPA/gPt are imbedded in the
anodic catalyst layer (figure 6-1). At low current densities there are adequate Pt sites free
for the H» electro-oxidation reaction, as the poisoning effect is negligible, and therefore the
performance of the fuel cell is not severely affected. As the current density increases, the
HOR is being constrained by the remaining free Pt sites due to blockage of the Pt surface
by poisoning adsorbents.

1.0% = 0.77mgPtlcm? 30% PtoxMWCNT
L e 0.77mgPt/cm® 30% Pt/oxMWCNT-Py

081 ¢ v 1.55mgPticm? 30% Pt/C
> v
S 0.6 .
% °
>
5 0.4- 1 .
O

0.2 °

| |
0.0 . —— .
0.0 0.2 0.4 0.6 0.8 1.0

Current density, A/lcm®

Figure 6-1. The effect of the catalyst substrate on the anode’s performance under synthetic
reformate gas consisting of 50.7kPa H», 2kPa CO and 33.5kPa H>O balanced with Ar. The
polarization curves were obtained using a stoichiometry of Au>=1.2 and A02=2, pure O, was
used at the cathode. The PA loading at the anodic electrode was 2gPA/gPt and cell’s
temperature was kept at 180°C :30wt%Pt/(ox. MWNT)-Py (MEA 1), 30wt%Pt/oxMWCNT
(MEA 7) and 30wt%Pt/C (MEA 11).
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At current densities higher than 0.4A/cm?, low performance region, there is a shortage of
available free Pt active sites and cannot sustain the HOR, reaching limiting current at
relatively low current densities. Note that the current density at O cell voltage is much lower
than the limiting current corresponding to the Ha feed flow rate.

For current densities below 0.2A/cm?, no significant difference in the obtained voltage
among the three different carbon based electrocatalyst supports was observed. MEA 11,
employing the commercial catalyst 30%Pt/C (1.55mgPt/cm?), suffered a significant
voltage loss reaching a short circuit current (Veer=0V) equal to 0.5A/cm?. Similar behavior
was observed for MEA 7, employing 30%Pt/ox. MWCNT, reaching the same short circuit
current, despite having half the Pt loading in the CL (0.77mgPt/cm?). A substantial
improvement of the cell’s performance was observed when 30%Pt/oxMWNT-Py
electrocatalyst was used (MEA 1) under the same conditions. The pyridine modified
MWCNT based electrocatalyst reached a short circuit current value of approximately
0.7A/cm? having a noble metal loading equal to 0.77mgPt/cm?.

1.0 Pt loading, mgPt/cm’
| = 215
s e 083
081 " g 0 077
> ] ¢
o "
g %% I
S st
% 0.4- e
(@) °
0.24 0
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0.0 0.2 0.4 0.6 0.8 1.0

Current density, A/lcm’

Figure 6-2. The effect of the noble metal loading on the anode’s performance under
synthetic reformate gas consisting of 50.7kPa H», 2kPa CO and 33.5kPa H,O balanced
with Ar. The polarization curves were obtained using a stoichiometry of An2=1.2 and Ao2=2,
pure Oz was used at the cathode. The PA loading at the anodic electrode was 2gPA/gPt and
cell’s temperature was kept at 180°C. The anodic electrode employed 30wt%
Pt/oxMWCNT-Py (MEA 1-3).
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Increasing the noble metal loading, while keeping the PA loading constant (2gPA/gPt),
resulted in a significant increase of the fuel cell’s performance, (figure 6-2) for the case of
the ox. MWCNT-Py based catalyst, due to the higher ECSA utilization as thoroughly
discussed in Chapter 5. On the other hand it was observed that the performance of the
anodic electrodes employing 30%Pt/C (50% Pt utilization), exhibit a stronger dependence
on the noble metal loading, compared to the MWCNT based, especially at low Pt loadings.

In continuance, the gas stoichiometry was altered in order to shed more light to the origin
of the overall voltage loss in the high current density region under these harsh operation
conditions. In the case of normal flows, the gas stoichiometry was Amx=1.2 and Ao2=2,
whereas for the case of high flows the Hz flow (50.7%) was 101.4cc/min corresponding
to a nominal limiting current of approximately 3.5A/cm?. When the synthetic reformate
gas flow at the anodic compartment was increased, it led to an improvement of the anode’s
performance, as shown in figure 6-3.

1.1

1 30wt% Pt/C-MEA 10
1.0+¢ ®  Normal flows
] * High flows
0.9 14 30wt% Pt/oxMWCNT-Py
0.8 & MEA 1
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Figure 6-3. The effect of the gas stoichiometry on the MEAs performance under synthetic
reformate feed. Polarization curves of MEA 1 and 10 (PA loading=2gPA/gPt) were
acquired at 180°C under various total flow rates of synthetic reformate gas mixture,
50.7kPa H», 33.5kPa H>O and 2kPa CO balanced with Ar. Normal flows: stoichiometry of
A2=1.2 and Ao2=2 and high flows: constant 200cc/min total flow of reformate gas and O»,
which corresponds to a nominal limiting current density of 3.5A/cm?.

Interestingly the improvement was only restricted to the low performance region. A small
change in the slope was observed as the gas stoichiometry increased, while the low
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performance region shifts to higher current densities, although never reaching the nominal
limiting current density value. The later was found to be independent of the catalyst type,
as clearly depicted in figure 6-3.

Since steam constitutes up to 33.5kPa of the reformate fuel’s feed, its effect on the anode’s
performance was studied with respect to the catalyst type. The porosity and the
hydrophobicity of the catalytic layer are expected to depend on the properties of the catalyst
substrate. Hence, different behavior is anticipated under various partial pressures of water
in the anodic feed gas. The PA imbedded in the CL is of great importance, therefore in that
account the PA amount was kept at 2gPA/gPt. Pure H> gas was humidified using a
thermostated humidifier, where the temperature varied accordingly, prior its introduction
to the cell. The measurements were taken under high reactant gas flow (200cc/min H»/O3)
in order to ensure their uniform partial pressure distribution over the electrode’s surface.
The applied current density was set at 0.4 A/cm?, whereas the temperature of the cell was
kept constant at 180°C.

0.70
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0.66
0.64 ~

0.62

Cell Voltage, V

0.60

1 —m—30% Pt/(ox.MWCNT)-Py
0.584 5 30% Pt/ox. MWCNT
1 -a-30% Pt/C

056 T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35

Partial pressure of water, kPa

Figure 6-4. The effect of the steam’s partial pressure in the H feed on the cell’s voltage.
The values were obtained at 180°C and 0.4A/cm? from MEAs employing
30%Pt/(ox.MWNT)-Py, 30%Pt/oxMWCNT and 30%Pt/C (MEAs 1,7 and 12), while the
anode was fed with a Ho/H>O mixture (Au2>15) and cathode with pure O (Ao2>30),
200cc/min respectively.

As shown in figure 6-4, for the carbon black based catalyst (MEA 12), increasing water’s
partial pressure in the anodic gas feed up to 10 kPa led to a slow reduction in the
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performance of the single cell. Further increase of the steam mole fraction, above 10kPa,
led to a significant voltage loss of 50mV. Though significantly improved a similar behavior
is observed in the cases of MWCNT based catalysts (MEA 1 and MEA 7). For the case of
low partial pressures of water in the hydrogen flow, up to 10kPa, a small increase of the
cell’s performance was observed. Further increase, led to a gradual reduction of the cell
performance.

It is clear that the MWCNT based electrocatalyst exhibit lower performance losses in all
cases. This can be attributed to the difference in the hydrophobic/ hydrophilic properties of
the catalyst layer. As reported in a previous work, hydrophilic substrates are highly desired
for the uniform distribution of PA on the electrocatalytic surface and its stability under
humidified conditions [15]. High steam content in the gas feed could displace or restructure
the PA in the electrocatalytic layer, leading to a reduction of the three phase boundaries.
As can be observed from Figure 6-4, the 30wt% Pt/(ox. MWCNT)-Py catalyst shows
higher and more stable behavior under high water partial pressures as compared to 30wt%
Pt/ox. MWCNT. This is attributed to the nature of the pyridine groups attached on the
MWNT surface. Pyridine groups bind phosphoric acid through acid-base interactions, thus
contributing into its homogeneous distribution and stabilization inside the catalytic layer.
Therefore, under high water partial pressures the ionic conductive pathway in the
electrodes is less affected compared to the 30wt% Pt/ox. MWCNT catalyst.

6.3.2. Effect of the PA loading in the catalyst layer

The amount of PA on the electrodes plays a significant role in the formation of the EI. In
order to determine the effect of the PA amount on the performance of the anodic electrode
several MEAs were prepared where the PA loading of the anodic catalyst layer was lowered
and set at 0.5gPA/gPt (Table 6-1). The anodic electrodes had similar Pt loading as the ones
reported in the previous section 6.3.1. The performance was evaluated under synthetic
reformate gas consisting of 50.7kPa H», 2kPa CO and 33.5kPa H,O balanced with Ar. A
stoichiometry of Anp=1.2 for H, was used at the anode, whereas at the cathode side pure O»
was used with a stoichiometry of Ao>=2.

Three anodic electrodes were formulated consisting of the three different electrocatalysts,
having similar Pt loadings, approximately 0.8mgPt/cm®* (MEA 6,9 and 15) and their
performance is shown in figure 6-5. The electrode employing 30%Pt/C exhibited high
voltage loss even at low current densities, reaching a short circuit current of 0.5A/cm?. On
the contrary, the MWOCNT based electrocatalysts exhibited high endurance and
performance, none of which reached short circuit current in the applied current range.
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Figure 6-5. Polarization curves obtained under synthetic reformate fed (50.7kPa Ha,
33.5kPa H>O and 2kPa CO balanced with Ar.) with gas stoichiometry of Au>=1.2 and
Ao2=2. The PA loading at the anodic electrode was 0.5gPA/gPt and cell’s temperature was
kept at 180°C.T MEAs used: 30%Pt/(0x. MWNT)-Py (MEA 6), 30%Pt/oxMWCNT( MEA
9) and 30%Pt/C( MEA 13 and 15)

When the noble metal loading was increased to 1.60 mgPt/cm?, for the case of 30% Pt/C,
the MEA exhibited similar performance with the MWCNT based electrocatalyst under the
same conditions (figure 6-5). From the results depicted in figure 6-5, it is clear that by
lowering the PA amount to 0.5gPA/gPt, a significant increase in reformate tolerance is
observed.

Since steam constitutes up to 33.5kPa of the reformate fuel’s feed, its effect on the anode’s
performance was also studied with respect to the catalyst type and the PA amount. The
same procedure was followed as the one described in section 6.3.1. Pure H> gas was
humidified using a thermostated humidifier, where the temperature varied accordingly,
prior its introduction to the cell.

The measurements were taken under high reactant gas flow (200cc/min H2/O3) in order to
ensure their uniform partial pressure distribution over the electrode’s surface. The applied
current density was set at 0.4 A/cm?, whereas the temperature of the cell was kept constant
at 180°C.
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Figure 6-6. The effect of the steam’s partial pressure in the H feed on the cell’s voltage.
The values were obtained at 180°C and 0.4A/cm?> from MEAs employing
30%Pt/(0x.MWNT)-Py, 30%Pt/oxMWCNT and 30%Pt/C (MEAs 6,9 and 13), while the
anode was fed with a Ho/H>O mixture (Au2>15) and cathode with pure O (Ao2>30),
200cc/min respectively. The PA loading at the anode was 0.5gPA/gPt for all cases.

Compared to the data recorded for the case of 2gPA/gPt (figure 6-4), the voltage loss with
respect to the water partial pressure is reduced, for all catalysts (MEA 6,9 and 13),
especially under high water mole fraction. It is evident that the PA amount, due to its
hydrophilic nature, significantly affects the stability and performance of the fuel cell under
high partial pressure of steam even at high H» partial pressures.

It is clear from the above presented results that 0.5gPA/gPt is the optimum amount of PA
for all tested electrocatalyst, under these experimental conditions. All of the above
presented results, revealed a clear reliance between the water partial pressure in the fuel
mixture towards the fuel cell’s voltage loss. Thus, the effect of water partial pressure in the
reformate gas feed was investigated with respect to different catalyst layers, with a PA
loading of 0.5gPA/gPt.

Figure 6-7 depicts the performance response as a function of water partial pressure in the
reformate gas mixture of MEA 14 employing the commercial 30% Pt/C and MEA 5
employing 30% Pt/oxMWNCT-Py. Both anodic electrodes had similar Pt (0.7gPt/cm? )
and PA (0.5gPA/gPt) loadings (table 6-1). Polarization curves were obtained at 180°C and
the stoichiometry of H> and O> was set at 1.2 and 2, respectively. The composition of the
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fuel mixture comprised of 50.7kPa H2 and 2kPa CO, while the steam partial pressure was
altered from O to 33.5 kPa and was balanced with Ar.

Both electrocatalysts did not exhibit any significant voltage loss up to 9.46kPa H>O.
Further increase in the partial pressure of water in the reformate mixture, resulted in gradual
decrease in the fuel cell’s potential at elevated current densities for the case of carbon black
based electrocatalyst. For 14.1 kPa H>O the commercial catalyst reaches a short circuit
current of 0.7A/cm?, as opposed to the 30% Pt/oxMWNT-Py. The anode employing
30%Pt/oxMWCNT-Py catalyst was found to be unaffected by higher partial pressures of
water. The later sustained the HOR even at 33.5kPa H20O, without reaching limiting
current behavior in the specific operation range. It has to be mentioned that lowering the
partial pressure of water to 9.46kPa in the reformate gas mixture allowed us to reduce
further the Pt loading to 0.47mgPt/cm? for the case of 30wt% Pt/oxMWCNT-Py without
sever performance losses (figure 6-8). The later is a very promising result, as it allies for
the 3fold reduction of the Pt loading at the anode when operating under reformate
conditions as compared to the commercial Pt/Celectrocatalyst.
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Figure 6-7. Polarization curves obtained at 180°C under H> and O; stoichiometry of 1.2
and 2 respectively. The composition of the gas mixture was 50.7kPa H2 and 2kPa CO,
while the steam partial pressure was altered from 0 to 33.5 kPa and balanced with Ar. Both
anodic electrodes had 0.5gPA/gPt. a. MEA 14: employing 0.7mgPt/cm? 30wt% Pt/C and
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Therefore it is clear that the steam partial pressure in the reformate gas influences the
overall cell’s performance and it was found to depend not only on the PA amount imbedded
in the CL but also on the properties of the catalyst layer.
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Figure 6-8. Polarization curves obtained at 180°C under H> and O; stoichiometry of 1.2
and 2 respectively. The composition of the gas mixture was 50.7% H2 and 2% CO, while
the steam partial pressure was altered from 0 to 33.5 kPa and balanced with Ar. The anodic
electrode employed 30wt% Pt/oxMWCNT-Py, MEA 4: 0.47mgPt/cm? and 0.5gPA/gPt..

Linares et al. studied the performance of an ABPBI-based High Temperature H>/O>
PEMFC system under different experimental conditions. The platinum loading for both
electrodes was 0.5 mg/cm?, with a PBI loading normalized with respect to the carbon
catalyst loading (C/PBI ratio) of 20. Afterwards, the electrodes were cured in an oven at
190°C for 2 h, and then impregnated with a 10% H3PO4 (loading of 20 mg/cm?), leaving
them overnight in order to ensure the complete soaking of the electrodes. They claimed
that their maximum power density at 180C was around 240mW/cm? ,when the anode was
supplied with 2kPa of CO and 20kPa of water in the H> supply [17]. Comparing their
results to ours under similar conditions the 30wt%Pt/oxMWCNT-Py (figure 6-8) reaches
approximately 250mW/cm? under similar conditions (2kPa of CO ,50.7kPa of H, and
21.5kPa H>0O) and Pt loadings.
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6.3.3 Voltage loss in the anodic electrodes under different fuel composition

Generally the kinetic of HOR depends on electrolyte composition, pH, temperature, H»
partial pressure, electrode physical and chemical nature, as well as the applied potential. It
is well known that lean partial pressure of H> in the fuel gas influences the reaction rate
[18], increasing the anode’s overpotential. Therefore, due to the composition of synthetic
reformate gas, it was essential to understand and quantify each component’s contribution
to the voltage loss, with respect to the PA in the CL. Since a two electrode arrangement
was used, the anode’s voltage loss was estimated according to the literature [19,20]. At a
constant current density, the difference in the polarization of the anode between, the cases
of synthetic reformate gas (ncomzm20 ) and pure Hz(nnz ) , can be obtained by subtracting

the cell voltage under identical experimental conditions:
Vioss= NH2/co/H20- NH2=V H2-VH2/COM20 [6-1]

where Vi and Vucomzo are the cell voltages with H> and synthetic reformate gas,
respectively. Thus, the anode voltage loss for the case of reformate gas is assumed to be
the cell voltage difference between the two cases, i.e.

Viess= =VH2-VH2/com20 [6-2]

The voltage loss of the anode was also calculated in the same manner for different fuel
composition (50.7kPa H», 50.7kPaH, and 2kPa CO balanced with Ar). The obtained
voltage values for all cases were obtained under high flow of gas (200cc/min total flow) in
order to ensure uniform partial pressure distribution over the electrode’s surface, where the
supplied Hz corresponded to a nominal limiting current of 3.5A/ cm?. The curves were IR
drop corrected prior to any calculation. The IR drop corrected IV plots used for the above
described calculations are presented as additional information in appendix Bl. The
calculated voltage losses are depicted in figure 6-9 (MEA 1 and 7) for the MWCNT based
electrocatalysts, having a phosphoric acid loading of 2gPA/gPt.

As shown in figure 6-9, a small voltage loss is observed when pure H: is switched to
50.7kPa Hy/Ar mixture. The obtained anodic voltage loss was the same for all
electrocatalysts. At 0.8A/cm? a value of approximately 35mV was calculated for all
electrocatalysts. When 2kPa CO was added to the fuel gas mixture (50.7kPa H>, 2kPa CO
balanced with Ar), its effect on the anode’s performance was apparent for the case of
ox.MWNT based electrocatalyst (figure 6-9a). The voltage loss due to CO poisoning, was
121mV at 0.8A/cm?. On the contrary, for the pyridine functionalized ox.MWNT-Py, no
significant increase in the anode’s overpotential/voltage loss was observed, which
remained at 52mV (figure 6-9b). The ECSA of the ox. MWNT-Py supported electrocatalyst
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is higher compared to the ox. MWNT, as discussed in Chapter 5, therefore more active sites
are available for the HOR, minimizing the CO poisoning effect.

Similar losses were reported by Li et al., where they observed small voltage losses of less
than 10mV with current densities up to 1.3 A-cm 2 for CO levels 1% and 3 % in pure
undiluted H> and dry conditions at temperatures 150°C and 200-C, respectively. They used
a fuel cell based on PBI/H3PO;4 with a Pt loading of 0.5mgPt/cm?.Chien-Ping Wang et al.
developed a transient on dimensional mathematic model predicting the influence of Ha
dilution in the fuel gas containing 1%CO on the performance and H> coverage on the Pt
surface. Their results on PBI based MEA were validated with experimental data. They
claimed that for 40kPa H> in a gas mixture, the coverage 0 had the lowest value, which
obviously increased with hydrogen content in the gas feed [21]. As expected at low partial
pressure of hydrogen, CO poisoning effect is more enhanced

Synthetic reformate gas (50.7kPa H», 2kPaCO and 33.5Kpa H>O balanced with Ar) was
supplied to the fuel cell. For all cases, an eminent increase of the voltage loss, after specific
current densities, was observed. If we define reformate tolerance as a voltage loss less than
70mV at 180°C, the 30%Pt/oxMWNT-Py exhibited a tolerance at current densities up to
0.5A/cm?. Whereas for the case of the 30%Pt/oxMWNT the tolerance was at smaller
current densities, below 0.2A/cm?. Similar values, with the later, were obtained for the
30%Pt/C electrocatalyst (MEA 11).

When the PA loading was lowered in the catalyst layer (0.5gPA/gPt),figure 6-10, the
voltage loss pattern with respect to the fuel composition remained the same, as described
above. However the voltage loss values where substantially lower and the reformate
tolerance increased. The pyridine functionalized and the oxidized MWCNT based
catalysts, presented a reformate tolerance to current densities up to 0.8 A/cm? and 0.5A/cm?,
respectively, having a Pt loading of approximately 0.8mgPt/cm?. Whereas for the case of
MEA 13, employing 30wt%Pt/C and 1.60mgPt/cm?, the reformate tolerance was 0.6
A/em?, under the same conditions (supporting information —appendix B1). Lowering the
Pt loading (MEA 15) to 0.8mgPt/cm? resulted in a significant decrease of the reformate
tolerance to 0.2A/cm? It is clear from the above results that the observed anodic voltage
loss cannot be solely attributed to CO poisoning of the Pt active sites, as there is a clear
reliance between the reformate composition and the phosphoric acid amount and the
catalyst substrate under these operating conditions.
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Figure 6-9. Voltage loss, IR drop corrected, at 180°C for MEAs employing a. 30wt%
Pt/ox. MWCNT MEA 7: 0.77 mgPt/cm? and b. 30wt% Pt/ox. MWCNT-Py MEA 1: 0.77
mgPt/cm?, under various fuel composition and pure Oz flows (200cc/min respectively):
Black square: 50.7kPaH> balanced with Ar , open circle: 50.7kPa H2 and 2kPa CO
balanced with Ar, and black triangle : 50.7kPa H2, 2kPa CO and 33.5kPa H>O balanced

with Ar . The PA loading was 2 gPA/gPt at the anodic electrode.
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Figure 6-10. Voltage loss, IR drop corrected, at 180°C for MEAs employing a. 30wt%
Pt/oxMWNT, MEA 9: 0.79 mgPt/cm? and b. 30wt% Pt/(ox. MWCNT)-Py MEA 6: 0.82
mgPt/cm?,under various fuel composition and pure Oz flows (200cc/min respectively):
Black square: 50.7kPaH, balanced with Ar , open circle: 50.7kPa H2 and 2kPa CO
balanced with Ar, and black triangle : 50.7kPa H2, 2kPa CO and 33.5kPa H>O balanced

with Ar . The PA loading was 0.5 gPA/gPt at the anodic electrode.
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6.3.4 AC Impedance Measurements

Figure 6-11 and 6-12 show the change in the polarization resistance with respect to the gas
fed composition of the anodic electrode for the two modified carbon nanotube based
electrocatalyst (MEA 1 and MEA 7) for a PA loading of 2gPA/gPt in the CL. The AC
impedance spectra were acquired under the same conditions as described in section 6.3.3
and at a current density of 0.2A/cm?.

Two arcs are observed. The first one, which appears at high frequencies corresponds to the
impedance of the H, oxidation reaction at the anode side [22,23], as thoroughly discussed
in chapter 5. Although, others claim that the high frequency arc is related to the proton
conduction in the catalyst layer [24].Whereas for the second arc appearing in the
intermediate and low frequency, the general consensus is that it originates from activation
losses and from dominated cathode effects. Some research groups claim that it originates
from the combination of anode and cathode activation [25,26]. The polarization resistance
of the anodic electrode was calculated by fitting the acquired data to an appropriate
equivalent circuit model, using software provided by Autolab. The polarization resistance
values as calculated under various fuel compositions are summarized in table 6-2.

Table 6-2. The effect of the fuel composition with respect to the PA loading, on the
polarization resistance of the anodic electrodes.

Anode’s polarization resistance, Rp (Ohm*cm?)

MEA/ catalyst type
and PA loading 50.7kPa Ha 50.7kPa H> and 50.7kPa Ha,
2kPa CO 2kPa CO and
33.5kPa H>O
30wt% Pt/oxMWCNT-Py
MEA 1 2gPA/gPt 0.0928 0.124 0.144
MEA 6 0.5gPA/gPt 0.906 0.113 0.135
30wt% Pt/oxMWCNT
MEA 7 2gPA/gPt 0.0828 0.1804 0.457
MEA 9 0.5gPA/gPt 0.0889 0.176 0.257
30wt% Pt/C
MEA 11 2gPA/gPt 0.0873 0.176 0.476
MEA 13 0.5gPA/gPt 0.0824 0.168 0.279
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The polarization resistance of the high frequency arc of MEA 1 (30% Pt/oxMWCNT-Py),
undergoes very small change as 2kPa CO is added to the fuel feed (50.7kPa H» balanced
with Ar),0.0928 and 0.124 Ohm*cm?, respectively(fig. 6-11a). For the case of 30%
Pt/ox. MWCNT (MEA 7), a substantial increase in the polarization resistance is observed.
In the absence of CO a value of 0.0828 Ohm*cm? was determined, whereas 0.1804
Ohm*cm? for 2kPa CO (fig. 6-12a). It has to be noted that both MEAs had almost identical
specta under 50.7kPa H>. The difference in the anode’s charge transfer resistance in the
presence of CO between the two carbon nanotube supported electrocatlayst, indicates that
the H» oxidation rate has been reduced due to CO adsorption and blockage of Pt active
sites. It is expected that the 30%Pt/ox. MWCNT would present a higher polarization
resistance, as the ECSA was smaller than in the case of the 30%Pt/ox. MWNT-Py. Similar
polarization resistance values with MEA 7, were obtained for MEA11 employing 30wt%
Pt/C. where the anodic polarization resistance increased in the presence of 2kPa CO.
Additionally, since only the first arc suffers any changes in the presence of CO, indicates
that the charge transfer process originates only from the anodic electrode.

In all cases, the resistance of the membrane, Rel, shifts to lower values under synthetic
reformate gas fed. This is to be expected, as the water hydrates the membrane, thus
increasing the proton conductivity. Water is reported to improve proton conductivity both
in the membrane and in the electrodes due to its effect on acid equilibrium dehydration
reaction [27,28,29,30,31,32]. The charge transfer resistance of MEA 1, employing
30%Pt/oxMWNT-Py, reached a value of 0.144 Ohm*cm?(figure 6-11a).Whereas for the
case of 30% Pt/oxMWNT, 0.456 Ohm*cm?, figure 6-12a. MEA 11, employing 30%Pt/C,
exhibited similar values with MEA 7. The increase in the polarization resistance, indicates
that the charge transfer rate due to H> oxidation rate has been reduced by both CO and
steam, leading to the reduction of the available active free Pt sites.
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Figure 6-11. AC impedance plots a. Nyquist and b. Bode, obtained at a current of 0.2A/cm?
at 180°C, under various fuel compositions and pure O; flows (200cc/min fuel mixture/O»).
Black square: 50.7kPa H; balanced with Ar, open circle: 50.7kPaH> and 2kPa CO balanced
with Ar, and black triangle: 50.7kPa H», 2kPa CO and 33.5kPa H,O balanced with Ar.
MEA 1 employing 30wt% Pt/(ox. MWCNT)-Py: 0.77mgPt/cm? and 2gPA/gPt.
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Figure 6-12. AC impedance plots a. Nyquist and b. Bode, obtained at a current of 0.2A/cm?
at 180°C, under various fuel compositions and pure O> flows (200cc/min fuel mixture/O5).
Black square: 50.7kPa H; balanced with Ar, open circle: 50.7kPaH» and 2kPa CO balanced
with Ar, and black triangle: 50.7kPa H», 2kPa CO and 33.5kPa H>O balanced with Ar.
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MEA 7 employing30wt% Pt/oxMWNT: 0.77 mgPt/cm? and 2 gPA/gPt.
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Figure 6-13. AC impedance plots a. Nyquist and b. Bode, obtained at a current of 0.2A/cm?
at 180°C, under various fuel compositions and pure O> flows (200cc/min fuel mixture/O5).
Black square: 50.7kPa H; balanced with Ar, open circle: 50.7kPaH» and 2kPa CO balanced
with Ar, and black triangle : 50.7kPa H», 2kPa CO and 33.5kPa H>O balanced with Ar.
MEA 6employing30wt% Pt/(ox. MWCNT)-Py: 0.82 mgPt/cm? and 0.5gPA/gPt.
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Figure 6-14. AC impedance plots a. Nyquist and b. Bode, obtained at a current of 0.2A/cm?
at 180°C, under various fuel compositions and pure O> flows (200cc/min fuel mixture/O5).
Black square: 50.7kPa H> balanced with Ar, open circle: 50.7kPa Hz and 2kPa CO balanced
with Ar, and black triangle: 50.7kPa H,, 2kPa CO and 33.5kPa H>O balanced with Ar.
MEA9 employing 30wt%Pt/oxMWNT: 0.79mgPt/cm? and 0.5gPA/gPt.
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The difference in the polarization resistance of the anodic electrode under synthetic
reformate gas among the three studied catalyst, is also related to the nature of the carbon
support, table 6-2. Lowering the PA in the catalyst layer to 0.5gPA/gPt, didn’t alter the
pattern concerning the charge transfer resistance of the anode with respect to the fuel
composition, figure 6-13 and 6-14.

6.3.5 Stability test

Commercially available HT-PEM MEAs require stable operation of the anode under
reformate gas, especially under lean partial pressure of Ho, increased CO and steam mole
fraction. Reducing the amount of Pt in the CL, without sacrificing the stability and
performance of the MEA is highly desired. Figure 6-15 depicts a short term stability
experiment using synthetic reformate gas ,consisting of 50.7kPa H2 ,2kPa CO and 33.5kPa
H,O balanced with Ar, at 180°C. The applied current density was set at 0.2A/cm? and the
stoichiometry of the H> and O2 was Az-3 and Lo2=5, respectively. The platinum loading
of the anodic electrodes employing MWCNT based electrocatalyst was approximately
0.8mgPt/cm? (MEA 2 and MEA 8) whereas 1.42mgPt/cm?for the case of 30% Pt/C (MEA
10). The amount of PA in the CL was 2gPA/gPt.

Under such harsh operating conditions the pyridine functionalized MWCNT based catalyst
is remarkably stable as compared to the other two. The degradation rate for the
30%Pt/oxMWCNT-Py was 184.6uV/h, whereas 12.76mV/h for the 30%Pt/oxMWCNT
and 182mV/h for the 30% Pt/C. The MEA’s voltage, employing the conventional catalyst,
severely declined over a period of 2 hours, reaching approximately 0.235V at 0.2A/cm?.
Despite the favorable gas stoichiometry and the low current density, the carbon black based
electrode performed poorly, even with a Pt loading as high as 1.42mgPt/cm?’.

Decreasing the PA amount in the catalyst layer the stability of the cell’s voltage increased
under synthetic reformate conditions, figure 6-16. The tested MEAs had the same Pt
loading, 0.8gPt/cm?, for immediate comparison (MEA 6, 9 and 15). The fuel cells were left
under continuous operation for approximately 50 hours at 0.4A/cm? with a gas
stoichiometry of Am2-1.5 and X02=2.5. The MEA employing 30% Pt/(ox. MWCNT)-Py
exhibited the higher stability, where for approximately 50 hours of continuous operation
did not exhibit any degradation, despite the low stoichiometry of H,. On the contrary, the
catalyst supported on ox. MWCNT exhibited a degradation rate of 134.2uV/h. Whereas the
carbon supported electrocatalyst (MEA 15) could not sustain the HOR under these
conditions. When the noble metal loading was doubled for the case of 30%Pt/C, MEA 13
(1.60mgPt/cm?), under the same experimental conditions the fuel cell exhibited higher
stability than the 30%Pt/oxMWNT catalyst, having a degradation rate of 8uV/h.
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Figure 6-15. Short term stability experiment using synthetic reformate gas at 0.2A/cm?
(Am2=3 and Ao2=5) and 180°C. The amount of PA in the CL was 2gPA/gPt and the MEA
that were tested: MEA 2: 30wt%Pt/oxMWNT-Py and 0.87mgPt/cm?>, MEA 8:
30wt%Pt/oxMNWT and 0.875mgPt/cm? and MEA 10: 30wt% Pt/C and 1.42mgPt/cm?.

A stability test was performed using low Pt loadings(~0.8mgPt/cm?), low PA loadings
(0.5gPA/gPt) and low water content (14.1kPa H>O), figure 6-17. The gas stoichiometry
was respectively Amx=1.5 and Ao>=2.5 and the reformate gas consisted of 50.7kPa H2, 2kPa
CO and 14.1kPa H,O balanced with Ar. MEA 14 (0.7mgPt/cm? and 0.5gPA/gPt)
employing 30wt%Pt/C, was left for 140 h of continuous operation at 0.4A/cm? and a cell
temperature of 180°C. Initially the cells voltage was 620mV and declined to 600mV over
a period of 20h. The cell’s voltage was then stabilized and was monitored for another 90h
where the degradation rate was found to be 23.6uV/h. MEA 5, employing
30wt%Pt/oxMWCNT-Py( 0.68mgPt/cm2 and 0.5gPA/gPt), was tested under the same
experimental conditions. The later exhibited better performance and stability. The cell’s
voltage was stabilized at 614mV after 20 h and the degradation rate for the next 80 h was
TuV/h. -
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Figure 6-16. Short term stability experiment using synthetic reformate gas, consisting of
50.7kPa Ha, 33.5kPa H,O and 2kPa CO balanced with Ar, at 0.4A/cm? (Am2=1.5 and
ho2=2.5) and 180°C. The amount of PA in the CL was 0.5gPA/gPt and the MEA that were
tested: MEA 6: 30wt%Pt/oxMWNT-Py and 0.82mgPt/cm2, MEA 9: 30wt%Pt/oxMNWT

and 0.79mgPt/cm2 and MEA 13 : 30wt% Pt/C and 1.6mgPt/cm?’.
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Figure 6-17. Short term stability experiment using synthetic reformate gas (consisting of
50.7kPa of H2, 2kPa of CO and 14.1kPa of H>O balanced with Ar) at 0.4A/cm? (An2=1.5
and Ao2=2.5) and 180°C. The amount of PA in the CL was 0.5gPA/gPt and the MEAs that
were tested: MEA 5: 30wt %Pt/oxMWNT-Py and 0.68mgPt/cm? and MEA 14: 30wt%

Pt/C and 0.7mgPt/cm?.
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6.3.6 Potential Oscillations under galvanostatic electrooxidation of H2 in reformate
gas.

Potential oscillations were observed during the acquisition of the polarization curves under
galvanostatic mode, when synthetic reformate gas was fed at the anodic compartment.
These potential perturbation occurred when 2 gPA/gPt were imbedded in the anodic
catalyst layer, especially above a current density of about 0.4A/cm?. The amplitude of these
potential perturbations depended on the applied current density, as shown in figure 6-18.
The potential oscillations had no pattern and no specific frequency and only occurred for
low total reactant flow rates (Am2=1.2).
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Figure 6-18. Polarization curve (MEA 1) obtained under synthetic reformate gas
consisting of 50.7kPa of H, 33.5kPa of H,O and 2kPa CO balanced with Ar, and a
stoichiometry of Am2-1.2 and Aox=2.

Kaserer et al also observed voltage oscillations by adding CO and water to the anode of a
high temperature PEM fuel cell at high constant current densities [33]. Using a reference
electrode assembly, it was confirmed that the oscillations are related to processes at the
anode side. They were attributed to the cleaning of the catalyst surface by the oxidation of
CO through adsorbed OH. Nevertheless, they also suggested different or additional effects
from other adsorbates like H3POs, since the adsorption of OH on Pt surfaces takes place at
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potentials lower than 0.6 V, far from the existing anode overpotentials under normal fuel
cell operation. Thayane C.M. Nepel et al. [20] using an online mass spectrometer observed
that significant CO; production occurred at overpotential higher than 0.25V, using a Pt/C
electrocatalyst at 105°C. Modestov et al [34], reported that CO electrooxidation can hardly
play significant role in CO tolerance of Pt and Pt—Ru anodes of PEM FC with PBI-PA
membranes in a practically important regime of operation. As will be discussed in below,
the oscillations were a result of the rise of the local overpotential in the anodic electrode
due to the shrinkage of the electrochemical interface due to ganglia formation.

6.4 Discussion

Kinetic of H: electrooxidation

To summarize, for the reader’s convenience, individually water or CO do not affect
severely the anode performance (figure 6-9 and 6-10). However, their combination in the
reformate fuel mixture, lead to a severe voltage loss during operation, exhibiting a
dependence on the water partial pressure in the reformate mixture and the PA amount
imbedded in the CL (figure 6-4, 6-5 and 6-6, 6-7, 6-8 ). Therefore H> co-adsorption with
water and CO on the Pt surface cannot alone explain this dramatic loss in the cell’s
performance. The performance loss can be attributed to the loss of the specific
electrochemically active surface area. The later will cause the severe decrease in the
electrocatalytic activity, either due to the decrease in the exchange current density or due
to a change of the interfacial kinetic mechanism of the electrochemical reaction. In the first
case, a parallel shift of the Tafel plot is expected toward lower current densities. In the
second case significant change in the Tafel slope can be observed in addition to the change
in the exchange current density.

In figures 6-3 and 6-7, a change of the slope in the low performance region was obsereved,
which implies a transition to a slower kinetic mechanism regarding H» oxidation reaction.
This can be attributed to the strong dependence of the HOR reaction mechanism on the
partial pressure of H2.The strong dependence of the reaction kinetics on the partial pressure
of H» is shown by the AC impedance spectra recorded at various partial pressures of H»
and at the same current density (Figure 6-19). The spectra were recorded at high excess of
the reacting gasses to ensure their uniform partial pressure distribution over the electrode’s
surface. The monitoring of the spectra at the same current density allows for the isolation
of the effect of the partial pressure of H> on certain features of the AC spectra that
characterize the response of the anode’s electrokinetic behavior. In this respect cathode

remains unaffected. Thus, as it is clearly shown in Fig. 6- the variation of the polarization
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resistance of the high frequency arc is definitely attributed to the anode. Eq. 6-3, is derived

from the Tafel equation and it relates the polarization resistance R, of the EI with the
applied current I and the transfer coefficient a or otherwise the Tafel slope aF/RT.

_ 1R

P JaF

[6-3]

The variation of the polarization resistance under constant current density implies variation
in the transfer coefficient a, which depends on the reaction mechanism and the limiting
step of the electrocatalytic process [35]. In the present case its variation indicates the
transition in the electrochemical reaction steps that drive the Ha electrooxidation reaction.
It is well known that H» oxidation/evolution is described by the Tafel, Volmer and
Heyrovski reaction steps according to the reacting scheme described by Eqs 6-4 — 6-6.

H, - 2H,,4 Tafel [6-4]
Hy,;—> H'"+e” Volmer [6-5]
Hy, > H,;+H"+e” Heyrovski [6-6]

Reaction 3 is fast and takes place at low overpotential being the primary charge transfer Hz
electrooxidation reaction, while reaction 4 takes off at fairly higher overpotentials
characterized by a larger Tafel slope [36]. Two factors corroborate for this kinetic
transition. Either the low partial pressure of H» thus affecting the rate of reaction [6-4] or
the limited surface sites, thus posing restrictions on reaction [6-5] due to the low coverage
of the adsorbed hydrogen Haq. In this respect, the change in the slope of the I-V curves of
Fig. 1 is attributed to the transition from the Volmer reaction [6-5] to the activation of the
Heyrovski reaction [6-6]. This can be a combination of the lower partial pressure of H> due
to H> utilization and the loss of active electrochemical surface area (ECSA).

Further, the poisoning effect and the role of H3PO4 (PA) at the anodic electrocatalytic layer
of a high temperature polymer electrolyte membrane, has to be taken into consideration
[37]. The ECSA is reduced significantly for PA lower than 3gPA/gPt, resulting in a long
term gradual performance loss, under normal fuel cell operation. This is attributed to the
blockage of the Pt surface by pyrophosphoric acid or poly-phosphates, H> reduced
polyphosphoric acid species[37,38], as well as the shrinkage of the interface due to the
displacement of the H3PO4 by the adsorbed H» species. Displacement of the phosphoric or
pyrophosphoric acid from the Pt surface occurred also by H>O and was more enhanced in
the case of CO. However as it has been explicitly discussed in chapter 5 [37], the poisoning
effect of the reduced PA acid species is significantly reduced at high PA loading on the
anode electrode as well as in the presence of a small partial pressure of steam not exceeding
SkPa. Therefore the possibility of the formation of strongly adsorbed species, blocking the
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available electrocatalytic active sites, has been ruled out due to the fact that the low
performance region does not appear at low PA loadings and that the effect of steam’s partial
pressure >10kPa resulted in reduced cell performance even though anode feed was CO
free.

Distribution of PA and the Structure and stability of Electrochemical Interface

Taking into consideration that the anode performance depends on the amount of PA
introduced into the catalytic layer and the hydrophobicity of catalyst support (Figure 6-1
and 6-7), the structure of the EI plays a significant role in the anode’s voltage loss. Thus,
the loss of ECSA and consequently the anode’s performance loss can be possibly attributed
to the restructuring of the EI, as a result of the synergistic effect of the PA amount and the
water solvation in the distributed PA within the catalytic layer. Taking into account that
the carbon supports influenced the potential response of the anodic electrode under the
same conditions and the same PA loading, indicated that the distribution of PA is a key
factor in the observed phenomena.

As PA is being sprayed on the catalyst layer, uniform distribution is not guaranteed. The
distribution of PA within the catalytic layer depends on the hydrophobicity of the catalyst,
the pore size distribution and the porosity of the catalytic layer. Non uniform distribution
of the PA, results in areas of the CL that would lack of PA and others that would be flooded.
Ideally, the optimum PA distribution would be the formation of a thin film over the Pt
surface homogeneously distributed in the CL (figure 6-20a).

The concentration of PA in the pores of the catalyst layer depends on the reactant’s gas
humidification (partial pressure of water) and the operation temperature. When phosphoric
acid is exposed to water vapor at elevated temperature on equilibrium is established
between PA and its dehydrated species like pyrophosphoric acid. The water uptake of the
phosphoric acid, depends on water’s partial pressure [39,40]. Both phenomena can
influence the ionic conductive pathway in the CL and thus the anodic electrode’s
performance. It can be assumed that upon water solvation the hydrated PA swells. This
may cause ganglia formation inside the pores’ channels, blockage of the pores and the
disruption of the continuous distribution of the PA thin film, thus resulting into the
shrinkage of the electrochemical interphase as well as gas transport limitations (figure 6-
20b). At low partial pressure of water in the reformate mixture, the equilibrium
concentration of solvated water in PA is lower, thus inducing smaller changes on the EI
(Figure 6-7). In the case of low PA loadings we may consider that the thinner distribution

of the PA film does not swell to such degree, by its hydration under increased partial
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pressure of water, so as to result in the ganglia formation and the blockage of the pore
channels or the disruption of the ionic pathway, and ultimately influences less the anodic
electrode’s performance.
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Figure 6-19. The effect of the H» partial pressure on the polarization resistance at
0.2A/cm?. AC impedance spectra obtained at 180°C, under various fuel compositions
(100kPaH>-20kPa H» balanced with Ar). The cathodic electrode was fed with a redundant
O: flow. a. Niquist plots and b. corresponding Bode plots
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In addition as has already been shown in a previous communication [37], H> and especially
CO adsorption on Pt cause the display H3PO4 from the Pt surface and result in the shrinkage
of the electrochemical interface and the reduction of the available electrochemical active
sites.

Based on the above considerations it can be concluded that the control of hydrophilicity of
the catalytic layer is of utmost significance for the optimum structure of the EI. This means
that hydrophilic catalytic layer is preferable so that PA being at any hydration level will be
able to widespread over the catalytic surface to form a thin film so as to maximize the
extend of the EI and allow the fast diffusion of the reacting gases to approach the EI and
electrocatalytic surface. The functionalized carbon nanotube based electrocatalyst are more
hydrophilic than the carbon black based one and that makes them perfect candidates for
operation under these harsh reformate conditions. The presence of pyridine groups in the
catalyst layer, homogeneously distributes PA and stabilizes it inside the catalyst layer,
reducing the ganglia formation. This is done on the basis of the acid-base interactions
between PA and the basic pyridine moieties which are chemically grafted on the
MWCNTs. The thin film of PA swells by absorbing water, which is dictated by the
interfacial equilibrium between the PA and water vapors, without sever disruption of the
proton conduction pathway. The created well extended 3D ionic network of PA minimizes
the local flooding of the pores in the electrodes facilitating the mass transport in the catalyst
layer (figure 6-21).

Figure 6-20. Schematic representation of the structure of the electrochemical interface for
the case of 30wt%Pt/C, (a) under dry conditions (thin film formation), (b) under high
humidity (ganglia formation).
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Figure 6-21. Schematic representation of the structure of the electrochemical interface ,for
the case of 30wt%Pt/oxMWCNT-Py , (a) under dry conditions (thin film formation), (b)
under high humidity (displacement of PA).

The 30wt%Pt/oxMWNT-Py electrocatalyst exhibits the higher performance under
reformate conditions, due to the homogeneous distribution of PA in the catalyst layer,
which resulted in high ECSA and Pt utilization. This allows for the significant reduce of
the Pt loading at the anodic electrode.

In conclusion the development of hydrophilic supports results in the significant decrease
of Pt loading and allows for the uniform distribution of higher PA loadings within the
structure of the catalytic layer. Because of the evaporation and loss of PA the latter is of
utmost importance for the longtime Stability of the electrochemical performance of the
anodic electrocatalytic layer operating under reformate conditions.

6.5 Conclusions

The observed voltage loss, in this particular system, under synthetic reformate gas rich in
CO and steam is attributed to a multistep process. The HOR is been constrained by the
remaining free Pt sites as a consequence of blockage due to CO, water and phosphoric acid
species adsorption on the Pt surface, as well as due to the shrinkage of the EI as a result of
PA displacement from the reactions interphase. Additionally the formation of ganglia in
the CL pores creates mass transport limitation hindering gas diffusivity. The amount and
distribution of PA on the electrodes plays a significant role in the formation and the
structure of the EI. It appears that a rather hydrophilic catalytic layer is important for the
uniform distribution of PA on the electrocatalytic surface and its stability under humidified
conditions. The 30wt%Pt/oxMWCNT-Py electrocatalyst are ideal candidates for operation
under those harsh reformates conditions. The interaction of pyridine groups with
phosphoric acid not only promotes its uniform distribution on the CL but also stabilizes the
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EI under high partial pressure of water, minimizing the ganglia formation. Additionally,
the use of pyridine functionalized MWCNT based electrocatalyst gives the opportunity of
lowering the Pt loading in the electrodes without sacrificing the overall cell’s performance
under reformate conditions, thus reducing the MEA production cost.
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Chapter 7

Determination of the cathodic
electrode’s ECSA using CO as a probe
molecule

7.1 Introduction

Towards the commercialization of low cost and high efficiency PEM fuel cells,
optimization of the catalyst layer structure and evaluation of the catalytic performance,
stability and degradation are essential. In order to be able to assess the electrocatalytic
performance electrocatalysis metrics such as surface specific and Pt mass activity, catalyst
utilization and electrochemically active surface area (ECSA) have become essential tools
for activity and durability description. Determination of the ECSA is important in order to
be able to normalize activities of different electrocatalysts to the same number of reactive
sites and to check catalyst durability by assessing the loss of catalyst surface area during
fuel cell operation.

The most popular ECSA evaluation methods, in low temperature fuel cell, are the hydrogen
underpotential deposition (Hupp) and CO stripping voltammetry [1,2,3,4]. However for the
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case of high temperature PEM fuel cells using the Hupp region is not plausible [5] due to
strong phosphoric acid adsorption which inhibits hydrogen adsorption [6] and high faradaic
HER currents which superimpose the pseudocapacitive currents of the Hupp layer [7]. Also
Hupp formation is temperature depended [8] and at those elevated temperature (above
140°C) its saturation coverage is not known. Therefore, CO is used as a probe molecule for
the ECSA evaluation in HTPEM fuel cells [7].

As discussed in Chapter 4, for the evaluation of the ECSA of the anodic electrode, CO
adsorption took place at open circuit potential. No difference in the acquired charge (Qco)
was observed when CO was adsorbed under constant polarization of the working electrode
at 0.075V. This is due to the reduced Pt surface. In the case of cathodic electrodes, the Pt
surface in partially covered by oxides thus inhibiting CO adsorption at OCP conditions [9].
A typical procedure for the ECSA evaluation of cathodic electrodes involves polarization
of the working electrode at low potentials (below 0.150V) during CO adsorption [10,7].
Polarization of the electrode at such low values is needed for the removal of surface oxides
[11]. This chapter focuses on optimizing the ECSA evaluation methodology with the
minimum possible disruption of the Pt particle size distribution of the cathodic catalyst
layer.

7.2 Experimental
7.2.1 Materials

Phosphoric acid doped polymer electrolyte membranes were provided from Advent
Technologies S.A.. Catalyst powder 30wt % Pt/Vulcan XC-72R was purchased from
Tanaka Kikinzoku International. For the construction of the electrodes, carbon cloth
supporting layer was purchased from Fuel Cell Earth LLC, Vulcan XC-72R powder from
RawChem Ltd and the PTFE dispersion in water from Sigma-Aldrich. 2-propanol 99.8<
and H3PO4 purum p.a. >85% were purchased from Merck or Sigma Aldrich. All chemicals
were used as received unless otherwise noted.

7.2.2 Instrumentation

The electrochemical measurements were performed using a single cell purchased from Fuel
Cell Technologies Inc. Both graphite bipolar plates of the single cell had the same single
serpentine flow field for the distribution of reacting gases. The active area of the electrodes
was 2 cm x 2 cm. The assembling torque applied for the single cell was 4.8 Nm. The cell
was installed in a fuel cell test station which was built in-house and had provisions for
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controlling temperature, humidification, and flow of reacting gases. The measurements
were made in a two-electrode arrangement using an Autolab potentiostat-galvanostat
PGSTAT-302. The size of the Pt nanoparticles was characterized by transmission electron
microscopy (TEM) on JEOL JEM2100 operating at 200 kV. Sample preparation for
TEM examination involved the ultrasonic dispersion of the sample in water and
placing a drop of the suspension on 3 mm carbon coated copper grids (Electron
Microscopy Sciences). The crystalline structure of the catalysts was analyzed with an X-
ray powder diffractometer (Bruker D8 Advance) using Cu Ka radiation (A=0.15418 nm).
The XRD measurements were carried out in the 20 angle with the range of 20-90-.
The mean particle diameter of Pt was calculated from the X-ray line broadening of the
Pt(111) diffraction peak according to Scherrer’s equation.

7.2.3 Electrode Preparation and MEA assembly

Electrodes’ fabrication: The gas diffusion layer, GDL, used in this study was prepared by
spraying a slurry made of carbon Vulcan XC-72R and PTFE solution (50 wt% PTFE/C)
on carbon cloth, followed by heat treatment at 300°C under static air for 40 min. The
electrodes containing 30wt % Pt/C were prepared by spraying 2-propanol-Pt/C ink on the
GDL. The electrodes were then treated for 12 hours at 80°C and 3 days at 190°C under
vacuum, in order to remove all traces of the organic solvent. Both anodic and cathodic

electrodes had the same metal loading approximately 1.3~ 1.5mgPt/cm?.

Membrane Electrode Assembly, MEA: Before the MEA assembly, a certain amount of
phosphoric acid, PA, was sprayed onto the electrodes. The both anodic and cathodic
electrodes were sprayed with 2gPA/gPt. The electrode active area was 2 cm x 2 cm. The
MEAs were fabricated by hot pressing, the phosphoric acid doped membranes (doping
level ~200 wt %) between the two electrodes at 150°C for 5 min.

7.2.4 Electrochemical Characterization

All MEAs were activated under galvanostatic mode. Initially the cell’s temperature was
increased from room temperature to 100°C while Ar flushed both compartments.
Subsequently, the gases were switched to pure H, and O; and the temperature was set at
140°C. Once the temperature was reached, a current of 0.2A/cm? was applied to the fuel
cell. The temperature was then set at 180°C. The break in period was found to be
approximately 48 hours. Details concerning the activation of the MEAs are provided in
detail in the appendix Al.
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7.2.4.1 Cyclic Voltammetry

The pretreatment of the cathodic electrode, before CO stripping voltammetry
measurements, were conducted via linear sweep voltammetry. The potential was cycled
between 0.075 and 0.9 V with a scan rate of 10mV/s. The cell temperature was 140°C. One
compartment was supplied with a constant flow of 200 cc/min of 10% H> in argon and the
corresponding electrode acted as the reference electrode. The compartment with the
electrode under investigation (working electrode) was fed with 200 cc/min of Ar flow,
which was prior humidified by passing through a thermostated humidifier and the partial
pressure of water was adjusted at 9.56 kPa by controlling the operating temperature of the
humidifier at 45°C.

7.2.4.2 CO stripping voltammetry

The electrochemically active surface area, ECSA, of the Pt based catalyst was determined
via CO stripping voltammetry. The cell temperature was kept constant at 140°C. One
compartment was supplied with a constant flow of 200 cc/min of 10% H> in argon and the
corresponding electrode acted as the reference electrode. The compartment with the
electrode under investigation (working electrode) was fed with 1.8% CO in argon (air
liquide) at a flow rate of 100 cc/min. The CO adsorption conditions varied (under open
circuit potential or polarization 0.1V and CO adsorption in the presence or absence of
H>0). It was found that the maximum coverage with CO was achieved in approximately
20 minutes. Subsequently, the compartment was flushed with 200 cc/min argon in order to
remove all the traces of CO in the gas phase. Prior to its introduction to the cell, the argon
flow was humidified by passing through a thermostated humidifier kept at a constant
temperature of 45°C. The potential was then cycled between 0.075 and 0.9 V with a scan
rate 10 mV/s. To calculate the CO stripping charge, Qco (in C), the area under the peak
that corresponds to the CO electrooxidation was integrated. The second cycle in the same
experiment was used for baseline subtraction, considering that during the second cycle CO
was absent from the Pt surface. The ECSA, in m?, was determined considering a charge of
420 pC cm? for CO oxidation that corresponds to a monolayer of adsorbed CO on
polycrystalline Pt as follows:

ECSA (m?) = Qco(C) / 4.20 C m (eq. 7-1)

7.2.4.3 CO bulk electroxidation (CO annealing)
Preconditioning of the Pt surface was also conducted via CO bulk electroxidation. The cell
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temperature was kept constant at 140°C. One compartment was supplied with a constant
flow of 200 cc/min of 10% H> in argon and the corresponding electrode acted as the
reference electrode. The compartment with the electrode under investigation (working
electrode) was fed with a gas mixture of 1.8kPa of CO balanced with argon (air liquide).
The gas mixture was then humidified by passing through a thermostated humidifier kept at
a constant temperature of 45°C, prior to its introduction to the cell. The potential was then
cycled between 0.075 and 0.9 V, with a scan rate of 40mV/s.

7.2.4.4 TEM

Post mortem analysis of the catalytic layer of used membrane electrode assemblies (MEA)
was carried out by using transmission electron microscopy (TEM) .The electrodes were
separated from the membrane after approximately 50 hours of continuous fuel cell
operation for the evaluation of the Pt particle size distribution and morphology of the
electrocatalyst. Adequate amounts of catalysts were scrapped off the used electrodes and
were ultrasonically dispersed in water. A drop of the suspension was placed on a 3mm
carbon coated copper grids (Electron Microscopy Sciences). The Pt particle size
distributions were obtained by manually measuring over 1000 Pt particles from the TEM
pictures. The mean Pt particle size was then calculated using the following equation:

Dapt=2DpNp/n  (nm) (eq. 7-2)

where Np is the number of particles corresponding to a Pt particle size with diameter Dpy
(nm)and n is the total number of measured particles.

7.3 Results and discussion

All MEAs used in this section employed 30wt%Pt/C and each electrode had a Pt loading
of approximately 1.4mgPt/cm? and PA loading equal to 2gPA/gPt. All measurements were
conducted after 48 hours of continuous operation at 0.2A/cm? and 180°C. Initially, the
determination the ECSA at the cathodic electrode was conducted via the most popular and
standard procedure, which involves polarizing the working electrode during CO
adsorption. The procedure that was followed, was based on the recent published work by
Tom Engl et al [7]. For our case it was considered more suitable to polarize the electrode
at 0.1V during CO adsorption while keeping the cell’s temperature at 140°C. A gas flow
consisting of 1.8% CO (100cc/min) was fed for 20 min at the cathodic compartment.
Thereafter, the working compartment was flushed with Ar (200cc/min) while keeping the
electrode at 0.1V, and additional 5 min at OCP, to remove all traces of H> originating from
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the H»> evolution at 0.1V. CO stripping procedure that was then followed, is described in
detail in the experimental section. The obtained CO stripping voltammogram is depicted
in figure 7-1.

Two sequential CO stripping experiments were recorded, in order to ensure the
reproducibility of the CO electrooxidation peak’s area. As also discussed in chapter 4 and
reported by T.Eng et al [7] side reactions that occur on the Pt surface during polarization
of the electrode at 0.1V, influence the ECSA determination. When HER is initiated at 0.1V
on the working electrode, catalytic and electrocatalytic phosphoric acid reduction takes
place in the presence of H» (chapter 4). Thus the second potential sweep of the same CO
stripping experiment is not used as a baseline. Measurement of an additional cyclic
voltamogram is required and used as a baseline to determine the CO oxidation charge, and
is referred as a reference baseline. The latter is obtained after polarizing of the working
electrode at 0.1V for 20min in the absence of CO. This is necessary in order to subtract the
contributions from the oxidation of the reduced PA species from the overall stripping
charge [7]. Figure 7-1b depicts the first and second cycle of the reference cyclic
voltamograms. It is clear that after polarization of the electrode at 0.1V there is a small
contribution in the oxidative current from the aforementioned adsorbed reduced PA species
electrooxidation, which are removed from the Pt surface, as confirmed by the second cycle
of the same CV.

The ECSA, as calculated based on the above, was found to be equal to 19.1 m?*Pt/gPt. After
the above mention ECSA evaluation procedure, the MEA was subject to postmortem
analysis using TEM, in order to evaluate the catalyst morphology and Pt distribution. For
comparison reasons, a MEA with the same specifications operated under the same
conditions and time (without ECSA evaluation), was also subjected to TEM postmortem
characterization. The obtained TEM micrographs are shown in figure 7-2 and the average
Pt particle size was determined as described in the experimental section. The average Pt
particle size was found to be 3.8nm for the MEA that was not subjected to the ECSA
evaluation procedure as opposed to 5.5 nm for the one that was. Such catalyst degradation
can occur through surface migration of platinum and platinum dissolution—redeposition
with the driving force being the high free energy of the small platinum particles. The
decrease in the electrochemically active surface area is linked to an increase in the platinum
particle size. It is clear that the even two repetition of the ECSA procedure causes a
deterioration of the Pt surface, through sintering and agglomeration.

From the above, it has been made clear that this ECSA evaluation procedure raises many
questions concerning its accuracy. Since the Pt particle size increases during the ECSA
evaluation procedure, the obtained CO uptake value is lower than the actual ECSA of the
cathodic electrode. The loss of platinum surface area through sintering or recrystallization
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Figure 7-1. Cyclic voltamograms a. first and second CO adsorption under 0.1V for 20 min
and b. the reference baseline where the electrode was polarized at 0.1V for 20 min in the
absence of CO.

200

Department of Chemical Engineering, University of Patras



Alin Orfanidi, PhD Dissertation, Patra Greece

within the porous cathode has been proposed to be the principal reason for the decline of
activity in phosphoric acid fuel cells [12].The reduced catalyst surface, results in the
diminution of the cathodic electrode’s performance, especially for low Pt loading as shown
in figure 7-3. MEA employing 0.6mgPt/cm? and 2gPA/gPt was subjected to the exact same
ECSA evaluation procedure, as described above, where polarization curves were obtained
before and after the CO stripping procedure. The performance of the fuel cell after CO
stripping, was significantly reduced due to the reduction of the available ECSA, as shown
in figure 7-3.

oy Y
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R0 15 ., 100 125 150
size, ni

#

Figure 7-2. TEM micrograph and the corresponding Pt size distribution histogram of
30wt%Pt/C obtained after the activation period: a. before CO stripping and b. after 2
sequential CO stripping experiments, where CO was adsorbed under polarization 0.1V.
The Pt particle size distribution is included as an inset.
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Although the Pt particle size increase in not so big, as shown in figure 7-2, nonetheless it
is clear that it affects the performance of the fuel cell, when low Pt loading are employed
at the cathodic electrode. On the other hand, for Pt loadings higher than 1mgPt/cm? at the
cathodic electrode no significant difference in the performance was observed, before and
after the ECSA evaluation procedure, as expected, as there is a larger number of available
active sites. It has to be mentioned though, that in low temperature PEM fuel cell, during
the CO adsorption and electrooxidation processes, no degradation in the MEA performance
or increase of the Pt particle size has been reported [13]. The latter may suggest that the
operation temperature [14] and the strong acidic environment [15] contribute to the
degradation of the catalyst layer of the MEA during the aforementioned CO stripping
procedure.
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Figure 7-3. The effect of ECSA evaluation procedure on cathodic electrode performance.
IR drop corrected polarization curve obtained at 180°C and under pure H> and O
(stoichiometry Amo=1.2 and A02=2). MEA: 30wt%Pt/C 0.6mgPt/cm? and 2 gPA/gPt.

In an attempt to find a less destructive ECSA evaluation procedure, the following
procedure was employed to a new MEA, with similar specifications as the one used above.
The cathodic compartment, after 48 hours of continuous fuel cell operation, was flushed
with Ar until complete removal of O traces in the gas phase and the cell’s temperature was
set at 140°C. Sequentially, 100cc/min H> was fed to the cathodic compartment for 5 min,
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in order to obtain a reduced and complete oxide-free Pt surface. CO was then adsorbed at
OCP conditions under constant flow of 1.8kPa CO balanced in Ar (100cc/min) for 20 min.
CO stripping procedure was then followed, as described in detail in the experimental
section, and repeated twice. It has to be mentioned that the first and second CO stripping
experiment were identical, which means that only one repetition of the above procedure is
needed for the accurate ECSA evaluation. As a reference cycle-baseline, the second cycle
of the same CO stripping procedure was used, as no reduced PA species were formed
during this short 5 min of H» exposure. Figure 7-4 shows the obtained CO stripping
voltammogram and is compared with the previous CO stripping procedure, where the
working electrode was polarized at 0.1V during CO adsorption.
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Figure 7-4. CO stripping voltammograms (first and second cycle) obtained after different
CO adsorption procedure at 140°C. The scan rate was 10mV/s. Both MEAs had a Pt
loading of 1.4mgPt/cm2 and 2gPA/gPt was present in the CL.

The ECSA value was found to be 20.6 m?Pt/gPt, similar to the previous procedure.
Although the Pt particle size, as calculated from TEM imaging, was found lower and equal
to 4.7nm, as opposed to 5.5nm when then working electrode is subjected to HER
potentials during CO adsorption. The particle size distribution shows a clear log-normal
distribution, as opposed to the previous procedure, which showed a broad distribution.
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Figure 7-5. TEM micrograph and the corresponding Pt size distribution histogram of
30wt%Pt/C after exposure for 5 min in H» and 2 sequential CO stripping experiments. The
Pt particle size distribution is included as an inset and the average Pt particle size was
estimated 4.7nm.

It has to be noted though, that the Pt particles size after both procedures, exceeds the Pt
particle size increase even after 50 hours of continuous operation at the anodic electrode,
chapter 5, where it was found to be 4.1nm. It is very clear that for both procedures the
diminution of the catalyst surface area is not only a result of the elevated temperature and
the reductive atmosphere.

To shed more light in to the matter concerning the origin of the rapid Pt particles sintering,
within the short period of the experiment, ex-situ measurements were performed using an
oven placed in an XRD apparatus. Commercial catalyst 30wt%Pt/C was placed in a special
oven in the XRD, the temperature was kept constant at 180°C and a constant gas flow was
used during the whole experiment. Every hour approximately, a spectrum was obtained in
order to estimate the particle size with respect to operation time and gas atmosphere, where
the acquisition time of the spectrum was 20min. Two sets of experiments were conducted.
During the first one, the oven chamber was flushed with Ar to remove oxygen traces form
the gas phase and the lines, while the oven chamber was still at room temperature. In
continuance the temperature was increased to 180°C and the gas was switched to 5% H: in
Ar for several hours. In the second case, the catalyst was exposed to a constant flow of air
while keeping the temperature at 180°C for several hours. The gas was then switched to
pure Ar in order to remove any traces of air in the gas phase. Thereafter the chamber was
supplied with 5%H> in Ar for several hours. For both cases the increase of Pt particle size
as a function of time was monitored, and the results are depicted in figure 7-6.
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When the as received electrocatalyst is being exposed directly to H» atmosphere the particle
size reaches a value of 3.7 nm. Whereas, when the Pt surface having a high oxide coverage
is then exposed to H, atmosphere the sintering/agglomeration process is more enhanced,
resulting in a higher value of Pt average particle size reaching 4.3nm. The exact mechanism
behind it is still unclear. Nonetheless all of the above results suggest that the
sintering/agglomeration mechanism during the aforementioned ECSA evaluation
procedure is highly affected by the PtOx species during the polarization of the working
electrode at 0.1V or H> exposure.
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Figure 7-6. The effect of reducing atmosphere 5%H2/Ar on the Pt particle size as a
function of time. The XRD diffractograms of 30wt% Pt/C were acquired at 180°C, with
20min acquisition time.

Since the previous two methods resulted in an increase of the Pt particle size during the
measurement of ECSA of the cathodic electrode, an alternative way to reduce the Pt surface
was evaluated based on CO electrochemical annealing. Surface structuring effects due to
potential cycling is termed electrochemical annealing and in the specific case of cycling in
CO saturated solution, CO annealing [16,17]. CO annealing of a Pt surface is commonly
used for the cleaning and preconditioning of Pt surface. In our case, the working electrode
potential was cycled between 0.075V up to 0.9V in the presence of 1.62kPa CO and
9.46kPa of H20 balance with Ar, with a scan rate of 40mV/s. The cell’s temperature was
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kept at 140°C. Sequentially CO was adsorbed at OCP under constant gas flow consisting
of 1.8kPa CO balanced in Ar (100cc/min) for 20 min. The cathodic compartment was then
flushed with 200cc/min of Ar to remove all CO traces from the gas phase before potential
cycling. The CO stripping procedure that was then followed is described in detail in the
experimental section.
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g ]
< 0.001 /
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1% cycle
-0.02+ after 6 cycles of CO_|
after 30 cycles of CO_
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0.0 01 0.2 03 04 05 06 07 08 09 1.0

Cell Voltage, V

Figure 7-7. First cycle of CO stripping voltamograms, obtained after several cycles of CO
bulk electroxiadation. CO was adsorbed at open circuit potential for 20 min at Tcell=140°C.

A certain number of potential cycles were required for the complete reduction of the Pt
surface. As shown in figure 7-7, 6 potential cycles of CO bulk electroxidation were not
sufficient for the removal of Pt oxides, as no CO electroxidation peak was observed. The
necessary potential CO electroxidation cycles required for the complete reduction of the Pt
surface was found to be 30 cycles. The second potential sweep of the same CO stripping
was used as a baseline, for the determination for the ECSA. The calculated value was found
to be equal to 16.2 m*Pt/gPt, which is significantly lower compared to the previous two
ECSA evaluation procedures.

The reason for the latter was revealed after characterizing the cathodic catalyst layer via
TEM imaging (figure 7-8). The Pt particle size suffered large increase in the particle size,
resulting in an average value of 5.5 nm. The Pt degradation mechanism that is believed to
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take place under these conditions is the following. During CO bulk electroxiation, the
amount of dissolved Pt significantly increases, in the cathodic potential sweep of the CV
[18]. After the beginning of CO electroxidation, CO strongly adsorbs on reduced Pt sites
again and begins to block further the bulk CO oxidation. The adsorbed CO prevents the re-
deposition of dissolved Pt-ions and leads to Pt dissolution [17]. Full CO coverage of the Pt
surface is not achieved within the time elapsed of one potential sweep, due to the strong
dependence of the coverage on the partial pressure of CO in the gas phase at high
temperatures. As mentioned in the experimental section 20 min are required to achieve full
coverage when 1.8%CO in Argon is used. Thus it is believed that the Pt —ions re-deposit
on the remaining CO-free Pt active sites, resulting in an increase in the average Pt diameter.

Similar experiments using Pt carbon based catalyst where performed in a RDE at room
temperature and it was reported that electrochemical annealing in CO saturated solution of
the catalyst has only minor influence on its structure or the particle shape and size[19]. The
later further enhances supports that the high operation temperature is enhancing and
promoting the particle agglomeration and sintering.

S0 75 400125 180
. Pt particle size, nm

Figure 7-8. TEM micrograph and the corresponding Pt size distribution histogram of
30wt%Pt/C after 30 cycles of CO bulk electroxidation. The Pt particle size distribution is
included as an inset and the average Pt particle size was estimated 5.5nm.

The last approach used for the evaluation of ECSA is based on sequential CO adsorption
and desorption. It has been reported that exposing CO on Pt and then subsequently
removing the adsorbed CO by electrochemical stripping is an excellent method of cleaning
and activating Pt [20]. During the CO adsorption and desorption processes, no degradation
in the MEA performance or the ECSA of the Pt was noted for low temperatures fuel cells.
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Therefore, a similar procedure was followed for our case. More specifically, after the
activation of the MEA, the fuel cell’s temperature was lowered at 140°C and the cathodic
compartment was flushed with Ar. Thereafter, CO was adsorbed at OCP under constant
gas flow of 1.8kPa CO balanced in Ar (100cc/min) for 20 min. The CO adsorption was
repeated several times. It has to be noted that the OCP changed after each CO adsorption.

More specifically, after fuel cell operation and sequential flushing of the cathodic
compartment with Ar, the OCP is initially significantly high, around 640mV in the
presence of CO. After the first CO stripping experiment the OCP drops around 400mV,
whereas after the third CO stripping experiment reaches 150mV, in the presence of CO.
The OCP drop to less positive potential might indicate gradual removal after each
procedure of adsorbed oxide species on the Pt surface.
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Figure 7-9. First cycle of sequential CO stripping experiments, obtained after normal fuel
cell operation at the cathodic electrode. CO was adsorbed at open circuit potential for 20
min at Tee=140°C.

Figure 7-9, presents the obtained CO stripping voltammograms, after a few sequential CO
stripping. The area of the CO electroxidation peak of the 1% and 2" CO stripping
experiment were identical, therefore the measured charge corresponds to the ECSA.
Therefore sequential CO stripping experiments was found to remove the surface oxides
and calculate the ECSA of the cathodic electrode.
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The calculated ECSA was found to be equal to 20.4 m?Pt/gPt. TEM micrographs where
obtained after the above mentioned procedure, figure 7-10. The average Pt particle size
was found to be 4.3nm. Sequential CO stripping cyclic voltammetry induces less Pt
dissolution [17], and therefore less particle agglomeration and sintering is observed.

0
t Pt particle size,
Figure 7-10. TEM micrograph and the corresponding Pt size distribution histogram of
30wt%Pt/C after 5 sequential CO stripping experiments. The average Pt particle size was
found to be 4.3nm.

The above procedure is ideal for the determination of ECSA in HTPEM fuel cells, as the
minimum possible alteration on the Pt shape and size is observed. Although, the difference
between the Pt particle size when no CO striping experiment is conducted, which is
approximately Inm, rises practical issues concerning the stability of the Pt catalyst during
the evaluation of the ECSA using CO in general in PEM fuel cells, especially when
operating in high temperature range.

7.4 Conclusion

CO stripping voltammetry based procedures were evaluated and the optimum one was
chosen for our system, in order to determine the ECSA of a cathodic catalyst layer without
severely affecting the Pt particle size distribution. It was found that sequential CO
adsorption until complete reduction of the Pt surface is the more appropriate ECSA
evaluation procedure causing the minimum damage to the Pt particle size.
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Chapter 8

Parametric Analysis: Optimization of
cathodic catalyst layer of HTPEM fuel
cells employing Pt nanoparticles decorated
on functionalized MWCNT

8.1 Introduction

Up to date, PEMFCs commercialization is still significantly restricted by its high noble
metal content and low cathode performance. Reducing cost via reduction of the Pt content,
arising from high catalyst utilization and stability, is highly desired. The design and
optimization of electrocatalytic layer, towards the increase of the electrocatalytic active
surface area, has been the focus of many studies [1,2,3,4].

The porous electrode’s structure consists of the catalyst, usually Pt dispersed on carbon,
mixed with a binder-ionomer and an ionic carrier, in order to establish a 3-D ionic link
between the Pt catalyst active sites and the polymer electrolyte. In HTPEM fuel cell’s, PBI
is commonly used as the ionomer [5,6,7], and phosphoric acid as the ionic-proton carrier.
The presence of PA possess limitations; slow kinetic of the oxygen reduction reaction [8]
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and reduced oxygen solubility in hot phosphoric acid [9] restricts the performance of the
cathodic electrode. The limiting effect of phosphoric acid on the kinetic of the ORR is
clearly shown when comparing a typical Tafel slope of PAFC, having values around 110—
120 mV/dec [10,11,12,13], with the case of traditional Nafion-based PEMFC, exhibiting
values of 60 mV/dec [14,15]. In addition, due to the liquid state of PA and its mobility,
maximization of the triple-phase boundary is difficult to achieve. Thus, a certain amount
of ionomer is required, that will bind the free PA in the catalyst layer, providing adequate
contact with the Pt particles, in order to increase the catalyst utilization. The addition of
binder also enhances the kinetic of the oxygen reduction reaction, due to the increased
oxygen solubility and suppresses the PA adsorption on the Pt active sites [16,17].
Therefore, a delicate balance must be achieved between the binder and the ionic carrier for
the efficient transport of gases and conductance of electrons and protons to the
electrochemical interface.

The amount of ionomer and H3PO4 added to the catalytic layer has been one of the most
studied parameters, in order to optimize fuel cell’s performance. The amount of phosphoric
acid added to the electrode depends on the PBI content for PBI based fuel cells. The
influence of the amount of polybenzimidazole PBI-H3PO4 (normalized with respect to the
PBI loading, expressed as C/PBI weight ratio) content in both the anode and the cathode
has been extensively studied for a PBI-based high temperature proton exchange membrane
(PEM) fuel cells [18, 5 ,19]. It was observed that as the C/PBI weight ratio increases the
specific pore volume also increases. These differences in the pore volume are mainly
located in the micropores and mesopores [20,21], which corresponds to the spaces between
the agglomerates of catalyst particles and the spaces within the own agglomerate. For that
reason during the preparation of the catalytic ink the ionomer is in solution state in order
to penetrate into both types of space [23]. Thus, low PBI loading in the catalytic layer
results in high pore volumes and are highly favourable. Parrondo et al. prepared membrane
electrode assemblies (MEAs) with various contents of PBI (1-30wt.%) in the gas diffusion
electrode (GDE). The MEAs were tested in the temperature range of 140°C—200-C and
found that 5wt.% PBI-based MEA showed the best performance [22]. Also, Kim et al.
using phosphoric acid-doped ABPBI membrane reported that with a weight ratio of
ionomer to Pt/C of 1:4 (20wt.% ionomer in cathodic catalyst layer), the fuel cell shows the
lowest ohmic resistance [23].

Uniform mixing and distribution of these components is hard and is not guaranteed, as a
result part of the electrocatalyst is not used. Thus, many studies have been focused on
another approach using carbon MWNT or nanofiber supported Pt catalyst, aiming the
increase of Pt utilization in fuel cells. To this respect, many groups have successfully
functionalized MWNT using polymers or monomers in an attempt to increase the three-
phase boundary (TPB). Nevertheless, to the author’s knowledge, few papers or reviews are
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published on their application and testing in fuel cell. Hyung-Suk Oh et al.[24]
functionalized CNTs with a thin layer of polypyrrole (PPy) to serve as a catalyst support
in PEM fuel cells. They found that the performance of PEM fuel cell when Pt/PPy-CNT
catalyst was employed at the cathodic electrode, was significantly enhanced, compared to
the Pt/CNT without PPy functionalization. Kazuya Matsumoto et al. [25] wrapped MWNT
individually with pyridine based PBI and immobilized Pt particles on the polymer. They
demonstrated that the use of the MWNT/PyPBI/Pt catalyst for the PBI-based PEFCs
operating at high temperatures in non-humid conditions (120°C) exhibited higher
performance as compared with the non-functionalized nanotubes catalyst, resulting in a
good ORR activity.

In a previous work, a new functionalized MWCNT Pt based electrocatalyst was developed
in an attempt to increased catalyst utilization in high temperature PEMFCs [26]. Pyridine
groups were covalently attached at the outer wall of the MWCNT and were used as the
catalyst support. The aim was to achieve a uniform distribution of polar pyridine groups in
the catalyst layer. The pyridine groups are known to bind phosphoric acid molecules and
was expected that a good proton conductive pathways would be created throughout the
catalytic layer, which would result in the increase of the three phase boundary and
ultimately the catalyst utilization. The obtained Pt/(ox. MWCNT)-Py electrocatalyst had
finely and homogeneously distributed Pt particles, with size ranging between 2-4nm. In
continuance to this work, as presented in chapter 5 and 6, CL were fabricated employing
this newly synthesized electrocatalyst and were tested as anodic electrocatalysts. It was
found that the Pt utilization reached values higher than 80%, compared to the commercial
30wt%Pt/C which reached approximately 50%, establishing the role of pyridine groups in
the creation of high TPB.

The present chapter focuses on enhancing the cathodic electrode’s performance through
improvement of the platinum utilization and PA distribution, which would ultimately result
in the reduction of the Pt loading without sacrificing the overall cell’s performance. A full
investigation of the effect of PA loading and its distribution as well as the catalyst type, on
the cathode’s catalyst layer performance is being presented.

8.2 Experimental
8.2.1 Materials

Phosphoric acid doped polymer electrolyte membranes were provided from Advent
Technologies S.A..The in-house synthesized 30wt% Pt/(0x.MWCNT)-Py catalyst used in
this study was synthesized according to literature [26]. Catalyst powder 30wt % Pt/Vulcan

XC-72R was purchased from Tanaka Kikinzoku International. For the construction of the
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electrodes, carbon cloth supporting layer was purchased from Fuel Cell Earth LLC, Vulcan
XC-72R powder from RawChem Ltd and the PTFE dispersion in water from Sigma-
Aldrich. 2-propanol 99.8< and H3PO4 purum p.a. >85% were purchased from Merck or
Sigma Aldrich. All chemicals were used as received unless otherwise noted.

8.2.2 Instrumentation

The electrochemical measurements were performed using a single cell purchased from Fuel
Cell Technologies Inc. Both graphite bipolar plates of the single cell had the same single
serpentine flow field for the distribution of reacting gases. The active area of the electrodes
was 2 cm x 2 cm. The assembling torque applied for the single cell was 4.8 Nm. The cell
was installed in a fuel cell test station which was built in-house and had provisions for
controlling temperature, humidification, and flow of reacting gases. The measurements
were made in a two-electrode arrangement using an Autolab potentiostat-galvanostat
PGSTAT-302. The size of the Pt nanoparticles of the MWCNT and carbon based
electrocatalysts, after short term operation, was characterized by transmission electron
microscopy (TEM) on JEOL JEM2100 operating at 200kV. The photoemission
experiments were carried out in a ultrahigh vacuum system equipped with a SPECS LHS-
10 hemispherical electron analyzer, which additionally comprises a water cooled high
pressure cell (10 mbar-2 bar) connected with the vacuum chambers through a fast entry
system, a sample preparation chamber (base pressure 5x107) and an analysis chamber with
a base pressure ~ 107! mbar where the XPS measurements took place. The XPS
measurements were performed at room temperature using unmonochromatized AlKa
radiation under conditions optimized for maximum signal (constant AE mode with pass
energy of 97 eV giving a full width at half maximum (FWHM) of 1.7 eV for the Au 4f7
peak). The measurements were recorded at 0° with respect to the sample surface normal.
The analyzed area was a rectangle with dimensions 2.5 x 4.5 mm?.

8.2.3 Electrode Preparation and MEA assembly

Electrodes’ fabrication: The gas diffusion layer, GDL, used in this study was prepared by
spraying a slurry made of carbon Vulcan XC-72R and PTFE solution (50 wt% PTFE/C)
on carbon cloth, followed by heat treatment at 300°C under static air for 40 min. The
electrodes were prepared using two different optimized methods, depending on the catalyst
type. Two types of electrocatalysts were used, Pt supported on carbon black (30wt % Pt/C)
and Pt supported on MWCNTs (30wt %t Pt/(ox.MWCNT)-Py). The electrodes containing
30wt % Pt/C were prepared by spraying 2-propanol-Pt/C ink on the GDL. The electrodes

were then treated for 12 hours at 80°C and 3 days at 190°C under vacuum, in order to
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remove all traces of the organic solvent. The electrodes containing MWCNT based
catalysts were prepared by dispersing the catalyst powder in a 2-propanol/3-D H>O 2/1(v/v)
solution. The catalyst slurry was applied on the GDL by a spatula and the electrodes were
left over night to dry at room temperature prior heating at 100°C in an oven for 1 hour. The
Pt loading of the constructed cathodic electrodes varied from 0.43 to 2.20mgPt/cm?. The
anode’s electrode specifications were kept constant for all MEAs. The carbon black based
electrocatalyst (30wt% Pt/C) was used as counter electrode and the Pt loading was around
1.5mgPt/cm? in all cases.

Membrane Electrode Assembly, MEA: Before the MEA assembly, a certain amount of
phosphoric acid, PA, was sprayed onto the electrodes. The anodic electrodes were sprayed
with 2gPA/gPt, whereas in the case of the cathodic electrodes the ratio of gPA/gPt varied
from 2 to 8. The electrode active area was 2 cm x 2 cm. The specifications of the cathodic
electrodes employing either 30 wt % Pt/(ox.MWCNT)-Py (MEA 1-12) or 30wt % Pt/C
(MEA 13-20) are presented in Table 8-1. The MEAs were fabricated by hot pressing, the
phosphoric acid doped membranes (doping level ~200 wt%) between the two electrodes
at 150°C for 5 min.

8.2.4 Electrochemical Characterization and Catalyst layer characterization
8.2.4.1 Activation of MEA

All MEAs were activated under galvanostatic mode. Initially the cell’s temperature was
increased from room temperature to 100°C while Ar flushed both compartments.
Subsequently, the gases were switched to pure H, and O; and the temperature was set at
140°C. Once the temperature was reached, a current of 0.2A/cm? was applied to the fuel
cell. The temperature was then set at 180°C. The break in period was found to be
approximately 48 hours. Details concerning the activation of the MEAs are provided in
detail in the appendix Al.

8.2.4.2 Electrochemical Impedance Spectroscopy measurements

All electrochemical impedance spectroscopy measurements were conducted in
galvanostatic mode using a sinusoidal current wave with an amplitude of SmA/cm? while
sweeping the frequency from 50kHz up to 10mHz with a logarithmic distribution of 50
points. The measurements were conducted without interrupting the cell’s operation.
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Table 8-1. Specifications of the cathodic electrode of the tested MEAs (noble metal
loading and phosphoric acid, PA, sprayed on the electrodes prior to the MEA assembly)

Ptloading PA amount
Catalyst used MEA No
(mgPt/cm?) (gPA/gPt)
1 0.43 2
2 1.25 2
3 1.76 2
4 2.20 2
5 0.45 3
6 0.50 3
30% Pt/(ox. MWCNT)-Py
7 0.65 3
8 0.76 3
9 1.29 3
10 1.34 4
11 1.25 5
12 1.31 8
13 0.48 2
14 0.62 2
15 1.55 2
30% Pt/C 16 2.14 2
17 1.53 3
18 1.61 4
19 1.62 6
20 1.62 8

217

Department of Chemical Engineering, University of Patras



Alin Orfanidi, PhD Dissertation, Patra Greece

8.2.4.3 CO stripping voltammetry

The electrochemically active surface area (ECSA) of the cathodic CL employing Pt
based catalyst was determined via CO stripping voltammetry, according to an optimized
procedure presented in Chapter 7. More specifically sequential CO adsorption was used
until full reduction of the Pt surface. The cell temperature was kept constant at 140°C.
One compartment was supplied with a constant flow of 200 cc/min of 10% H> in argon
and the corresponding electrode acted as the reference electrode. The compartment with
the electrode under investigation (working electrode) was fed with 1.8% CO in argon
(air liquide) at a flow rate of 100 cc/min. CO was adsorbed at open circuit potential. It
was found that the maximum CO coverage was achieved in approximately 20 minutes.
Subsequently, the compartment was flushed with 200 cc/min argon in order to remove
all the traces of CO in the gas phase. The argon flow was humidified by passing through
a thermostated humidifier kept at a constant temperature of 45°C, prior to its introduction
to the cell. The potential was then cycled between 0.075 and 0.9 V with a scan rate 10
mV/s. The above procedure was repeated until the maximum CO electroxidation peak
was obtained. To calculate the CO stripping charge, Qco (in C), the area under the peak
that corresponds to the CO electrooxidation was integrated. The second cycle in the same
experiment was used for baseline subtraction, considering that during the second cycle
CO was absent from the Pt surface. The ECSA, in m? was determined considering a
charge of 420 pC cm for CO oxidation that corresponds to a monolayer of adsorbed
CO on polycrystalline Pt as follows:

ECSA (m?) = Qco(C) / 4.20 C m™ (8-1)

8.2.4.4 TEM analysis

Post mortem analysis of the cathodic catalytic layer of used membrane electrode
assemblies (MEA) was carried out by using transmission electron microscopy (TEM).
The electrodes were separated from the membrane for the evaluation of the Pt particle
size distribution and morphology of the electrocatalysts. Adequate amounts of catalysts
were scrapped off the used electrodes and were ultrasonically dispersed in water. A drop
of the suspension was placed on a 3mm carbon coated copper grids (Electron Microscopy
Sciences). The Pt particle size distributions were obtained by manually measuring over
1200 Pt particles from the TEM pictures. The mean Pt particle size was then calculated
using the following equation:
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Dapt=2DpNp/n  (nm) (8-2)

where Np is the number of particles corresponding to a Pt particle size with diameter Dpy
(nm) and n is the total number of measured particles. It has to be noted that the MEAs that
were subjected to ECSA evaluation were not used for postmortem analysis; as the CO
stripping procedure at the cathodic electrode was proven to damage the Pt distribution and
increase the average Pt size, as discussed in detail in Chapter 7.

8.3 Results and discussion

8.3.1 Influence of PA amount in the CL on the fuel cell’s performance

In phosphoric acid fuel cell there is an optimum acid loading for a given catalyst layer
thickness, catalyst type or amount of binder in the catalyst layer. The distribution of PA
within the catalytic layer depends on the hydrophobicity of the catalyst, the pore size
distribution and the porosity of the catalytic layer (CL). Whereas the concentration of PA
in the pores of the catalyst layer depends on the partial pressure of water and the operation
temperature. Therefore, it was necessary to investigate the effect of the PA amount
imbedded in the cathodic CL on the fuel cell’s performance, for the newly synthesized
catalyst 30wt%Pt/oxMWCNT-Py, as well as for the commercial 30wt%Pt/C. The H3PO4
amount in the catalyst layer was altered between 2gPA/gPt and 8gPA/gPt. The Pt loading
was kept constant around 1.3mgPt/cm® for the catalyst layer employing 30wt%
Pt/oxMWCNT-Py (MEA 2, 9-12), whereas approximately 1.5mgPt/cm? for the case of
30wt% Pt/C (MEA 17-20). Polarization curves were obtained at 180°C under pure H» and
O: flow (gas stoichiometry Amx=1.2 and Ao>=2) and the results are depicted in figure 8-1.
Increasing the PA amount present in the cathodic catalyst layer, as shown in figure 8-1,
results in decrease of the overall fuel cell’s performance. This is to be expected, as
excessive PA amount in the cathodic electrode, floods the pores of the catalyst layer,
increasing the mass transport resistance due to low solubility of oxygen and its slow
diffusion in phosphoric acid [27]. Nonetheless the observed voltage loss depends on the
catalyst type. The MEAs employing the commercial catalyst 30wt%Pt/C, exhibit a gradual
voltage loss as the ionic carrier amount was increased in the electrode, whereas for the case
of the 30wt%Pt/oxMWCNT-Py, up to 4gPA/gPt, no significant voltage loss was observed.
Comparing the performance between the two electrocatalysts for the same PA content, the
30wt%Pt/oxMWCNT-Py exhibits smaller voltage losses, under the same experimental
conditions.The latter is clearly depicted in figure 8-2, where the acquired voltage, IR drop
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Figure 8-1. The effect of PA amount imbedded in the cathodic electrode, on the overall
fuel cell’s performance. The polarzation curves, IR drop corrected, were obtained at 180°C
and gas stoichiometry of 1.2 and 2 of pure Hz and O», respectively. The PA amount varied
between 2 and 8 gPA/gPt. a. MEAs 2,9-12 employing 30wt% Pt/oxMWCNT-Py and b.
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corrected, is plotted versus the PA amount in the catalyst layer for specific current
densities.When phosphoric acid is exposed to elevated temperature two simultaneous
phenomena are initiated: dehydration due to elevated temperature and formation of
pyrophosphoric acid, and hydrolysis of the later from the produced water, as a result of its
hydroscopic nature. The water uptake of the phosphoric acid, depends on the water’s partial
pressure [28,29]. Both phenomena can influence the ionic conductive pathway in the CL
and thus the cathodic electrode’s performance. During normal fuel cell operation, the
distributed PA within the catalytic layer is being hydrated by the produced steam. It can be
assumed that upon water solvation the hydrated PA swells. This may cause ganglia
formation inside the pores’ channels, blockage of the pores and the disruption of the
distributed PA thin film, thus resulting into the shrinkage of the electrochemical interphase
as well as additional gas transport limitations besides the ones originating from low
solubility of oxygen and slow diffusion in phosphoric acid. In the case of low PA loadings
we may consider that the thinner distribution of the PA film does not swell to such degree
so as to result in the ganglia formation and the blockage of the pore channels or the
disruption of the ionic pathway. The presence of pyridine groups in the catalyst layer,
homogeneously distributes PA and stabilizes it inside the catalyst layer, reducing the
ganglia formation. Thus the thin film of PA swells by the produced water without severe
disruption of the proton conduction pathway and blockage of the pores, due to positive
effect of pyridine—phosphoric acid interaction. The created well extended 3D ionic network
of PA minimizes the local flooding of the pores in the electrodes facilitating the mass
transport in the catalyst layer.

In order to further support the above, Nyquist and Bode plots were acquired from the above
MEAs, under the same experimental conditions, at a current density of 0.2A/cm?. Figure
8-3 and 8-4 shows the change in the polarization resistance with respect to the PA amount
in the catalyst layer, for both electrocatalysts. Two arcs are observed at the Nyquist plot
for high and intermediate frequencies, fig 8-3a and 8-4a. The first one, which appears at
high frequencies corresponds to the impedance of the H, oxidation reaction at the anode
side [30,31], as also shown in chapter 5. Although, other claim that the high frequency arc
is related to the proton conduction in the catalyst layer [32]. Whereas for the second arc,
appearing in the intermediate frequency, the general consensus is that it originates from
activation losses and from dominated cathode effects. Some research groups claim that it
originates from the combination of anode and cathode activation [33,34]. Whereas in the
low frequency range, two different contributions are observed, related to the PA amount
present in the CL. The Nernst impedance (finite diffusion) as an additional loop (figure 8-
4a for 2gPA/gPt), and the Warburg impedance (infinite diffusion) as a straight line with a
slope of 1 (real part = imaginary part).
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Figure 8-3. The effect of the PA amount imbedded in the cathodic catalyst layer on the
charge transfer resistance a. Nyquist and b. bode plots. The data were obtained at 180°C
and at a gas stoichiometry of 1.2 and 2 of pure Hz and O», respectively. The current was
set at 0.2A/cm®. The MEAs (2,9-12) employing 30wt% Pt/oxMWCNT-Py MEA. The Pt
loading was similar for all MEAs, whereas the amount of PA was altered from 2 to 8
gPA/gPt.
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Figure 8-4. The effect of the PA amount imbedded in the cathodic catalyst layer on the
charge transfer resistance a. Nyquist and b. bode plots. The data were obtained at 180°C
and at a gas stoichiometry of 1.2 and 2 of pure H> and O, respectively. The current was
set at 0.2A/cm?. The MEAs (17-20) employed 30wt% Pt/C. The Pt loading was similar
for all MEAs, whereas the amount of PA was altered from 2 to 8 gPA/gPt.
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In the Bode diagram due to the logarithmic scale of the impedance the difference of the
two kinds of diffusion cannot be discerned so clearly (fig 8-3b and 8-4b). Taking into
consideration the thin film flooded agglomerate model, two types of diffusion take place in
the CL [35]: agglomerate diffusion, related to the diffusion of the reactants through the
open pores of the agglomerate spaces; and thin-film diffusion within the flooded pores
(filled with the electrolyte). These two processes are believed to be affected by the H3;PO4
amount imbedded in the CL and its distribution and are reflected under low gas
stoichiometry through the potential drop, as well as through the AC impedance
characteristics at the low frequency range. The acid doping level or acid film thickness over
the catalyst site plays an important role in the overall performance. Increasing PA film
thickness would lead to better proton conductivity as the volume fraction of the acid in the
catalyst layer would increase. On the other hand, increasing thickness will lead to a smaller
oxygen flux across the thin film, which will impose further mass transport limitations, as
defined from Fick’s law.

For both electrocatalysts, high PA amount in the cathodic catalyst layer, resulted in the
increase of mass transport limitations leading to an increase of the cathodic polarization
resistance and the appearance of a finite or infinite diffusion element. The minimum
polarization resistance of the cathodic electrode was achieved for 2-3gPA/gPt, which
means that the oxygen reduction reaction was carried out under the optimum kinetic and
mass transport conditions. More specifically, for the case of 30wt% Pt/C and for 2gPA/gPt,
the electrode presents a finite diffusion element, which turns to an infinite diffusion
element as the PA amount increases in the CL. For the case of the catalyst layer employing
30wt%Pt/oxMWCNT-Py, the infinite diffusion element is only present at higher PA
loadings. In addition, the polarization resistance of the latter is slightly influenced by the
PA amount up to 5gPA/gPt, as opposed to the 30w% Pt/C catalyst layer (fig. 8-3a and 8-
4a). This is a clear indication of the homogeneous PA distribution, due to the presence of
pyridine groups in the catalyst layer, which minimizes the mass transport limitations.

When the performance of the fuel cell exhibits a substantial increase as the gas
stoichiometry increases, especially at the cathodic electrode, it indicates mass transport
limitation [36]. Therefore to shed more light into the matter, the gas stoichiometry was
increased by supplying the anodic and cathodic compartment with a gas flow of 200cc/min
H; and O respectively, corresponding to a nominal current value of 6.6 A/cm?. As shown
in figure 8-5, a substantial improvement in the performance was observed when the
volumetric flow is increased, as compared to the results depicted in figure 8-1 under normal
fuel cell operation (gas stoichiometry of 1.2 and 2 of pure H> and O respectively). Under
this high stoichiometry, the MEAs employing 30% Pt/oxMWCNT-Py exhibit similar
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performance, regardless of the PA amount in the cathodic catalyst layer, as expected. The
same behavior was observed for the MEAs employing 30wt%Pt/C.
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Figure 8-5 Polarization curves, IR drop corrected, at 180°C of MEAs 2 and 9-12,
employing 30wt% Pt/oxMWCNT-Py with different amount of sprayed PA at the cathodic
electrode (2 to 8gPA/gPt) under high H> and O> flows (200 cc/min respectively).

As shown from comparison of figure 8-4 and 8-5, the gas stoichiometry has a larger effect
on the fuel cell’s performance for high PA loadings in the catalyst layer. A small increase
on the fuel cell’s performance when increasing the gas stoichiometry is expected as the
partial pressure of O is higher along the channel and at the exit of the fuel cell.
Nonetheless, a performance increase above 50mV suggests mass transport limitation at the
cathodic electrode due to excessive PA. Due to water production at the cathodic electrode
PA upon hydration swells, causing blockage of the pores. The PA’s water uptake largely
depends on the water’s partial pressure. Therefore, as the gas stoichiometry increases the
water partial pressure at the cathodic electrode significantly decreases, shifting the
equilibrium towards the formation of dehydrated PA, which results in shrinkage of the PA
thin film, increasing the free volume of the catalyst layer’s pores. Electrochemical
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Impedance spectra were acquired at the above high volumetric flows and at current density
of 0.2A/cm?, the results are summarized in figure 8-6. The cathode and anode
stoichiometry has a clear impact on the polarization resistance (Rp) but also on the proton
conduction resistance, Rel. The ohmic resistance, which is the sum of membrane
resistance, the ohmic resistance of the electrodes as well as contact resistances [37], shifts
to higher values when the volumetric flow is shifted from Anx=2 and Ao2=2 to An2=33.3 and
L02=66.6 for 0.2A/cm?. This is to be expected as the ohmic resistance of a fuel cell depends
on the applied current density, the gas flow and the operating temperature [38].

Reduction of the flow rate, especially of the cathodic compartment, results in higher
proton/membrane conductivity due to changes in the water molar fraction. As O2
volumetric flow increases the water molar fraction decreases in the fuel cell, resulting in a
shift of the reaction equilibrium towards the formation of pyrophosphoric acid, as also
mentioned in detail in chapter 5. This causes a decrease in the proton conductivity of the
MEA and the catalytic activity. The latter is more enhanced as the PA amount decreases in
the catalyst layer, figure 8-6.

When the cell is supplied with a sufficient flow of reactants the gas transfer resistance
becomes negligible or at least constant if the flow remains unchanged. No contribution of
either Nernst or Warburg diffusion is observed. The elimination of the low frequency
component is believed to be due to the mass flow being forced through the GDL by
convection, as the pressure drop is higher along the flow channels, as opposed to the case
of low stoichiometry, AO2=2, The later depends on the GDL structure and the flow field
geometry [39 ,40 ]. As well as due to the higher free volume in the porous structure of the
electrodes due to dehydration of the PA and shrinkage of the PA thin film.

The polarization resistance of the cathodic electrode was calculated, after fitting of the
Impedance data, using the appropriate equivalent circuit and the Autolab software. The
polarization resistance’s value were found to be similar regardless of the PA imbedded in
the catalyst layer at the above conditions. The cathodic polarization resistance were found
to be in the range of 216 mOhm*cm?2 and 204 mOhm*cm?2. .
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Figure 8-6 a. Nyquist and b. bode plots of MEA — employing 30wt% Pt/oxMWCNT-Py.
The data were obtained at 0.2A/cm? and at 180°C under constant high gas flow of pure Ha
and O (200cc/min respectively). The Pt loading was similar for all MEAs (2, 9-12),
whereas the amount of PA was altered from 2 to 8 gPA/gPt.
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8.3.2 Influence of PA amount on the ECSA

Determination of the ECSA of the cathodic catalyst layers employing 30wt%
Pt/oxMWCNT-Py and 30wt% Pt/C with respect to the PA loading was performed via CO
stripping voltammetry. The results are depicted in figure 8-7a. It is clear that the catalyst
bearing pyridine groups exhibits higher ECSA values compared to the commercial catalyst.
The ECSA is found to be independent of the PA amount in the CL for values higher than
3gPA/gPt for the case of the 30wt%Pt/oxMWCNT-Py, as opposed for the case of
30wt%Pt/C, where there is a linear reliance between the PA amount present in the CL. The
values of the measured ECSA were lower than expected in both cases, especially for low
PA loadings. The cathodic catalyst layer’s ECSA was found to be between 17 and 30
m?Pt/gPt for the 30wt%Pt/C and 27 to 35 m?Pt/gPt for the case of 30wt%Pt/oxMWCNT-
Py.

As mentioned in chapter 5, the ECSA for both electrocatalysts, 30wt%Pt/C and
30wt%Pt/oxMWCNT-Py, when used at the anodic electrode had values of 35 and 40
m?Pt/gPt for PA loading of 2gPA/gPt, respectively. This values are higher than the one
obtained when used at the cathodic electrode for the same PA loading, 2gPA/gPt, especially
for the case of 30wt%Pt/C. More specifically for 2gPA/gPt when 30wt%Pt/C is used at the
cathode has a ECSA value of 17m?Pt/gPt as opposed to 35m?Pt/gPt when used at the anode.
One could claim that the later could be a difference in the Pt particle size, which would
influence the available Pt surface. Table 8-2 summarizes the Pt average size of both
electrocatalyst after the activation of the fuel cell when employed either at the cathode or
the anode. Interestingly the Pt particle size for both electrocatalyst is higher after the
activation process at the anodic electrode, compared to the cathode. Therefore, based on
the latter, the ECSA of the cathodic electrode should be higher than the anodic electrodes,
since the Pt particle is smaller compared to the anode’s after the activation period. Although
this was not the case, as the electrochemical active surface area is higher for the case of the
anodic electrode. This suggest that the lower ECSA values obtained from the cathodic
electrode are linked to the distribution of the PA and the three phase boundary length.

Table 8-2. The average Pt particle size of the 30wt%Pt/oxMWCNT-Py and 30wt%Pt/C
when employed at the anode and cathode. The measurement of the Pt sizes were conducted
after the activation period.

Operation condition Pt average particle size  (nm)
30%Pt/ox. MWCNT-Py  30%Pt/C

Cathode 4.2 3.8
Anode 5.6 4.1
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Figure 8-7. ECSA as measured via CO stripping, with respect to the PA amount in
the CL a. after the activation of MEA employing 30wt%Pt/oxMWCNT-Py and
30wt%Pt/C. b. before and after activation for MEAs employing 30wt%Pt/C
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To shed more light into the matter, the ECSA of the cathodic electrode was evaluated
before and after the activation of the MEA. The MEAs that were used had the same Pt
loading employing 30wt%Pt/C, 1.55mgPt/cm?, while the PA loading varied from
2gPA/gPt to 8gPA/gPt. The results are shown in figure 8-7b. The ECSA before activation
of the MEA for all cases was higher by approximately 9m?/gPt compared to after the
activation. The latter is in contrast to the literature, as after the activation due to the
redistribution of PA the ECSA is higher. Lobato et al. using a PBI based fuel cell, studied
the influence of the ionomer/H3PO4 to the electrochemical interface of both the anode and
the cathode. They report values of ECSA as high as 50m?Pt/gPt for an ionomer to carbon
ration between the range of 8 and 20 at the cathodic electrode [41]. This values are
significantly higher than in our case for both electrocatalysts. The deviation from the
reported values of ECSA as well as the reduction of the ECSA after activation, is due to
the lack of binder in our catalyst layer, which cannot retain the free PA at the
electrochemical interface. During the activation period, as water is being produced at the
cathodic compartment, PA is being hydrated and displaced from the electrochemical
interface. Similar mechanism was reported in chapter 6, when the supplied gas feed was
humidified, and lead to the displacement of the PA form the electrochemical interface of
the anodic electrdoe. As a result the electrochemical interface (EI) shrinks. Therefore when
the PA increases in the cathodic catalyst layer, due to the increase in the available ionic
carrier despite the shrinkage of the EI, the measured ECSA is higher. The fact that the
30wt%Pt/oxMWCNT-Py catalyst exhibits higher ECSA values is simply because the
displacement is being minimized due to the presence of pyridine groups, which act as a
binder.

8.3.2 Catalyst loading effect on MEA performance

High temperature PEM fuel cell using phosphoric acid imbibed polymer electrolyte require
higher catalyst loading compared to the perfluorosulfonic-acid-type membrane based PEM
fuel cell. Besides low solubility of oxygen and slow diffusion in phosphoric acid,
phosphoric acid adsorbs and poisons the Pt surface. The latter is responsible for the higher
demand in Pt loading, compared to the Nafion based fuel cells. It has been reported that
PBI based fuel cell are able to operate without significant loss in their performance utilizing
Pt loading as low as 0.6mgPt/cm2 for the cathodic electrode, for specific PBI loading in
the CL [18,19]. The effect of the Pt loading on the fuel cell’s performance is widely
reported.
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In the present study, the cathodic performance was investigated with respect to the noble
metal loading for the newly synthesized catalyst 30wt%Pt/oxMWCNT-Py as well as for
the commercial catalyst 30wt%Pt/C. The noble metal loading varied from approximately
0.4mgPt/cm2 to 2.2mgPt/cm? whereas the amount of PA sprayed on the cathodic electrode
was kept constant for all cases at 2gPA/gPt. Polarization curves were obtained at 180°C
under pure Hz and O flow (Au2=1.2 and Ap2=2) and were IR drop corrected. The results
are depicted in figure 8-8a. As shown in figure 8-8a, increasing the Pt loading of the catalyst
layer did not improve the oxygen reduction reaction or the cell performance for noble metal
loadings higher than 1.3mgPt/cm?. This is attributed to the reduction of gas permeability
of the catalytic layer, due to excessive thickness of catalyst layer. Carbon materials which
have filamentous morphology, like carbon nanotubes and carbon nanofibers, exhibit
increased porosity compared to conventional carbon blacks when used for the construction
of electrodes [42,43]. However, despite the high porosity of the catalyst layer, at high
catalyst loading the catalyst layer is so thick as to cause significant mass transfer limitation
[44]. In our case, the higher performance was achieved for Pt loadings between 0.7 and 1.3
mgPt/cm?. That was not the case for the commercial catalyst. On the contrary, the
performance was enhanced as the noble metal loading increased without exhibiting any
restrictions concerning gas diffusion limitations through the CL. As depicted in figure 8-
8a, the commercial 30wt% Pt/C with 2.2mgPt/cm? exhibits higher performance under the
same conditions as compared to the 30wt%Pt/oxMWCNT-Py.

Although, excessive platinum does not always imply effective use of Pt-catalyst. C.Wannec
et al. [45] using a AB-PBI based PEM fuel cell did not observe any significant
improvement/ difference in the fuel cells performance for Pt loadings above 0.6mgPt/cm?,
whereas lower Pt loading performed less satisfactory. Although when the PA loading was
increased to 3gPA/gPt, the performance of the cathodic electrode improved significantly
even for low Pt loadings and did not exhibit major differences in the fuel cell performance
with respect to the noble metal loading, figure 8-8b. Therefore, based on the results from
figure 8-1 and 8-8b, the PA loading was set at 3gPA/gPt as a benchmark, for low Pt
loadings for the 30wt%Pt/oxMWCNT-Py.
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Figure 8-8. The effect of the Pt loading of the cathodic electrode on the MEA’s
performance. Polarization curves, IR drop corrected, at 180°C of MEAs employing 30wt%
Pt/oxMWCNT-Py. The gas stoichiometry was 1.2 and 2 for pure Hz and O3, respectively.
The Pt loading varied between 0.43 and 2.2mgPt/cm? and the PA loading was a. 2gPA/gPt
(MEA 1-4) and b. 3gPA/gPt (MEA 6,8 and 9). For comparison reasons MEA 16,
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Figure 8-9. The effect of low Pt loadings cathode on the fuel cell’s performance.
Polarization curves, IR drop corrected, at 180°C of MEAs employing 30wt%
Pt/oxMWCNT-Py and 30wt% Pt/C . The gas stoichiometry was 1.2 and 2 for pure H> and
O», respectively. The PA amount imbedded in the cathodic catalyst layer was 3gPA/gPt
and 2gPA/gPt for the 30wtPt/oxMWCNT-py and 30wt%Pt/C, respectively. a. MEA:,8, 14

and 15 and b. MEA: 5,7,13 and 14
234

Department of Chemical Engineering, University of Patras



Alin Orfanidi, PhD Dissertation, Patra Greece

Since the goal is the operation of a fuel cell with the lowest possible Pt content in the
cathodic catalyst layer, the performance between the two electrocatalysts was compared
and is depicted in figure 8-9. The optimum PA amount imbedded in the cathodic catalyst
layer for each electrocatalyst was chosen according to the above results. For the case of
30wt%Pt/oxMWCNT-Py the PA loading was set at 3gPA/gPt whereas for the case of
30wt%Pt/C 2gPA/gPt. As in figure 8-9, the MEA employing 30%Pt/oxMWCNT-Py
exhibited the same performance with half the noble metal loading of the MEA 15
employing the commercial catalyst 30wt%Pt/C. Reduction of the Pt loading of the
commercial electrocatalyst in the cathodic electrode, to similar values as the one for
30wt%Pt/oxMWCNT-Py, results in significant voltage loss. It is clear from figure 8-9a,
that the functionalized carbon nanotube based electrocatalyst exhibits higher performance
under the same experimental conditions for low Pt loadings. The latter is attributed to the
presence of pyridine groups which increased the ionic pathway through the catalyst layer,
thus increasing the three phase boundary. Further reduction of the noble metal loading
below 0.7mgPt/cm® resulted in a diminution of the cell’s performance for both
electrocatalyst, 30% Pt/C and 30% Pt/oxMWCNT-Py (figure 8-9b). Nonetheless, the
catalyst bearing pyridine groups exhibits higher performance.

8.3.4 Kinetics of Oz reduction reaction

In this section the dependence of the reaction kinetics on the partial pressure of O; is shown
for both electrocatlaysts, using polarization and Impedance spectroscopy data. Initially the
kinetic of O reduction was evaluated by AC impedance spectra, which were recorded at
the same current density for MEA 15 employing 30wt%Pt/C (Figure 8-10) and MEA 9
employing 30wt%Pt/oxMWCNT-Py (figure 8-11). The spectra were recorded at high
excess of the reacting gasses to ensure their uniform partial pressure distribution over the
electrode’s surface. The monitoring of the spectra at the same current density allows for
the isolation of the effect of the partial pressure of O> on certain features of the AC spectra
that characterize the response of the cathode’s electrokinetic behavior. In this respect
anode remains unaffected. As mentioned in chapter 5 and 6, it was clear that the change in
partial pressure of H> resulted in the variation of the polarization resistance of high
frequency arc and was definitely attributed to the anode. On the contrary variation of the
oxygen partial pressure did not result in any significant change in the polarization
resistance of the medium/low frequency arc, which corresponds to the polarization
resistance of the cathodic electrode, as clearly shown in figure 8-10 and 8-11. Equation 8-
3, which is derived from the Tafel equation, relates the polarization resistance R, of the EI
with the applied current I and the transfer coefficient a or otherwise the Tafel slope aF/RT,
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__1RT
P jaF

(8-3)

The charge transfer coefficient, with respect to the partial pressure of Oz, was calculated
using equation 8-3 and after deconvolution and fitting of the AC impedance spectra with
the appropriate equivalent circuit, in order to acquire the Rp polarization resistance of the
cathodic electrode for both MEAs. The as calculated transfer coefficient values are
summarized in table 8-3, where both electrocatalysts exhibited similar values. Although it
has to be mentioned that at 20kPa O> for both cases the transfer coefficient values were
deviating from the other average values acquired for higher partial pressures of O». This is
attributed mainly to the contribution of the mass transport resistance at such low
concentrations of Oz to the overall polarization resistance of the cathodic electrode. Since
the polarization resistance remains unaffected by the O; partial pressure under constant
current density, according to eq. 8-3 the transfer coefficient o remains constant. It is widely
known that the transfer coefficient depends on the reaction mechanism and the limiting
step of the electrocatalytic process [46]. Therefore, in the present case it indicates that the
reaction kinetics of ORR does not change with respect to the O partial pressure. Also since
similar values were acquired for the case of 30wt%Pt/oxMWCNT-Py, it is clear that the
presence of pyridine groups did not affect the electrochemical reactions steps.

Table 8-3. The as calculated Tafel slopes, exchange current densities and charge transfer
resistance from MEA 9 and MEA 15 with respect to the partial pressure of O».

kPao» Tafel slope 10 Charge transfer Charge transfer
mV/dec A/m?p, coefficient from Tafel from AC

MEA 9

100 102.2 0.0216 0.880 0.916

80 103.1 0.0170 0.873 0.864

60 100.7 0.0117 0.893 0.852

40 103.9 0.0097 0.865 0.849

20 103.8 0.0092 0.854 0.713
MEA 15

100 99.67 0.0159 0.902 0.927

80 104.4 0.0147 0.861 0.878

60 103.3 0.0128 0.870 0.864

40 103.1 0.0114 0.872 0.858

20 107.1 0.0124 0.839 0.786
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The effect of the PA distribution in the CL and the catalyst substrate on the reaction kinetic
mechanism (Tafel slope and transfer coefficient) was also evaluated for the oxMWCNT-
Py based catalyst and compared with the 30wt%Pt/C using equation 8-4. The Tafel slopes
were estimated by fitting the experimental data (figure 8-12)—polarization curves with the
equation, from the region governed by the kinetic of the ORR :

E=Eo+a -blogi-RI (8-4)

where E is the cell voltage, Eo is the open circuit voltage, b is the Tafel slope, and R
accounts for the ohmic resistance, the polarization resistance of the hydrogen oxidation,
and mass transfer limitation both in the electrode and in the gas diffusion layer. The results
are summarized in table 8-3.

It is clear from table 8-3, that the transfer coefficient are similar in values for both
electrocatalyst. Also the values are in good agreement with the ones derived from the AC
impedance measurements. In all the cases the Tafel slope were in the range of 100-
107mV/dec .This shows that the H3;PO4 distribution and the presence of pyridine groups in
the electrode structure does not change the kinetic of the ORR. The Tafel slopes values
were in accordance to values reported in the literature [18].
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Figure 8-10 The effect of O, partial pressure on the polarization resistance of the cathodic
electrode of MEA 15. AC impedance spectra obtained at a current of 0.2A/cm? at 180°C,
under various partial pressure of O balanced with Ar. The anodic electrode was fed with
redundant H» flow. a. Nyquist plots and b. corresponding Bode plots
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Figure 8-11. The effect of O, partial pressure on the polarization resistance of the cathodic
electrode of MEA 9. AC impedance spectra obtained at a current of 0.2A/cm? at 180°C,
under various partial pressure of O balanced with Ar. The anodic electrode was fed with
redundant H; flow. a. Nyquist plots and b. corresponding Bode plots
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Figure 8-12. The effect of the catalyst support and the PA distribution on the Tafel slopes
under various O; partial pressures. The measurements were conducted under 200cc/min of
pure H> and O: balanced with Ar, respectively, at 180°C : a. MEA 9 employing
30wt%Pt/ox. MWCNT-Py and b. MEA 15 employing 30wt%Pt/C .
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8.3.5 XPS post mortem analysis

Pyridine groups are an essential part of the newly synthesized catalyst, as they interact with
the free phosphoric acid, homogeneously distributing it in the catalyst layer. Although
thermogravimetric analysis showed that the pyridine groups are thermally stable below
200°C under air [47], due to the harsh operating conditions of a HT -PEM fuel cell it was
necessary to investigate the stability of the pyridine groups after various operation periods.
For that reason, MEAs were formulated with the same specifications. The cathodic
electrode, which employed 30%Pt/oxMWCNT-Py, had a Pt loading of approximately
ImgPt/cm? and an acid loading of 4 gPA/gPt. The acid loading was chosen to be higher
than the optimum (3gPA/gPt) in order to add further stress on the cathodic electrode during
operation.

The MEAs were left at 180°C and operated for various periods (24 hours to 6 days) at a
constant current density of 0.2 A/cm? using pure H» and O (gas stoichiometry An=1.2 and
A02=2). Moreover, an amount of the catalyst powder was placed in a furnace at 180°C and
left under air atmosphere for almost 24 hours and an MEA was left at OCP conditions at
180°C for 24h. Thereafter, the MWCNT based catalyst was characterized using X-ray
photoelectron spectroscopy in order to determine and verify the functionalization degree
of the carbon nanotube based catalyst.

Table 8-4. N/Pt atomic ratio after certain operation time of the cathodic electrode of an
MEA employing 30wt% Pt/(ox. MWCNT)-Py.

Operations Conditions N/Pt atomic ratio
Oven at 180C 0.325
OCV for 24 h 0.230
0.2A/cm? for 24 h 0.220
0.2A/cm?2for 50 h 0.253
0.2A/cm? for 6 days 0.179
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Table 8-4 depicts the results of the XPS characterization. Due to the structure of the
electrode, after fuel cell operation, it is very difficult to scratch off the catalytic layer
without any trace of the gas diffusion layer. Therefore, the functionalization degree of the
carbon nanotube could not be estimated through the atomic ratio of N/C. For that reason it
was considered more appropriate to use the atomic ratio of N/Pt. Also one has to take into
consideration that XPS is a surface sensitive technique and that any changes on the Pt
particle size on the catalyst would influence and change the atomic ratio of N/Pt. Therefore
only an estimation concerning the pyridine groups’ stability can be made. From the results
shown in table 8-4, it seems that the pyridine groups are stable for at least short term fuel
cell operation.

8.3.6 Investigation of Pt particle size and distribution via TEM Imaging after short
term operation

The reduction of the electrochemical active surface area during operation of a PEM fuel
cell is attributed to several factors, such as Pt sintering/agglomeration or Pt migration and
loss. In order to investigate the stability of the newly synthesized electrocatalyst, after short
term operation, used membrane electrode assemblies (MEA) were analyzed using
transmission electron microscopy (TEM).

MEAs were left to operate for various periods at 180°C at constant current density of 0.2
A/cm? using pure Hz and O (gas stoichiometry Amo=1.2 and A02=2). The same MEAs as
the one mentioned in section 8.3.4, were used for the determination of the Pt particle size
with respect to operation time. For comparison reasons the same experiments were
performed for MEAs employing at the cathodic electrode 30wt%Pt/C, which had the same
specifications as the ones employing 30wt% Pt/oxMWCNT-Py. Moreover, an amount of
each catalyst powder was placed in a furnace at 180°C and left under air atmosphere for
almost 24 hours and an MEA was left at OCP conditions at 180°C for 24h. The results are
summarized in table 8-5.

The as synthesized 30wt% Pt/oxMWNT-Py electrocatalyst has an average Pt particle size
of 3.2nm, whereas the as received 30wt% Pt/C 2.9 nm. As shown in table 8-5, the
30wt%Pt/oxMWCNT-Py catalyst when left in an oven at 180°C under constant air flow
appears with an average diameter 3.7nm, similar values were obtained for the case of
30wt% Pt/C. Whereas, it is clearly shown that after 144 hours of constant operation at
0.2A/cm?, the 30%Pt/ox. MWCNT-Py electrocatalyst undergoes the similar Pt particle
growth as the commercial electrocatalyst. These results are encouraging since at least for
short term operation the newly synthesized electrocatalyst exhibits the same stability as the
commercial catalyst. In addition in both cases the Pt particle size distribution was not
severely affected, as shown in figure 8-13.
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Figure 8-13. TEM micrographs after 144 hours of continuous operation of cathodic
electrode employing a. 30wt% Pt/C and b. 30% Pt/oxMWCNT-Py. The Pt particle size
distribution is included as an inset.

Table 8-5. Pt particle size average diameter (nm) with respect to operation time as
estimated by TEM imaging for cathodic electrodes employing 30wt% Pt/ox. MWCNT-Py
and 30wt%Pt/C.

Operation conditions Pt average particle size  (nm)
30%Pt/ox. MWCNT-Py  30%Pt/C

Oven at 180C for 24 h 3.7 35
OCYV for 24h 4.2 N/A
0.2A/cm?, 24 hours 3.8 3.5
0.2A/cm?, 50 hours 42 3.8
0.2A/cm?, 144 hours 4.3 4.0
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8.4 Conclusions

The catalyst efficiency largely depends on the catalyst morphology and its interface with
the proton conductor, thus this study opens new roads towards the creation of high
efficiency catalyst layer employing very low Pt loadings. The newly synthesized
electrocatalyst 30wt% Pt/oxMWCNT-Py was evaluated as a cathodic electrocatalyst in

HTPEM fuel cell. The presence of pyridine groups was found to homogeneously distribute
PA in the catalyst layer minimizing the blockage of the pores of the catalyst layer as well
as increase the three phase boundary. As a result the MEA employing 30wt% Pt
oxMWCNT-Py showed the same performance as the 30%Pt/C for half the Pt loading.
Despite the hard operating conditions the Pt particles attached to the ox. MWCNT-Py
substrate exhibit the same stability as the commercial catalyst and the pyridine groups were
found to be stable, at least for short term operation.

The advantage of this approach towards the increase of catalyst utilization lies in the lack
of need for the use of a polymer-binder inside the catalytic layer, thus avoiding problems
of inhomogeneous binder distribution and/or electronic insulation of catalyst nanoparticles.
Using this newly synthesized electrocatalyst opens the possibility of significant reduction
of the amount of Pt in the cathodic electrodes without sacrificing the performance and
stability of the fuel cell.
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Chapter 9

Summary and Future Work

9.1 Summary

The scope of this thesis is to understand and improve the electrochemical interface of
HTPEM fuel cells and to optimize the catalyst layer structure in order to achieve higher
efficiency. For that reason the effect of the PA amount in the catalyst layer and the effect
of the catalyst’s substrate on the fuel cell’s performance were investigated.

Although PA is an essential part of the catalyst layer structure, it causes limitations on the
cathodic electrode’s performance, which has been thoroughly discussed and reported in the
literature. For the first time, the poisoning effect of PA on the anodic electrode was
investigated during this thesis. It was observed that the reversible performance loss of the
anodic electrode was a function of the PA amount in the catalyst layer. More specifically,
under low PA loading (<3 gPA/gPt) on the anodic electrode, < 10% of the Pt active surface
is electrochemically active under fuel cell operating conditions. This was attributed to the
blockage of the Pt surface by pyrophosphoric acid or poly-phosphates, H> reduced
polyphosphoric acid species and the shrinkage of the interface due to the displacement of
the H3PO4 by the adsorbed H> species. The results are dramatically different for high PA
loadings, where it was found that the Pt surface utilization was very high (>80 %) and has
been attributed to the enhanced degree of the hydration of the electrochemical interface
that accompanies the more uniform distribution of the H;PO4 within the catalytic layer.
The controlled and increased PA content within the catalytic layer can result even up to the
tenfold decrease in the Pt loading when the anode operates under H» rich conditions.
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The catalyst efficiency largely depends on the catalyst morphology and its interface with

the proton conductor. Thus a new catalyst support based on pyridine functionalized carbon
nanotubes was synthesized in order to increase the TPB and lower the Pt loading. The
newly synthesized electrocatalyst 30wt% Pt/oxMWCNT-Py was evaluated as an anodic
electrocatalyst in a HTPEM fuel cell. The presence of pyridine groups was found to
homogeneously distribute PA in the catalyst layer, resulting in high ECSA values,
40m?*/gPt (Chapter 5). As a result the MEA employing 30wt% Pt oxMWCNT-Py showed
the same performance as the 30%Pt/C (having 1.3mgPt/cm?), for Pt loading loadings as
low as 0.2mgPt/cm?. The performance of the anodic electrode was also found to be largely
depended on the PA amount imbedded in the CL, when low Pt loading were used. The
latter was an effect of the shrinkage of the ECSA as a result of the formation of PA
poisoning species, as also mentioned in the previous paragraph. Post mortem analysis of
the 30wt%Pt/oxMWCNT-Py catalyst, showed that despite the hard operating conditions
the Pt particles attached to the ox. MWCNT-Py substrate exhibit similar stability as the
commercial catalyst and the pyridine groups were found to be stable as well, at least for
short term operation.

Operating a fuel cell under pure H» ensures the anode’s optimum performance. However
the production of pure H» presents many difficulties, as opposed to a typical reformate
mixture rich in H». Typically, the composition of reformate gas is a mixture of
approximately 50-60% Hz, 1-2% CO, 10-15% CO: and 20-33% H>O. It is a real challenge
to be able to operate a fuel cell under reformate conditions. Since 30wt% Pt/oxMWCNT-
Py exhibited very promising results with respect to the high ECSA, its performance under
synthetic reformate gas was evaluated. The synthetic reformate gas that was used
comprised of 50.7kPa of H», 2 kPa of CO and 33.5kPa of H>O balanced with Ar. It was
found that the observed voltage loss, in this particular system, under synthetic reformate
gas rich in CO and steam, is attributed to a multistep process. The HOR is been constrained
by the remaining free Pt sites as a consequence of blockage due to CO, water and
phosphoric acid species adsorption on the Pt surface, as well as due to the shrinkage of the
El as a result of PA displacement from the reactions interphase. Additionally the formation
of ganglia in the CL pores, due to hydration and swelling of PA, creates mass transport
limitation hindering gas diffusivity. The amount and distribution of PA on the electrodes
plays a significant role in the formation and the structure of the EI. It appears that a rather
hydrophilic catalytic layer is important for the uniform distribution of PA on the
electrocatalytic surface and its stability under humidified conditions. The
30wt%Pt/oxMWCNT-Py electrocatalyst are ideal candidates for operation under those
harsh reformates conditions, as they exhibited smaller voltage losses and higher stability
under these conditions. The interaction of pyridine groups with phosphoric acid not only
promotes its uniform distribution on the CL but also stabilizes the EI under high partial
pressure of water, minimizing the ganglia formation. Additionally, the use of pyridine
functionalized MWCNT based electrocatalyst gives the opportunity of lowering the Pt
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loading in the electrodes without sacrificing the overall cell’s performance under reformate
conditions, thus reducing the MEA production cost.

Up to date, PEMFCs commercialization is still significantly restricted by its high noble
metal content and low cathode performance. The presence of PA possess limitations; slow
kinetic of the oxygen reduction reaction and reduced oxygen solubility in hot phosphoric
acid restricts the performance of the cathodic electrode. In an attempt to lower the Pt
loading at the cathodic electrode the newly synthesized -electrocatalyst 30wt%
Pt/oxMWCNT-Py was evaluated wit hrespect tot the PA loading and the Pt loading in the
catalyst layer. The presence of pyridine groups was found to homogeneously distribute PA
in the catalyst layer minimizing the blockage of the pores of the catalyst layer and increase
the three phase boundary. As a result the MEA employing 30wt% Pt oxXMWCNT-Py
showed the same performance as the 30%Pt/C for half the Pt loading. Despite the hard
operating conditions the Pt particles attached to the ox. MWCNT-Py substrate exhibit the
same stability as the commercial catalyst and the pyridine groups were found to be stable,
at least for short term operation at the cathodic electrode. It has to be mentioned that for
the determination of the ECSA CO stripping voltammetry based procedures were evaluated
and the optimum one was chosen for our system, in order to determine the ECSA of a
cathodic catalyst layer without severely affecting the Pt particle size distribution. It was
found that sequential CO adsorption until complete reduction of the Pt surface is the more
appropriate ECSA evaluation procedure causing the minimum damage to the Pt particle
size.

It is clear that the use of this newly synthesized electrocatalyts 30wt%Pt/oxMWCNT-Py ,
at both electrodes, has major advantages as it increase the catalyst utilization and there is
no need to use a polymer-binder inside the catalytic layer. Thus avoiding problems of
inhomogeneous binder distribution and/or electronic insulation of catalyst nanoparticles.
Using this newly synthesized electrocatalyst opens the possibility of significant reduction
of the amount of Pt on both anodic and cathodic electrodes, under various operation
conditions, without sacrificing the performance and stability of the fuel cell.

9.2 Proposal for future work

The results obtained from the newly synthesized electrocatalyst, 30wt% Pt/oxMWCNT-
Py, are very promising for future applications at both the anodic and cathodic electrode.
Optimizing the fabrication procedure of the catalyst layer, in order to increase the porosity
and the three-phase boundary, would be the next step. Decal CCM MEA fabrication
procedure is one of the most popular and industrially used procedures, giving high quality
catalyst coatings and reproducible fuel cell performances. Therefore, using the latter
method may lead to further reduction of the Pt loading of the CL, resulting in further
reduction of the production cost without sacrificing the fuel cell’s performance.Also, since
the pyridine groups are an essential part of the newly synthesized electrocatalyst, the effect
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of the functionalization degree on both the anode’s and cathode’s electrode performance
should also be investigated. The atomic ratio of pyridine to carbon, needs to be optimized,
as based on the results presented in this thesis, it is suspected to influences the overall fuel

cell performance.
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Appendix

Al. Activation process of TPS® based MEAs

A.1.1 Introduction

The activation period of a fuel cell is a specific period of fuel cell operation, during which
the cell’s performance is increased and stabilized. The break in period of the fuel cell is
critical before normal operation in order to obtain maximum performance and
reproducibility of results. The activation procedure and mechanism for the low temperature
fuel cell have been widely and fully studied [1-6], as opposed to high temperature fuel
cells. In Nafion-based fuel cells the activation mechanism has been identified as a two-step
procedure occurring simultaneously: hydration of the membrane during the first hours of
operation, which reaches equilibrium state resulting in an increase in the proton
conductivity [7] and activation of the sulfonic groups of the binder and the establishment
of ionic conductive pathway for the good migration of the hydrated protons [8]. To the
authors knowledge, there are limited published work concerning the activation protocols
and mechanisms of PBI based fuel cells. Thomas Tingelof et al. [8] investigated different
types of break-in procedures using PBI based fuel cells. They focused on methods that can
rapidly and reproducibly ensure stable cell behavior conserving the performance of the cell.
They found that galvanostatic operation clearly enhanced PBI fuel cell performance. More
specifically they proposed a galvanostatic operation for 24 hours at 2000C and then a 48
hour relaxation at 160°C. M. Boaventura et al. [9] reported also that galvanostatic
preconditioning of the MEA resulted in higher performance. They claimed that the catalyst
activity increased due to the migration of phosphoric acid from the membrane to the
catalyst layer, increasing the three-phase boundary, and by the removal of impurities from
catalyst or redistribution of electrolyte in the case of commercial MEA. Therefore,
depending on the activation procedure one may use, the required break in period vary [10].

The aim of this section is to present the activation process of a phosphoric acid doped
membrane based fuel cell, employing a TPS® type of membrane, for the reader’s
convenience.
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A.1.2 Results

All MEAs were activated under galvanostatic mode. Initially the cell’s temperature was
increased from room temperature to 100°C while Ar flushed both compartments.
Subsequently, the gases were switched to pure H» and air and the temperature was set at
140°C. Once the temperature was reached, a current of 0.2A/cm? was applied to the fuel
cell. The temperature was then set at 180°C. The break in period was found to be
approximately 48 hours. The polarization measurements were obtained under galvanostatic
mode during various interval time of the activation period. High flows were employed for
both compartments in order to minimize any mass transport resistances during the
polarization curves acquisition, 200cc/min of pure H» and O», which corresponds to a
nominal current density of 6.6A/cm?. All MEAs used during the fulfillment of this PhD
thesis, presented the exact same pattern during activation procedure. The results presented
in this section are a characteristic example, obtained from an MEA employing at both
electrodes 30wt%Pt/C and having a noble metal loading of 1.5mgPt/cm?.

As shown in figure A-1, the cell’s performance increases during the first hours of break in-
period. The performance in the ohmic region of the polarization curve exhibits a small
increase, whereas in the limiting current region shifts significantly to higher current
densities values during the activation period.

The open circuit is a thermodynamic parameter and it’s widely known that its value
depends on the concentration of the adsorbed species on the Pt surface and the operation
temperature of the fuel cell [11]. During the activation process, it was observed that the
open circuit potential increased, from an average value of 0.930-0.945V to 1.030V. The
increase of the OCP might be an indication of the desorbtion of impurities form the Pt
surface or reorganization of the PA species near the Pt interface.

The resistance of the proton conduction during the activation period was measured via AC
impedance and the values were obtained with respect to the applied current density, Figure
A-2. All electrochemical impedance spectroscopy measurements were conducted in
galvanostatic mode using a sinusoidal current wave with an amplitude of SmA/cm? while
sweeping the frequency from 50kHz up to 10mHz with a logarithmic distribution and 50
points. The measurements were conducted without interrupting the cell’s operation.
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Figure A-1. The effect of the activation time on the fuel cell’s performance. Polarization
curves were obtained at 1800C and constant flow of pureH2 and O2 (200cc/min). The

voltage values are IR drop corrected.
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Figure A-2. The change of the proton conduction resistance with respect to the applied

current density at various time during the activation period.
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In a typical Nyquist plot both real and imaginary components of the Impedance Z are
plotted. The intersept at high frequencies with the x axis —real component is considered to
be dominated by the ohmic resistance of the membrane/ proton conduction resistance and
the total electrical resistance. The total electric resistance which is included in the intersept
value is a combination of the resistanses of the bipolar plates, the graphine flow plates, the
gass diffusion layer, the electrolyte membrane and the contact resistances included in
between. Since the bipolar and graphite plates and the gas diffusion layers have a very high
electric conductivity, the high frequency resistance value comprises mainly the ionic
resistance.

As shown in figure A-2, during the activation process the membrane resistance is
decreasing as expected. At low current densities the resistance of the membrane is high due
to the low water production at the cathodic electrode and the high flow of the reactant
gasses, which is expected. As the current increases the membrane resistance decreases and
remains constant before reaching the limiting current region. At high current densities, at
the limiting current region, it was found that the resistance of the membrane is increasing
prior to activation.The increase in the Rel in the limiting region means that the proton
conduction mechanism is the one of the limiting steps in the performance of the cell. As
the activation continuous, the resistance of the membrane in the limiting current region
diminishes and stabilizes. During the activation procedure of very important step is the
hydration of the electrolyte. Although HTPEM fuel cell don’t require external hydration
during operation, it has been reported that the produced water from the cathode or even
external addition of water can increase the proton conduction of the electrolyte membrane.
This is to be expected, as the water hydrates the membrane, thus increasing the proton
conductivity. Water is reported to improve proton conductivity both in the membrane and
in the electrodes due to its effect on acid equilibrium [12-18].

The performance of the cell is increasing during the activation procedure and the measured
ohmic resistance is constantly decreasing as well. One cannot imply that this is a result of
water adsorption from the PA in the membrane or the CL as it was found from Daletou et
al. that a HsPO4 doped membrane reaches full hydration after 60 min [!°] . Nevertheless
the observed gain in the cell’s voltage cannot be explain solely by the gain in the decreased
resistance of the cell, as has been seen from the IR drop corrected IV plots. Based on the
above facts one cannot directly correlate the dramatic increase in the cell’s performance in
the limiting current region only to the decrease in the ionic resistance.
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Figure A-3. shows the results form Nyquist plots acquired during different operation hours
of the activation procedure form the above MEA. Two arcs are observed at the Nyquist
plot. The first one, which appears at high frequencies corresponds to the impedance of the
H2 oxidation reaction at the anode side [20,21] and as thoroughly discussed in chapter 5.
Although, other claims that the high frequency arc is related to the proton conduction in
the catalyst layer [22].Whereas for the second arc ,appearing in the intermediate and low
frequency, the general consensus is that it originates from activation losses and from
dominated cathode effects. Some research groups claim that it originates from the
combination of anode and cathode activation [23,24].
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Figure A-3. Impedance spectra acquired at different times of the activation period at
0.2A/cm? and 180°C. The total flow was kept constant at 200cc/min of pure H> and O-.

As also shown in figure A-3, the high frequency resistance decreases during the activation
procedure, whereas the total charge transfer resistance is kept constant.
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B1. Polarizations curves under different fuel compositions —supporting
information

The voltage loss of the anodic electrode under various fuel compositions, as described in
detail in chapter 6, were calculated using the following polarizations curves. The voltage
is IR drop corrected and the measurements were acquired under excess of reacting gasses
in order to minimize mass transport limitations. The polarization curves were acquired
under various fuel compositions and pure O flows (200cc/min respectively): Black square:
100kPa of H2, black circle: 50.7kPaH> balanced with Ar, open square: 50.7kPa H> and
2kPa CO balanced with Ar, and open circle: 50.7kPa H2, 2kPa CO and 33.5kPa H>O
balanced with Ar. The PA loading, Pt loading and catalyst type (MEA number) is being
mention in the inset of each graph.
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C1. HAEKTPOXHMIKOX XAPAKTHPIZEMOXZ KEAIQON KAYZIMOY
I[TOAYMEPIKHX MEMBPANHY2 YWYHAQN OEPMOKPAZXIQN

MNEPIAHYH

210 TAOIG10 NG TOPOVGAG SIOUKTOPIKNG SaTPIPg £yive oUVOEST) £VOG VEOL PBEATI®OUEVOL
nAektpokatolvtn Pty yprion o€ keEMA KOLGIHOL TOAVUEPIKNG UEUPPAVIG VYNADV
Bepurokpacidv (HTPEM), pe oxomd v ahENoT g NAEKTPOYNUKE EvePYOD EMPAVELNG
TOGO TOL OVOdIKOD 0G0 TOL K0B0O1KOD NAEKTPOSIoV. O KATAADTNG aLTOG omoTELEITAL QIO
30 % «.p. Pt og @opéa TPOTMOTMOMUEVOVG TOAV-QOAOLIKOVG VOVOCOANVES GvOpaka
(MWCNT). Ot vavoowAnveg avOpaka Tportomom|nkoy otadlokd, o€ Eva TpmTo Prina pe
opnades o&uydvou (0x.MWCNT) kot ot cuvéyetla pe opddeg mopdivng (0x. MWCNT-Py)
OV TPOCOPTHONKOV UEC®H OUOIOTOAIKADV SECUMY OTO EEMTEPIKO TOTYOUA TOVG, DGTE VO
emtevyfel opOOHOPPT KATOVOWUY TOVG OTO KOTOALTIKO oTpdpa. Emedn ot opddeg
mopdivng (Py) deopebovv 1o @ocpopikd 0o&H, T0 0moio ypNoLOTOLEiTAL MG 1OVTIKOG
aywyds, Onpovpyeitor £vog 10VTIKA oy®YLOS OpOHOG KOTA HKOG TOV KOTOAVTIKOD
OTPMUATOC, UE GLVOKOAOLON aENOT TNG NAEKTPOYNUIKA EVEPYOD EMLPAVELNG, 1| OTTOLN
EMETPEYE TN ONUAVTIKY peimon tng moocodttag Pt ota nAektpoddia, yopic peimon g
amod0oNg Kot oTafepdTNTOG TOL KEAOD Kowaipov. TTAeovEékTna avTG TG TPOGEYYIoNG
v ovénom g amddoong Tov niektpokataivn Pt givar To 6T amopevyeTon n ypnon evog
LOVOLLEPOVG OTO ECMTEPIKO TOV KOATOAVTIKOV GTPOUATOG KOl TO TPOPANUATO TOV
oyeTilovTat [LE TNV OVOLLO10YEVT] KOTOVOLLT TOV.

E&etdomkav eniong n enidpacn otnv amdO0G1 TOV avOIIKOD NAEKTPOSIOV TG TAPOVGING
CO ko1 VYMANG HEPKNG TTEOTG LOPATUOD GTNV TPOPOOOGIiN TNG 0VOOOV, GTN TEPIMTTMON)
¥pNoNG aepiov avapdpemong og Kavoipov. ['a diepedvnon tov punyovicpol avantuéng
VREPTAONG (EVEPYEWNKNG OMMAENG G OpPOLG OLVOUIKOV) OTN TEPIMTMON OLTH Kol
BedtioTomoinom g Asttovpyiog Tov KEAOD KOVGIHOV, TOPACKEVACTNKOV NAEKTPOOLO LLE
XPNON TPLOV SPOPETIK®OV KataAvtdv Pt, cuykekpipéva tov katorivtov 30% «.f. Pt/C,
30% x.B. /oxMWCNT kot 30wt%Pt/oxMWCNT-Py. Ta niektpddio avtd diépepay emiong
OGOV aPOopAd OTN TOCOHTNTO KOTOUAVTN OVA HOVAOX EMPAVELNG MAEKTPOOIOV Kol OTN
ToGOTNTA POoEOPKOD 0&€0¢ (PA) 010 KOTOALTIKO oTpdpe avd povada pudloc Pt (0.5
gPA/gPt kon 2 gPA/gPt). H avantuén véptaong otig avapepbeioeg cuvOnkeg Aettovpyiog
amododnke oe éva punyoviopd moAlmv otadiov, o omoiog Paciletor otn peiwon g
NAEKTPOYNUIKE EVEPYOD ETPAVELNG AOY® TNG EKTOTIONG TOL PMOCPOPIKOV 0EE0G OO TNV
NAEKTPOYNMUIKY] SIETIPAVELL.

[TapoTti 10 PoPop1Kd 0&D amoTeAEl WWAVIKO ay®YO 1OVI®V Y1l TO KEALH KOWGILOL DYNA®V
Bepurokpacidv tomov PEM, mapovcialel d1dpopovg meplopiopons, Onme 10 QOvVOUEVO
onAntpiaong Tov avodikod NAekTpodiov eEattiag Tov, T0 omoio emiong peAeTONKe 01N
dwTpiP] avtn. AlmioT®OnKe OTL 1 AVOSTPEYIUN ATMOAELN TNG OTOO0CNS TOL OVOSIKOD
nAektpodiov Nrav cuvdptnon e rocdTTag Tov H3PO4 670 KOTOAVTIKO GTPOLLOL.

EIZATQI'H
Méypt onuepa, m O140eon Yo €UmOPIK EKUETOAAELOT TOV KEAMDV KOLGIHLOL e
nAektpoAdtn moAvpepikr] pepPpavn (PEMFC) mapauéver mepropiopévn Adym g
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ATOLTOVUEVNC LEYAANG TocOTNTOG Pt 6TOr nAekTpdda, OV awEdvel TO KOGTOG TOVS, OAAYL
KoL TNG YOUNANG amdooomg TG kabodov. X10yog eivan ) peimon tov kdéstovg twv PEMFC,
péom g Pertiotomoinong g KUETAAAEVSIUOTNTAG TOL NAEKTPpOKaTAAVT Pt oAAd Ko
™m¢ avénong g otabepotntag kot Tov ypdvov (wng tov. To evdlapépov TOAA®V
EPELVNTIKOV opddwV €xel otpagel otov oyedoud kot v Pertiotomoinon ToV
NAEKTPOKATOAVTIKOV CTPOUAT®V, UE GKOTO TNV adéNom NG NAEKTPOYNUKA €veEPYOD
EMPAVELNG, 1 omoia O 00N yNoeL o€ peimwon g amaitodevng mocdtrag Pt yopig peiwon
™G amdOooNg TOL KEAMOV Kawaoipov [1-4].

H mopddong dopr tov MAEKTPOKATOAVTIKOD GTPMOUOTOS OTOTEAEITOL OO KoToAvTn Pt
OlEoTOPEVO TTAVD o€ GvOpOKa, OVOUEULYIEVO UE VO LOVOUEPES Kot Evay ay®Yd 10VImV.
Yxomog elvar 1 dnpovpyio €VOG TPOLAGTOTOL 1OVTIKOD OYDYHOL SpOUOVL HETOED TV
EVEPYDV KEVIPMV TOL KOTOADTY] KOl TOV TOAVUEPIKOV NAEKTPOAVTY. XT0 KEMA KOVGILOL
moAvpepkng pepPpavng vymiov Beppokpaciov (HTPEM) 1o PBI (polybenzimidazole)
amoTeEAEL TO TO OlOEOOUEVO KOl EVPEMG YPTOUOTOIOVUEVO 1OVOpEPES [5-7] evd To
POSPOPIKO 0EH ypnoomoteitol ¢ aywyods Woviov. [apdtt 10 eoceopikd 0&L amotelel
Wovikd aywyd 1Oviov yuoo To KeMA Kovoipov vymiov Beppokpocidv tomov PEM,
TOPOVGLALEL SAPOPOVG TEPIOPICHOVG. ZVYKEKPIUEVA, OPEVOS eV TaPeUTodilel v 1o
Bpadeio avaywyn Tov o&uyovov [8], apetépov o M pIKPN O1ALTOTNTO TOL 0ELYOVOL GE
OLVOLOCUO LE TNV OPYN TOV dLdyvoT o€ BeEPUO PWSPOPIKO 051 [9] petdvel TV amddoo
0V K0B0O1KoH NAektpodiov. H mapepmodiotikny enidpacn Tov @oo@optkod 0EEog otn
KIVITIKN TNG OVTIOpaoNC avorymyns ToL 0EVYovo gaivetot EekdBapa Oty cuykplfel n KAion
Tafel yio ™ kéBodo evog PAFC, mov eivan ion pe 110-120 mV/dec [10-13], pe avthy yio ™
k60000 €vOg yaunAng Bepuokpaciog KeEAOD KOVGIHOL TOALUEPIKNG MEUPPOVNG TOTTOV
Nafion, mov givon mepinov ion pe 60 mV/dec [14,15]. 'Evag emumAéov mepropiopdg oyetileton
pe v pewwpévn kwnrikdémro tov H3POs, 10 omolo Ppioketon oe vypn popom|
duoyepaivovtag TV PEATIOTOTOINGCT NG TPLEMPAVELOC.

[Tpoxeywévor va ovénbel 1 ekpueToAAevLoIUOTNTO TOV  KOTOADTN Omoiteital  puo
OLYKEKPIUEVN] TTOGOTNTO LOVOUEPOVG GTO KOTOALTIKO OTPOUO DOTE Vo decuevbel 10
erevbepo PG PoP1KO 08D, mapEYovTag emapkn emapn pe Ta copotiown Pt. H mposOnkn tov
LOVOUEPOVG BEATIOVEL TN KIVITIKT TNG OVTIOPAOTG 0vay®mYNS TOL 0&uydvou, Kabmg avEdvet
™ JwAVToHTNTA TOL 0ELYOVOL Ko TOVTOYPOVA TTEPLOPILEL TV TPOCPAPTCT POGPOPIKOD
o&éog otig evepyéc Béoeig g Pt [16,17]. Emopévog elvar onpoavtikd vo emtevydel o
Aemt| 1oppomia HeTalh TOV 1OVOUEPOVG Kol TOV 10VTIKOD (popéa (pmo@optkov o&Eog, PA)
YL TNV OOSOTIKY UETAPOPA TV OEPIMV, TV NAEKTPOVIOV KOl TOV TPOTOVIOV GTNV
NAEKTPOYNUIKT OIETLPAVELQL.

JuvnBw¢ N MOCOTNTA TOU LOVOUEPOUC HECO OTO KOTOAUTIKO OTPpWHA LETOBAANAETAL LEXPL
va emtevxBel péylotn anodoon. Ita KeAld Kauoipou tumou PEM pe Baon to PBI wg
NAEKTPOAUTN, N TTOCOTNTA TOU LOVOUEPOUC TTOU TIPOOTIOETAL OTO KATAAUTLKO OTpWHA Elval
appnkta ouvdedepévn Pe TV TOoOTNTA Tou Ppwodoplkol of€og mou Tmpootibetal ot
outo [18,19]. Exel mapatnpnBesl otL 0tav o katd Pdapog Adyog C/PBI aufavetol oto
KOTAAUTIKO OTPWHA, QUEAVETAL KOL 0 OYKOC TWV TIOPWV, EUVOWVTAC TN HETAPOPA TWV
oeplwv [20-23]. Etol, Otav n MePLEKTIKOTNTA O PBl ota KATAAUTIKA oTpwpaTa £ival
XOUNAN EUVOEITOL O OXNUATIOUOG HEYAAWY TIOpWV. OpWC, OpOLOHOPdN KATAVOLN ToU
LOVOUEPOUC Kal ToU Ppwodoplkol 00 SeV EMITUYXAVETAL TTAVTO, UE QMTOTEAECUA O
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NAEKTPOKATAAUTNG O KATIOLO TTOCOOTO Vo £ival avevepyos. Q¢ Avon ywa avénon tng
NAEKTPOXNULKA EVEPYOU ETILHAVELAC TIPOTAONKE N OTAPLEN KATAAUTWY OE VOVOOWANVEC
avBpaka 1 vovoivec avBpoka, n eMPAVEIX TWV OTOLWV EIXE TIPONYOUUEVWG
tpormonolnBei pe dadopeg opyavikéc opadeg [24-26].

H mapoloa Sibaktoptkr Statplp elxe wg otoxo Tn Katavonon kot BeAtiwon tng
NAEKTPOXNULKA EVEPYOU ETILPAVELNG TOGO TOU avodikol 600 Tou kaBodikou nAektpodiou
KEALWV KOUGLUOU HE NAEKTPOAUTN TIOAUUEPLKN HEUBPAvNG uPnAwv Bepuokpactwy. MNa
ToV AOYO QUTO UEAETNONKE N eMidpacn tnN¢ moootnTac Tou dwodoplkol 0€£og aAAA Kot
ToU PpopEa TOU KATAAUTN TNV amodoon Tou KEALOU KOUGLHOU. ZUYKEKPLUEVA, OTO TTAQLOLO
¢ mapovoag SI8akToptkng SlatpPng éylve olvOBeaon evog vEoUu nAeKTpoKaTAAUTN UE
OKOTIO TNV auénon tnc NAEKTPOXNULIKA evepyoU emidAVELAC TOCO TOU avodikol 000 Kal
Tou KaBobikoU nAektpodiou. O KATAAUTNG auTog anoteAeital ano 30% k.B. Pt pe popéa
Tpomomnotnuevoug ToAudAolikolg (moAAamAwv  Tolxiwv) vavoowAnveg dAvBpaka
(MWCNT). Ma tnv tpomormnoinon twv vavoowAnvwyv avBpaka opddeg mupldivng (Py)
npocaptNONKOV HECW OHOLOTIOALKWY SECUWV OTO €EWTEPLIKO TOUG TOLXWHOA, WOTE vVa
emuteuxBel opolOpopdn KATAVoUr TwV OUASWY AUTWV OTO KATOAUTIKO oTpwpa. Ot
nupldiveg emeAéynoav emneldn) deopevouv t0 Pwodoplkd ofl, UE AVAUEVOUEVO
QTMOTEAECHA TN SNLOUPYLA EVOG LOVTLKA OYWYLHOU SpOUOU KATA HKOG TOU KOATOAUTIKOU
OTPWHATOG KOL TN CUVOKOAOUON a€non TG NAEKTPOXN LKA EVEPYOU ETILDAVELAG. TEALKOG
oTox0G NTav n aAAnAenidpaon oféog-Baong petaL tng muptdivng kat tou dwodopLkou
0&€0C MpOKELUEVOU va eTTEUXOEL opolopopdn katavour tou dwodoplkol 0EEOC OTO
KATAAUTIKO OTpwHA, LE SnuLoupyia evog TpLoSLAoTATOU LOVTIKOU CUVOECLOU PETAEY TOU
NAEKTPOAUTN Kal Twv ocwpatdiwv Pt (IxAua 1). H opowdpopdn authi Katavoun
EMTELXONKE Yyl TOV KATaAUTN He ovotaon 30% K.B. Pt/(ox.MWCNT)-Py, otov ormoio n
Héon Slapetpog Twv ocwpatidiwy Pt kupatvotav petaly 2 kot 4 nm [26].

Yympo 1. Zynuotiky avamopdotaon (a) g oAAnAemidpaons e mupdivig pe To
QemoPopkd 0&D, kat (b) tov katardtn 30% «.p. P/oxMWCNT-Py.
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To MAEOVEKTNMO QUTHC TNG TTPOCEYYLONG Yl aU€Non TnS amodoong Tou KataAutn EyKeLTol
oTNV amoucia Xprong evOC LOVOUEPOUC OTO EC0WTEPLIKO TOU KATAAUTIKOU OTPWHATOC,
amodelyovtog £T0L TO TPOPRANUATA AVOUOLOYEVOUC KATAVOUNG TOU. JUUTIEPACUATIKA,
He xpnon kataAutn ovotacnc 30wt% Pt/(ox.MWCNT)-Py mapéxetal n duvatotnta
ONUAVTLKAG LELWONC TNE TOoOTNTAG TOU Pt ota nAsktpodia, xwplc peiwaon tng anddoong
Kol oTaBgPOTNTAC TOU KEALOU KAUGIHOU .

IHEIPAMATIKO MEPOX

Yhika

O vynAng kaBapdmrag (97%) moiverotikoi vavocwinveg avOpaka (MWCNTSs), ue
dapeTpo mov kopovotay petabd 10 kor 30 nm, ayopdotnkav omd Nanothinx S.A. H
YNUIKN TOVG TPOTOTTOiN o™ TparypLatomolOnie pe: isopentyl nitrate (>97%, Sigma Aldrich),
3-apvomupdivn (3-aminopyridine, 99%, Acros Organics) and 2-apwvo-3-vopoSumupidivn
(2-amino-3-hydroxypyridine, 98%, Acros Organics). o v ocbvbBeon tov KataALT
ypnoporomOnkav:  efayAwpomiativikd o0&y (dihydrogen hexachloroplatinate  (IV)
hexahydrate 99.95% metals basis, Alfa Aesar) kot arBvAevoylvkoin (Alfa Aesar), kaBmg
eniong  N,N-dwebvrogpoppopidto (N,N-dimethylformamide 99%), vitpikd 0&0 (65%),
ackopPucd 0&d, wonpomavorn kot H3PO4 (purum p.a. >85%) tov etapeudv Merck 1
Sigma Aldrich.

Z0vOeon nNAEKTPOKATAAUTN UMOOTNPLYHEVOU OE TPOMOMolnpHévous ToAudAolikolg
vavoowAnveg avBpaka (MWCNT)

Tpomomompévol morverotikoi vavoowAinves dvBpaka ypNGILOTONONKOY MG VITOCTPOLLL
(popéac) vy tov Paciouévo oe Pt véo miektpokataidtn. Otr vavoowAnveg avOpaka
TpomomtomOnKav pHe opdadeg o&uydvov (VOPOELAIKES Kol KOPPBOELAIKES OUAdES) Kot Ue
opdoeg mopdivng. Ot opddeg o&uyovov oynuatioTnkoy HETE amd YNk o&eldwon Twv
VOVOSOAMVOV AvOpaKa 6T0 EMTEPIKO TOVS TOTY®L, VO Hio cVVOETIKY LEB0OOG amovaio
SAOTN ypnotpoTomOnke yoo TNV TPOGApPTNon TV opddmv moupdivng. H evomdbeon
mwativag maveo oto oxXMWCNT-Py vréotpopa mpaypotonombnke pécm  piog
tponomompévng ovvheong Paciopévn oe moAvores. O véog avtdc niektpokatorivTns 30%
K.p.Pt/oxXMWCNT-Py yopoxtnpiotnke TANP®G HE EQOUPUOYN (QULOIKOYNUIKOV Kot
NAEKTPOYNUIKADOV TEXVIKOV, cvumeptlappavopévov tov teyvikov XRD, XPS kot TEM
[26]. Mg Bdon Tov KaTAADTI AVTOV KOTAGKELAGTNKAY 0VOOIKE Kot KaBodukd nAekTpOdLa,
TOV OTOl®V £y1ve TANPNS NAEKTPOYNUIKOS XOUPOKTPLOUOC.

Kotaokegv Tov keMoU Kavoipov

H otpdoa didyvong aepiov (GDL) mopackevdomke pe Yekaoud mave o€ HOAGHA
avBpaxa evog piyparog okovng avlpaxa Vulcan XC-72R kot dwedvpatog PTFE (50 % «..
PTFE / C), akoAovBobpevo amd Beppuxn kotepyacio og 300 °C otov aépa yio 40 Aemtd.

[Mopaokevdomkay 600 TOHTOL NAEKTPOSI®VY, GE AVTIGTOLYiO LE TOV TOTO TOL KATAADTY O
onmotog Ntav eite Pt pe gopéa ovpPatikd avlpaxa (30% «.p. Pt/C) eite Pt pe popéa
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vavocoives avOpaka-MWCNT (30% «.B. Pt/ox. MWCNT-Py kot 30 % Pt/ox. MWCNT).
Ta niextpdoan mov mepielyav 30% «k.p. Pt/C mapackevdomnkov pe yekoaopud peAdvng
(1o pa 1oompomavoAnc-vepov, 2/1 v/v, kar 30% k.. Pt/C) ndve ot GDL. Ta nAektpddwa
o ovvéyeto tomobetnOnkav v 12 dpeg otovg 80 °C kot yia 3 nuépeg otovg 190 °C vrd
KEVO, TPOKEYEVOD VO ATOLOKPLVOOHV OAML TaL TY V1] TOL OPYAVIKOD OLOADTY).

Mo v mapackevy] tov NAextpdowv mov mepteiyov katarvteg pe eopéa MWCNT
YPNOLOTOMONKE TAGTA OV TEPLEiYE OKOVY] TOV KOTOAVTN KOU Hio HKPY TOGOTNTO
dtdvpatog wonporavon/H2O (2/1 v/v). H mdota avt epappdotnke ot GDL e
OTATOVAO. XTn OULVEYELW TO MAEKTPOOID aPEOMKOV Vo OTEYVOCOVV o€ Beppokpoaciol
dopatiov, ya 12 pe 15 dpeg. Axkorovdnoe 0épupavon| toug otovg 100 °C yia 1 opa. Ot
TPOJAYPOUPES TOGO TOL AVOIIKOV OGO Kol TOL KaBod1ko nhekTpodiov TpomomotdnKay mg
TPOG TNV TOGOHTNTU KOTAAVTN OAAL KOl G TPOG TNV TOGOTNTO POGPOPIKOD 0EE0G GTO
KOTOAVTIKO GTPOLLO, OVAAOYO LE TIG TOLTOELS TOV EKAGTOTE TEPAUATOC.

[Iptv amd ™ cLVaPUOAGYNON TOV KEALOD KAVGILOV, TO NAEKTPOSLO YEKAGTNKAV LLE YVOOTN
mocOTNTA POSPEOPKoD 0EE0G (H3PO4). O molvuepikdg NAEKTPOANTNG, O 000G NTAV EVOG
ApOUOTIKOS ToALOBEPAG Le opdoeg Tupdivng (TPS) mov mapaympndnke and v Advent
Technologies, epPanticTnkeyia vo £vo EIKOGITETPA®PO 0€ POSEOPIKO 0EV oTovg 140 oC
néypt vo amoktoet to emtBounto Papog (200% doping level). H eumotiopévn pepPpdvn
tomofeTOnKe avAUESH GTA SLO NAEKTPOSIO (vOOIKO Kol KaB0O1KO) Ko 6T GUVEXELN, UE
¥p1omn Beppoavopevng mpécoag, mapéueve vid mieon yio 15 Aentd og Oegpuoxpacio 150 °C.

AINIOTEAEXMATA KAI XYZHTHXH
AnAnTpiccn Tov avVOOIKOD NAEKTPOOIOV U0 TAPAYOYE TOV POTPOPIKOV 0E£0G

[Tapéro mov 10 POGPOPIKO 0EL €ivol €V OLGLOGTIKO GCLGTOTIKO TOL KOTOAVTIKOD
oTpONOTOC, TEPLopilel, OTWG MO avapEPONKE, TNV ATOS06N TOV KOH0dIKOD NAEKTPOJSiOV.
[Ma to povopevo avtd vapyel ekteTapévn avagopa ot Piploypapio. Xe avtiBeon, 1
INAnpiaom tov avodikod NAeKTPodiov €€ artiag TOL POCoEOPLKOD 0&E0G LeAeTHONKE Yo
TPOT)  @opd ot  mopovoo  OokTopikny JwrpPr. To keMd  Kavoipov  mwov
ypnowomomdnkoy oty peAétn avt) siyav to €ENG YOPOKTNPIOTIKA: 1 TOGOTNTO TOV
QPOOPOPIKOD 0EEOC TTOL YEKAGTNKE OTO OVOJIKO MAEKTPOSI0 KupdvOnke amd 0 ewg 17.8
gPA/gPt evdd ypnoomomOnKav dvo SPOPETIKOL KATOAVTEG Yoo TV emPePaimon Tov
Qovopévov, cuykekpipéva ot Katainteg 30 % k.f. Pt/C ko 30% k.. Pt/oxMWCNT-Py. Ta
YOPOKTNPIOTIKA TOV KOB0dKoD MAekTpodiov dtatnpridnkov otabepd yuoo OAa to KEAA
Kavoipov. Zvykekpipéva ypnotpomomOnke o gumopkog kotaivtg (30% «.p. Pt/C), evo n
nocoTTa (POpTIon) T Pt oy mepinov 1.6 mgPt/cm? ko Tov poopoptkod oféoc ion pe
2 gPA/gPt. ¥ peAém ypnopomomdnkay QOCUOTOCKOTIO (POTONAEKTPOVI®OV Oomd
axtiveg-X (XPS), xuxhkn fortapetpio kot CO stripping. O Tpocdopiopog TG GLGTACTG
™G aéplag eAcMG TNV Avodo YVOTOV CUVEXMDS, ME XPNON QACHATOYPAPOL uHalog
ovvdedepévou oty ££0d0.
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Cell Voltage, V Cell Voltage, V
Yypa 2. Kvkdikd Boitapoypdonua (CV) niektpoynukng ofeidmong poenuévov CO
(1°¢ ko 2° kOKA0G) otovg 140 °C ko to avtiotoyo onua tov wapayopevov CO2, Ommg
KOTAypAeNKe omd QUoHOTOYPApo nalag cvvdedepévo oty £€0do g avodov. (a) mpwv
Tov KaBopiopud TV EMEAVELNS HE KUKAKN GOpwon Tov duvapikov kot (b) petd tov
KOOAPIGUO TNG EMPAVELNG LE KUKAIKY GOp®OT) Tov duvapkoy. To niextpddio mepieiye
<3gPA/gPt.

[Mapanpndnke 6TL N AvacTPEYIUN OTOAELD ATOOOCGNS TOV OVOSIKOD NAEKTPOOIOV NTOV
oLVAPTNOT NG TOGHTNTAG TOV PWSPopkoy o&éog (Pa) oto katoAvtikd otpopa. [To
OVYKEKPIUEVA, OTNV TEPIMTMOOT KATOUAVTIKOV CTPMUATOSC LE YOUNAN TEPIEKTIKOTNTO OE
ewoopkd 0&H (< 3gPa/gPt), Myotepo amd 10 10% tng emoedveag g Pt eppavilet
NAEKTPOYNUIKT] dPACTIKOTNTO VIO KOVOVIKEG GLVOTKEC Aettovpyiag. AvTtd @aiveTon 6To
Muoe 2, 6mov mapovcsidlovrar omoteAécpata mepapdtov CO stripping, oniodn
nAektpoynuikng o&eidmong CO poenuévov 6To NAEKTPOSIO HE GAPMOGT TOV SVVOUIKOD.
[Tpwv amd tov Kabapiopd g emedvelog Tov NAEKTPodiov (Zynua 2a), 1 TOGOTNTO TOV
mopayopevov CO2, OTMS KOTAYPAPETOL OO TOV QACUATOYPAPO UALas, lval TOAD pKpy.
Metd 6pmg omd Tov KaBapiopo g emeavelas g Pt pe dtadoyicong Kokhovg Gipmons Tov
duvapukol (ZyMua 2b) yio amopdkpuven Tov poenHEVEV 100V, Kot akolovBo CO stripping
1 moc6TNTe TOL TTaparydpevov CO2 av&avetan Kat, 1) ekpetodAevoipndtnTo g Pt emavépyeton
ot kovovikes g tes (< 80%). H ovumepipopd avt vmodnAdver v mopovsio
AVMYHEVOV EBDV POCEOPIKOL 050G (TapatnpnOnKay Kopueég 0Eeidmong 610 KUKAKO
BoAtapoypdoenua) to omoior ONANTNPLALoVY TV EMEAveLR TOL KoTaAdT Pt kon petdvovv
™V SOEGYUN EMPAVELL Y10 NAEKTPOYNUKT AVTIOPOOT).

H peimon g nAektpoymukd evepyol emepavelag amodd0nKke otn KdAvyn g EMPAVELNG
0L KataAOT Pt amd mupopwopopikd 0&H 1 moAv-emceopikd €idn, avnyuéva and to Ho
€101 TOAV-QP®SPOPIKOV 0EE0C, OAAA KOl GTN CLPPIKVOGT] TG NAEKTPOYNIKNG OIETLPAVELOG,
o¢ amotéhecpo g ektomong tov HiPOs amd poenuéva €idn. Ta mponyodueva
emPefordbnrav pe mepdpoata XPS (Zynua 3), ta arotedéopata tov ontoiov (Zynua 3b)
VIOJEKVHOLV OTL Tapovsia Hy evvoeitol 1 KataAvTiKy avaywyn 0oV @Oc@optkoh 0&Eog,
T omoia SnAnpdlovv v empdvela g Pt. Ta avnypéva autd €idn poopopikod o&€og
enpaviCovion og evépyeta ovhvoeong 131 eV. Iopammpndnke eniong 61t 10 POGEOPIKS 05D
extomileTon amd v emdvela g Pt, ¢ amotéleopa pdenong tov Ha, tov HoO aAld kon
tov CO (Zympa 3a).
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H ovumeprpopd tov mAektpodiov Mrtav mOAD SOQOPETIKN Yt VYNAEG TOCOTNTEG
eo@optkov 0&€og (PA), omdte N ekpetadrevoiudtnTa TG emeavelng g Pt ntav moAd
vynAn (> 80%). Avtd opeiletor oto peyarHtepo Pabud VudATOONG TOL NAEKTPOYNIUIKNG
OLEMPAVELONG, TTOV GLVOOEVEL TNV WO OuoOpopen katavoun tov Hi3POs péca oto
KataATikd otpopa. H eheyyduevn kot avénuévn mtocotta PA 610 KoToALTIKO GTPOUQ
umopel voo 0dNynNoel o€ €mG Kot deKOmMAGCLo peiwon TG mocotntag Pt oto avoodikd
NiekTpdolo, dtav 1 dvodog Aettovpyel vd cuvONKeg mAovoies o€ Ho.

XPS 134.8eV (b)
0.10 | I P/Pt J P =
Il O/Pt ©
_ 0.08- 105 £
& a 5
o 4040 =
£ 0.06 g = !
o [ !
2 103 > . 1131.0eV
g 0.04 - 3 : E i
= 40.2 é
0.02 1 _ 0.1 133.9eV
0.00 - % e 0.0
2000 ,77//77 ? /700 L) [ R BN S SN AN N RN NN NN BN MR
800 000 <0pe 142 140 138 136 134 132 130 128 126
90 ¢ Binding Energy Eg / eV

Xypa 1. (o). Avoroyia Evtaong kopvemv P2p/Ptaf ko O1s/Ptdf petd amd 6€ppavon otoug
200 °C yw 4 opec oe pon Hz, oe 180 °C emi 1.5 dpeg vo 4 kPa HrO/He, 4 opeg o€
vepuYNAS kevov otovg 200 °C ko enl 4 dpeg mapovsio CO otovg 200 °C. (b) Pdopata
XPS P2p : (1) petd and 8éppavon otovg 200 °C yia 4 dpeg oe vod pon Ho, (2) petd amod
0éppavon otovg 180 °C eni 1.5 dpeg o 4 kPa HoO/He, (3) petd and 0éppavon otovg 200
°C ywo 4 dpeg o€ VIEPLYNAO KeVO, Kot (4) petd amod 0€ppaven otovg 200 °C yia 4 dpeg vd
pon CO.

Bektiotomoinon Tov avodikov niektpodiov

H andooon tov katadvtn e€aptdton e peydro Babud amd v popeoioyio Tov Kab®OG Kot
a6 T oynpatiopevn dtemedvela pLetah oL TOV Kot TOV TPMTOVIOKOL aymyo. [ to Adyo
avto ypnoomombnke o karoAvtng 30% .. PYoxMWCNT-Py, pe oxond vo avénbei n
NAEKTPOYNUIKA EVEPYN EMPAVELDL Kot Vo pewwBel n mocdtnTa Pt 610 0vodikd nAekTpddto.
[TpaypatomomOnie TANPNS TOPAUETPIKY] OVAADOT] MOGTE Vo HEAETNOEl e AemTOUEPELD T
ouumePLPopd Tov. Mg GKomd TNV KATOVONoN TG EMIOPAONS TV opddwv Tupdivig, 1 it
UEAETT TPOYLOTOTOMONKE TOGO GTOV EUTOPIKO KATOADTN OGO KOl G€ KATOADTN LE POpEQ
o&ewpévoug vavoowAnveg dvipoka (30% k.p. P/oxMWCNT). Zto avodikd nrektpdolo
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petafnOnkoav téco mn mocdétmra tov H3POs 6co wor g Pt, ko yw tovg Tpelg
NAEKTPOKOTOADTES, €V Ol TPOOLaypaPEG Tov KaBodKoL MAektpodiov oOlatnpnonkav
otafepéc (30% .p. Pt/C, 1.5 mgPt/cm? ko 2 gPA/gPt).

Metd v evepyomoinomn TV KEMOV KOLGIHOV, VTOAOYIGTNKE N EVEPYN MAEKTPOYNLUIKY|
EMPAVEID, TOL OVOOIKOL MAEKTPOSIOL, HE MNAEKTPOYNWKY OEEIO®ON  POoENUEVOV
povo&ediov tov dvBpaxka pe cdpworn tov dvvapkov (CO stripping). Xto0 Zymua 4
TOPOVCIALOVIOL  TO OYETIKG OMOTEAECUATO YO, TOLG TPELS NAEKTPOKATOAVTEG OV
peremOnkav. H mopovcio opddwv mupidiving opoyevomoince Ty KaTavou @mceopikon
0££0G 6TO KATOAVTIKO GTPAOLLAL, LLE ATOTEAEGLLOL TV EMITEVET VYNADV TYLDV NAEKTPOY T LUKEL
gvepyov smpdvetag (ECSA), éwog 40 m*/gPt. O katoAdtng Pt pe popéa ofeidmuévong
VOVOGMMVEC GAVOPOIKOL ELPAVIGE YUIMAOTEPT NAEKTPOYNIIKT] ETIPAVELQ, 1om e 25 m?/gPt,
evo 0 gumoptkoc KataAvtg 30 % k.. Pt/C epodvice nAexTpoynpkd evepyn em@AaveLn.
éoc ion pe 35 m?/gPt .

50
45 -
40 5
354 A
Et’t 30—_ .
e 254
(7() 201 /\\/_"
O B
w 154
10 4 —u— 30wt% Pt/ (ox.MWCNT)-Py
5_' —eo— 30wWt% Pt/ox. MWCNT
0 1 —A— 30wt% Pt/C
0.0 0.5 1.0 1.5 2.0 2.5

Pt loading per electrode, mgPt/cm2

Tyque 4. H niextpoynucny emeéveir ECSA (m?/gPt), omo¢ mpocdiopictnke e
nAektpoynuikn o&eidwon poenuévov CO (CO stripping) otovg 140 °C, cuvaptioel g
TEPLEKTIKOTNTOG G Pt TOL avOdIKOU MAEKTPOSI0, Y10 SLUPOPETIKOVG NAEKTPOKATAAVTEG:
30% «.pB. Pt /ox. MWCNT-Py, 30% «.p. Pt/ox MWCNT ka1 30% «x.B. Pt/C. H mocottal
tov H3PO4 610 KotoAvTiKG otpdpa tay ion pe 2 gPA/gPt.

H expetodievopomro g Pt o kdBe niektpokatoddtn vroloyiotnke ®¢ 0 Adyog TG
NAEKTPOYNUIKE EVEPYOV EMPAVELNS, OT®MG Tpocdtopionke pe t pEBodo CO stripping,
TPOG TN KOTOALTIKY EMQAVELY, OM®S TPOCOIOPIGTNKE HE YPNON MAEKTPOVIKNG
puikpookomiog oamépaocns (TEM), pe pétpnon g péong S1opETPOL TMV COUOTIOIMY TOL
KGOe KOoTOADTN HETA TNV evepyomoinomn tov. Méyiot ekpetorievouodmro, og 80%,
napovcioce o kotaAddtng 30% «.f. P/oxMWCNT-Py, o xotaddtmg 30% «.p.
Pt/oxMWCNT mopovciace ekpetardevoipdmmra 70 %, evd 1 eKUETOAAEVGILOTNTO TOV
gumopwkov  kataAvtn  30% «x.p. Pt/C nroav povo 51%. Zvykpivovtag v
EKUETOAAEVGIUOTNTO TOV KATOAVTOV UE POPEN TPOTOTONUEVOLS VOVOSMANVEG AvOpaKa,
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TPOKVTTEL MG GLUTEPAGHO OTL Ol OpAdes mupldiviig  av&dvouv v dwPpoyn TV
ocopatdiov Pt and tov NAEKTpOADTN, LEYICTOTOIDOVTAG £TGL TNV MAEKTPOYNUIKE EVEPYT
emoavela. To keM Kavoipov pe avodkd niektpddo 30% k.. Pt/ oxMWCNT-Py ko
9option Pt 610 avodikd niextpodio ion pe 0.2 mgPt/cm?, spupdvice v S amddoon e
owTo pe ovodikd Nhektpddio 30% k.B. Pt/C xot goption 1.3 mgPt/cm?. Iapdro mov To
avodikd miektpodio 30% k.p. PYoxMWCNT-Py mapovciace koaAdtepeg amodOcELS Yo
yoaumAr eoption Pt (< 1.3 mgPt/cm?), 11 0mdS061| TOV UEIDVETOL Y100 VYNAOTEPES POPTIGELS
Pt, Adyo avénuévov avtiotdoemv oty PeETapopd palog eottiog Tov avénuévon Tayovg
TOL KOTOAVTIKOD GTPOUOTOG GE GUVOVAGHO [LE T LOPPOAOYiQ TOV.

H ocvumepipopd tov avodikov niektpodiov eaptdton o€ peydio Babuo amod tnv mocoTn T
PMGPOPIKOV 0&E0G TOV £XEl EVOOUOTODEL GTO KATOAVTIKO GTPOUM, EWOKA Yo XOUNAES
eopticelg (meplextikdtreg) Pt. Avty m e€dptnon oyetileton pe ™ peiwon g
niektpoynuikd evepyov empdvewng (ECSA) Aoyo oynuoticpod Topampoiovimv Tov
POOEOPIKOV 0&€0¢, OTMS oM cuintnOnke.

H otabepdtta tov xotoAdTn) peTd amd kphg Odpkelag Asttovpyiog, HeAeTONKE
ypnowonotwvtag Tig teyvikés XRD, TEM kot XPS. Awomiotdbnke 6t mopd T oKANPES
ouvOnkeg Asrtovpyiog Ta copatiow tov Pt otov katadvtn 30% «.f. Pt/oxMWCNT-Py
glyav, 66OV 0QOpPA GTN TAGT Y10 GLGCOUATOGT, TOPOUOLN GTAPEPOTNTA UE EKEIV TOV
copotwiov Pt otov gumopucd dabéoo katarvtn 30% «.p. Pt/C, evd ot opnddeg mopdivng
TOPEUEVOV CUVOEOEUEVEG OTO VITOGTPMLOL.

H enidpaon ypfiong aepiov avopopemons ¢ KOVGIPHov oty ar6d0061) TOV AVOIIKOD
niektpodiov

‘Eva keMl kovcipov mapovstdlel PEATIOT amdd00T OTOV 1 TPOPOSOGIN TOL OVOSIKOD
nAektpodiov amotereiton amd Kabapd Ho. Ouwmg n mapoaywyn kabapov Ha eivar ddokoin
Kot okp1pn dwdwocio. H mo dadedopévn kat otkovopikn depyacio mapaymyns Hz etvon
N avapodpPe®oNS VOPOYOVAVOPAK®V, OTOL 1| CLGTOGCT] TOL TAPUYOUEVOD AEPTIOL UIYHOTOG
amotereitan omd 50-60% Ha, 1-2% CO, 10-15% CO> and 20-33% H>O. H Aetrtovpyia tov
OVOOTKOU NAEKTPOOIOV [E AT TN GVOTOCN AEPLOS TPOPOOOGING OVTUTOTEAEL TPOKAN O,
Ot poévo Aoym g younAng meplektikomtog o€ Ho oAAd ko Ady® G vymAng
neplektikotnrog o CO kar H20. Onwg eivar yvootd, 1o CO poeeiton woyvpd otnv
EMPAVELD TOV ootV Pt, dnAntmpraloviog Tov KataAdTn Kot HEIOVOVTOGS TIG EVEPYES
KATOALTIKEG Boe1g, epmodilovtag Telkd TV avtidpaon o&eidwong Tov vdpoydvov. I'a va
UTOPECEL VO AEITOVPYNOEL IKAVOTOMTIKA £VO KEAL KOWGILOV YPNOLUOTOLDVTOG OEPLO
AVOUOPPOON G WG KADGILO, OTOLTOVVTOL VYNAES TPOSLUYPAPES OGOV APOPA TOGO GTO LAIKO
0G0 Kol 0TI 1010TNTEG TOL KATOAVTIKOD GTPOLATOG.

Mo va BertiotomomBel  amddoon evog KEMOV KOUGIHOV VIO TIG TOPATAVE® GLVONKEG
Aertovpylog oAAG Kot Yoo vor olepevvnBel 0 PUNYOVIGUOS TG OVATTTUENG VIEPTAGE®MV,
TOPACKEVAGTNKOV NAEKTPOIIA LE TPELS dtapopeTKoVS Katarvtes (30% k.. Pt/C, 30% «.p.
Pt /oxXMWCNT xat 30% «.p. Pt/oxMWCNT-Py), ta onoia diépepav 6Gov agopd TOGO
ot mocoTTa (POpTIoN) Tov Kotohdtn Pt (68 mg Pt/cm?) 660 kol 6T TOGOTNTO TOL
QPOoPOPKoV 0&€o¢ 6To KaTaALTiKO otpopa (0.5 gPA/gPt kan 2 gPA/gPt).
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Current density, A/cm?

Current density, A/cm2

1.0 »  0.77mgPt/cm? 30% Pt/oxXMWCNT 1.0 = 0.82 mgPticm® 30% Ptlox.MWCNT-Py
Eﬂ ° 0.77mgPt/cm2 30% Pt/oxMWCNT-Py % o 0.79 mgPticm’ 30% Pt/ox.MWCNT
08l ® v 1.55mgPt/cm? 30% Pt/C 08l ¥ A 1.61 mgPticm’ 30% PYC
> ' v 0.82 mgPt/cm?® 30% Pt/C
g T e > ¥
S 0.6 . ¢ 0.6- ¢ 3
(o))
% ® 8 : [ ]
> ©° & [ ]
S 0.4 ¥ o = 0.4 A =
o o A
) v o
0.2 - ° 0.2
v
00l® —v . 0010, :
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Yyqpae S. H enidpaon tov popéa Tov KataAvtn 6Ty amddoc g ovOdov Vo TpoPodocio
aepiov avapdpemong e svotacn 50.7 % Hz, 2% CO kot 33.5 % H2O og Ar . Ot kapmdAeg
nOAwoNg EA@ONcav pe otoyetopeTpio A = 1.2 kot hox = 2, Tpoodocia kKabapov Oz ot
kéBodo, kol oe Bepuokpacio 180 °C. H mepiektikdOTTo TOL QOCEOPIKOV 0EE0G OTO
KataAvTikd otpdpa nrov (a) 2g PA/gPt kot (b) 0.5g PA/gPt .

To aépro avapdpemong mov Tpopodotinke otnv dvodo ftav piyua 50.7% Ha, 2 % CO
kat 33.5 % H20 oe Ar, evd ot xdB0odo tpopodothOnke kabapd Oz, Kot otic dVO
TEPIMTMOGEIS VO OTHOCEUIPIKNY Tieon. Onmg eaivetor oto Xynuo S0, mapoatnpnonke
OPOATIKY HEl®Oon otV amdO0oN TOV KEAIDV KAVGIIOV 0T TEPITTMOT KOTA TNV 0TToio TO
KataATikd otpopa mepieiye 2 gPA/gPt. Tn pikpdtepn andielo duvopukod VITEGTN O
kataAvg 30% x.p. P/oxMWCNT-Py, mov 610 @opéa Tov vanpyav opddeg mopidivig.
Eivar a&loonpeimto 6Tt 610 GLYKEKPIUEVO KEAM KAVGILOL TO 0VOOIKO NAEKTPOSIO Elye TNV
ot mocdtra Pt oe ohykpion pe avtd mov mepieiye Tov epumopikd kotarvtn 30% «.[.
Pt/C. Onwg paivetor 6to Zynpa 5B, 6tav pHeumdnke 1 tosdTTe TOL POGPOPIKOD 0EE0C (o€
0.5 gPA/gPt), dSratnpdvrtag mapopota goption Pt ota nAektpodia, avENdnke evivmTmooKA
N 6300 TOV KEMMOV KOVGIHOV, Y100 GAOVG TOVG KOTAAVTEG.

Mo va oepevvnbel n aution avATTLENG VITEPTAGE®Y GTO AVOOIKO MAEKTPOOO KOt T
OLGYETION TOVG UE TNV TOCOTNTO TOV POGPOPIKOD 0EE0C, VITOAOYIGTNKE 1) ATMAELL TOV
dvvapkoy (voltage loss) tov ovodikoh MAEKTPOSIOL YL TPOPOSOGIES SLUPOPETIKNG
ovoTaoNG. XT0 Zynuo 6 mapovcsialetar n eEAPTNON TS OMOAEWNG SVVOLKOD AT TNV
oVOTOCT TOV KOVGIHOV Y10, OV0 OlOPOPETIKEG TEPIEKTIKOTNTES POOPOPIKOV 0EE0G OTO
KOTAAVTIKO oTpda, To omoio Ntav 30% k.B. Pt/oxMWCNT-Py. Onwc ftav avopevopevo,
Y10 TPOPOJ0Gia TNG ovodov e aparwpévo Ha (pepikn mieon Ha ion pe 50.7 kPa) n anoieia
duvapkol (vEptaot) stvat apeAnTtéa Kot aveEapTn TN oo TV TOGOTNTO TOV POCPOPLKOD
o&éoc 610 KataAluTiko otpopa. Me tpoodnkn CO (2 kPa pepwn mieon), mopatnpndnke
po pkpn oAl Suvoptkov. Avtifeta, tpocsOnkn vopatumv (pepkn mieon HoO(g) ionm
pe 0 33.5 kPa) oto aépro piypa mpo&Evnoe OPOUOTIKT OTMOAELD OVVOLIKOD GTO OVOSTKO
NAEKTPHO10, HOVO QUG GTNV TEPITTMOT TOV GTO AVOdIKO NAEKTPOOI0 elyav TpooTeDEl Le
2 gPA/gPt. A&iler va onuewwBdetl 01t Yoo Tovg kartorvteg 30% «.f. P/C ko 30% «.p.
Pt/oxMWCNT 1 andieio Suvopkod nTov peyolvtepn.
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Yympo 6. Andielo Suvapikov (d1opfwUévn MG TPOg TNV OUIKT TTOOTN TACNG) TOV
avodukoV MAektpodiov pe katodvtn 30% k.p. Pt/oxMWCNT-Py otoug 180 °C xot yo
dapopetikég ovotdoel agpiov kovoipov: M: 50.7 kPa Hs og Ar, O: 50.7 kPa Hz xou 2 kPa
CO o¢ Ar, A: 50.7 kPa Ha, 2 kPa CO o 33.5 kPa HxO(g) og Ar . H mepiektikdtnra tov
QPOOEOPIKOV 0££€0¢ 6TO KATAALTIKO oTpopa nTav (a) 2 gPA/gPt ko (b) 0.5 gPA/gPt.

H anoAieo dvvopikov, kdto ond avtég Tic cuvOnKeg TPoPodosiag, amodddnke ce i
noAvotadiokn dtadikacio. O pvOudg g avtidpaong o&eidmong tov vopoydvov (HOR)
peltoveTon Adym peimong Tov Stbéciumv evepymv BEcemv, aPeVOS LEV OC GLVETELL TNG
poenong CO, H20 kot pocpopikov o&€og oty emipdvela g Pt, apetépov de e&artiog
HelooNg TG MAEKTPOYNUIKE €vePYOD EMPAVEINS, OPEMOUEVIC GE EKTOTIOT TOL
QOOPOPIKOV 0EE0G amd TNV MAEKTpOoYNUKY Olemeavela. EmmAéov, o oynuatiopog
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YoyyMov otovg TOpovg TOL KOTOAVTIKOD OTPOUATOS, e&outiog Tng &vuodT®OoNG Kot
SOYKOONG TOL POSPOPIKOL 0EE0G, OMUovpyel TEPLOPIoUOVE otV HETAPopd paloc,
nopepmodilovtag Tehkd T d1dyvon TV aepiov TPog Ta evepyd kEvipa Tov katoAvTn. H
TOCOTNTA KOl 1 KATOVOUT TOL POGPOPIKOD 0EE0C GTNV NAEKTPOKATOAVTIKY] ETLPAVELD
elvatl onUovTIK TopPAPETPOS OGOV aPopd 6T dNUovPYie Kot SO TNG NAEKTPOYNMUIKNG
dtempaverog. Patvetar 6Tt 1 LOPOPIMKOTNTA TNG KOTAAVTIKNG EMUPAVELNS EIVOL GNUOVTIKY|
YO TV OUOLOHOPPY] KOTAVOLT TOV POGEOPIKOD 0EE0C KoL T oTafepOTNTA TG KAT® 0md
vyniég pepwcég méoelg HoO(g). O kataivtng pe ovotaon 30% «.f. Pt/oxMWCNT-Py
etvat 10aviKog yuo Agttovpyio vtd avTég TIg avtioes oLV KeEG OGOV aPOoPE GTN GVOTUON
TOL KOWGIHOV, KOOMG EMESEIEE LIKPATEPT] OTDOAELN OVVAUIKOV Kol VYNAOTEPT 0TAOEPOTNTA
Katw and vynin pepkn mieon H2O(g) kot CO. H aAAnienidopacn Tov opddwv mupidivng
HE TO PMGPOPIKO 0EL OEV GLVETAYETAL LOVO UEYAAVTEPT) OLOLOLOPPIO TOL OEVLTEPOL GTO
KOTOAVTIKO OTPOLO, 0ALG £TTioNG GTOOEPOTOIEL TNV NAEKTPOYN KT OLETIPAVELN KAT® OO
vyniég pepwkég méoelg HrO(g), ehoylotomoidvioag £T6L TOV GYNUATICUO YoyyAMov.
EmumAéov, n ypnomn tov katoivt 30% k.p. P/oxMWCNT-Py divel v dvvatdtta va
elottmOel n moocdtTa Pt 6T0 NAEKTPOSIO, Y0PiG Vo vTOPabioTEl 1) GLVOAIKT) ATOGOOGT TOL
KEAMOV KOWGIHoL vtd cuvOnkeg mapoyns un kabapod Ha, kot cuvenmg va peiwbei 1o
KOGTOG TOPAYMYNG TOV KEAL0V.

Beltiotomoinoen tTov kaBod1kov niektpodiov

Ymv mpoonddeila vo pelmbei n tosomTa Pt 6T0 K0B001KO NAEKTPOS10, SOKIUACTNKE OTN
k60odo o katodvng 30wt% Pt/oxMWCNT-Py. H Beltictomoinon tov cuotipotog
TPAYUOTOTOMONKE LE TOPAUETPIKY avdAvoT, pe peTafoArn g mocotntag Pt o
PMOPOPIKOV 0EE0G GTO KATOALTIKO oTpdua. g UETPO GLYKPLONG YPNOLLOTOMONKE O
eumopwkd drabéoog katarvg 30% «.f. P/C. Apyikd peretOnke m emidpaomn g
TOGOTNTOG TOV PMOCPOPIKOV 0EE0G GTO KATAAVTIKO GTPOLLO KOt STV otdd0GT TOL KEALOD
kavoipov. Olo to KEMA KOVLGIHOL TOPACKELACTNKAY HE avOOoVS HE TS 101Eg
TPOJAYPOUPES. TNV TEPITTOON TOV KaB0d1KOL NAekTpodiov n mtocodTTo Pt SrotnpnOnke
otadepn, ion pe 1.3-1.5 mgPt/cm?, evéd 1 TOGOTNTO TOL POCPOPIKOV 0EE0C HETAPANONKE
o meployn and 2 €wg 8 gPA/gPt. Onwg paivetot 610 Zynpa 7, T0 KATOAVTIKO GTPOLLO TO
omoio mepieiye 30% «.p. Pt/oxMWCNT-Py eiye pikpotepn andieio Suvoptkov (TTdon
TAONG), Yt VYNAEG TEPIEKTIKOTNTEG PWOPOPIKOL 0EEDC, GE OYECN LE TOV EUTOPIKO
katadvtn 30% x.B. Pt/C. H napovsio tov opddwv mupidivng oployevonoinoce T Katovoun
POCPOPIKOV 0EE0G, EAUYICTOTOUDVTAG TN PPAYY] TOV TOPOV TOL KATOAVTI).

H nextpoynuucd evepyn empdvela (ECSA) tov kabodikov niektpodiov mpocsdiopictnke
pe v péBodo g NAEKTpOYNIUKNS 0Eeidmong poenuévou povo&eldiov tov dvBpaxa e
obpwon tov dvvapkod (CO stripping). Toviletar 6Tt Yo Tov Tpocdopiopd e ECSA
a&loroynOnke kot BeATioTOTOMONKE M TEWPAUOTIKY O10OTKAGIN TOL YPMOLUOTOONKE G
avtd TO0 CLOTNUA, £TCL MGTE Vo PNV adAlowwbOel 1 Kotavoun copatdiov Pt katd v
dlapKel TG HETPMNOMG 010 KaBod1Kd niektpodto. Bpébnke 6t 1 dadoyikn pdbenomn tov
CO péypt mipovg avaymyng g emeavelag g Pt ntav n tiéov KatdAAnAn daduocio
v Tov TPocdloptopd g ECSA, 616t adlhoudverl eAdyiota TV Kotavour] couotdiov Pt.
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Yyqpae 7. H enidpaon g mocdtrag (pOpTIoNSg) TOL OoPoptkol 0££0G GTO KOTAAVTIKO
OTPMOUO TTAV® GTO OLVOLKO TOV KEAOV KOLGTIHOV (310pO®UEVO O TPOG TNV MUKT TPMOT)
Taong). uvinkec: Tpopodocia kabapov Ha kot O2 (otoryetopetpia aepiov A, = 1.2 kot
o2 =2, Beppokpacio 180 °C kar mukvotto pedparoc 0.2 A /cm?.

Onwg patveron oto Zynua 8, o kataivtg 30% .. Pt/oxMWCNT-Py eilxe peyaidrepn
NAeKTpoyNUIK em@dveln o€ oxéon pe tov KotaAvtn 30% x.p. Pt/C. Opwg, n
NAEKTPOYNUIKE EVEPYN EMLPAVELD TOV PETPHONKE Yid TO KOBOOIKO NAEKTPHO10 MTOV TOAD
pKpoTEPN amd TNV €KEVN Yo TNV Gvodo, Yo TOV 1010 NAEKTPOKATAAVTI, €O01KE GTNV
nepintoon tov kataAvtn 30% k.f. Pt/C. Aappdvovtag vmdym Kot TV KOTOALTIKN
EMEAveLD KABE NAEKTPOKATOADTY, OT®G Tpocdlopiotnke pe ypnon TEM petd amd ™
Aertovpyios TOL MAEKTPOKATAAVTN oIV KAOO0S0, TPOEKLYE TO GULUTEPAGHO OTL Ol
yopnAotepeg Tipég g ECSA ogeilovtor oty ektdmion 100 pmc@optkov 0&Eog and v
emodvela ¢ Pt. To H,O mov mapdyeton 610 kaBodikd MAEKTPOOI0 £VVOATOVEL TO
QPOGPOPIKO 0EL, TO 0010 GTAOI0KE SLOYKMVETAL KOl EKTOTILETAL OO TV NAEKTPOYN KN
dtempavelo. Q¢ amotéAeoua, N NAEKTPOYNUIKY dlempdvela cuppikvovetatl. [Tapopotlog
UNYOVICHOG avagépOnke Kol Yo TNV Gvodo otn Tepintwon O6mov 1 PEPIKN Tieon Tov
H>O(g) ot0 aépro kadoio eivar peydAn, pe TEAIKO OMOTEAEGUA TN CLUPPIKVOON NG
NAEKTPOYNUIKNG EMPAVELNS. QG €K TOVTOV, OTAV 1 TOGHTNTA TOV PMOGPOPIKOV 0EE0G GTO
KaB0d1KO KaTaALTIKO oTpdua avEdveton n petpovpevn ECSA etvar vyniotepn mopd
oLPPIKVOSN NG NAEKTPOYNUIKNG OlemPavelag, Adym advénong g 0100ec1dTNTOS TOV
vtikov eopéa. To yeyovog 6t o katardtng 30% «.f. P/oxMWNT-Py napovsialet
vynAotepeg Tinég ECSA opeihetar otnv €AoyloTonoinoT e EKTOTIONG TOL POGPOPIKOV
0o&éoc AOYy® ™G TOPOLGING TOV OHAd®V TLPLOIVNG, M OToilo OPO G CLUVOETIKO Kot
otabepomnotel T0 POSPOPIKO 0EL 6TV NAEKTPOYNKY dtempdvela. Onmg @aivetar 610
Symua 9, Adym TG HEYEANC NAEKTPOYNUIKA EVEPYOD EMLPAVELNG TOV NAEKTPOKOATOAVTY
30% x.p. Pt/oxMWCNT-Py, 1o keAl kavosipov pe kabodo 30% «.f. Pt/oxMWCNT-Py
nopovcioce TV 1ot arddoon pe 1o ke kowsipov pe kaBodo 30% k.p. Pt/C, aArd pe v
pion tocotnta (eoption) Pt. To amotédecua avtd givor Todd evBappuvTIKO, d10TL deiyvel

276

Department of Chemical Engineering, University of Patras



Alin Orfanidi, PhD Dissertation, Patra Greece

ot pe ypnon tov nAektpokatardtn 30% k.. P/oxMWCNT-Py pmopei va  peiwbei
ONUOVTIKA TO KOGTOG TAPAYM®YNG TOV KEMOU KOVGIHOL Y0pig pelmon g amddoonS Tov.

50
45
40 .

35_' /\l\«
30 "
25 O/O

20_— O/

15

10
5] —u— 30wt% Pt/oxMWCNT-Py
- —o— 30wt% Pt/C
0 —T T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9

PA loading per electrode, gPA/gPt

ECSA, m?/gPt

Xyqpae 8. H enidpaon g mocdTag (POPTIONS) TOL POSPOPIKOV 0EE0G KoL TOV Popéa
TOL KOTOAVTN 6TV nAekTpoynuikd evepyn empavein (ESCA) tov kabodukod niextpodiov.
H ESCA vroloyiomke pe v péBodo e nAektpoynuikng ofeidmong tov poenuévou
povo&ediov Tov avlpaka pe capwon tov dvvapkov (CO stripping).

1 ] 30wt% Pt/oxMWCNT-Py
1.0 = 0.76mgPt/cm2
. 30wt% Pt/C
0.9-% e 1.55mgPt/cm2
> 17 e o 0.62mgPt/cm2
s 0.87 0 e
> ] n
© . .
5 0.7 O 2 a
> 1 O ] ] .
o 0.6 O
O | o 0 5
0.5 -
0.4
0.3

00 01 02 03 04 05 06 07 08 09
Current density, Alem’

Yyqpa 9. H enidpaon g nepektikdémrag o Pt 6to kaB0d1kd NAEKTPOSI0 GTNV OTAI0oN
TOV KEAOV Kowoipov. Ot kapmdreg mOA®ONG (010pO®UEVES MG TTPOC TNV MUIKT TTMOCT| TACTG)
emedncav otovg 180 °C kot Yo oTotKEOUETPIO TV AVTIOPOVTOV aepiv An, = 1.2 kot Aos
=2 vy kaBapo Ho ko Oz,avtictorya. H moodtnto 100 pecpopikoh 0£E0g 6To KATOAVTIKE
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otpopata nrav: 2 gPA/gPt yio tov xataivtn 30% «.f. Pt/C ko 3 gPA/gPt yio tov kKatodvt
30% k.p. Pt/oxMWCNT-Py.

||
||
20 nm O 1.2 3 4 5 6 7 8 W
e Pt particle size, nm

Xyqpa 10. Mwpoypaenpata TEM petd and 144 opeg cuveyobs Aettovpyiag kaboducoh
niektpodiov (a) 30% x.p. Pt/C ko (B) 30% «.p. P/oxMWCNT - Py. Q¢ évbero,
TOPOVGIALETOL KO 1] KOTOVOUT TOV HEYEBOLG TV copatidiny Pt.

H otafepomra 1o kaBodikov kotardtn 30% k.. PYoxMWCNT-Py cuvvaptioet tov
xPOVOL Ag1TovpYiag TOL KEALOD Kowaoipov peretnOnke pe yprion tov teyvikov XPS, TEM
kot XRD ko ovuykpifnke pe avt tov kataivt 30% «.p. Pt/C. Iapd tig évtoves cuvOnkeg
Aertovpyiog, Ta copatiown Pt oto popéa ox. MWCNT-Py enédeiav v 1010 otabepotnta
HE €KEVAL OTOV EUMOPIKA SBEGIHO KaTaADTn, Topovotalovtog tnv id Taom 7y
ocvoooudtoon, (Zynua 10). Eniong mopatnpndnke 6tL o1 opddeg mupdivng, Katd tnv
dlapKel TEPLOPIOUEVNG  Agttovpyiog TOL KeEAOD Kowoipov, mopouévovv  otabepd
OLVOEDEUEVEG UE TO VITOCTPOLLAL.

YYMIIEPAXMATA

H ypnon tov katodvtn 30 % x.p. Pt/oxMWCNT-Py ota dvo niektpddia tov keAon
KOUGIHOV TPOGEEPEL  ONUAVTIKE TAcoveKTATO 00Tl 0dnyel oe ovénon g
EKUETAAAEVGILOTNTOG TOV KATOADTY Yopic vo amorteiton mpocHnkrn tovouepods oTo
KOTOAVTIKO oTpda. Mg avTtd T0 TPOTO ATOPELYOVTOL TPOPANLOTO OVOLOLOYEVELNS GTNV
KATOVOUT TOL 1ovopepovs. O vEog anTdg NAEKTPOKATOADTNG UTOPEL Vo CUUPAAEL GTNV
dpaotTikn peimon tng mocottoag Pt kot oto 600 MAeKTPOdIL, Yo ObPOPES GLVONKES
Aertovpylog Kol CLGTAGELS OEPIOV KAVGIHOV, YOPig peiwon TG otabepdtTnTog Kol NG
aOd00NG TOV KEAOV KOVGIHLOV.
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