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Table 4.6 ORR activity parameters of Pt-Pd/CB and the commercial Pt/C catalysts.

Onset potential / Vvs  Half-wave potential /VV  Current density / mA

RHE vs RHE cm?
Catalysts
Pt-Pd/CB-MeOH 0.824 0.570 5.12
Pt-Pd/CB-EtOH 0.771 0.609 3.86
Pt-Pd/CB-nPrOH 0.824 0.612 6.43
Pt-Pd/CB-FMY 0.797 0.596 5.40
Pt-Pd/CB-AA 0.861 0.648 6.98
Pt/C Alfa Aesar 0.885 0.717 7.04
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Figure 4.11- ORR polarisation curves recorded for the Pt-Pd/CB and the commercial Pt/C catalysts.
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The ORR activities of the catalysts supported on carbon nanofibers are presented in Figure

4.12. Among the group of the synthesised catalysts, Pt-Pd/CNF-EtOH presented the most

positive onset potential (0.827V), although the commercial catalyst displayed the highest

onset potential (0.885V). Despite this result, it is important to highlight that the catalysts

Pd/CNF-FMY and Pd/CNF-nPrOH developed the highest half-wave potentials, while the

catalyst Pd/CNF-EtOH developed the highest diffusional current density (6.51 mA cm?)

among the synthesised catalysts.

Table 4.7 ORR activity parameters of Pt-Pd/CNF and the commercial Pt/C catalysts.

Onset potential / Vvs  Half-wave potential /VV  Current density /
RHE vs RHE mA cm?
Catalysts
Pt-Pd/CNF-MeOH 0.773 0.458 4.10
Pt-Pd/CNF-EtOH 0.827 0.639 6.51
Pt-Pd/CNF-nPrOH 0.819 0.651 6.08
Pt-Pd/CNF-FMY 0.619 0.453 5.13
Pt-Pd/CNF-AA 0.651 0.470 3.93
Pt/C Alfa Aesar 0.885 0.717 7.04
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Figure 4.12- ORR polarisation curves recorded for the Pt-Pd/CNF and the commercial Pt/C catalysts.

4.2.3 Mass and specific activity of the synthesised catalysts.

The specific and mass activities of the catalysts supported on carbon xerogels at 0.75 V were
calculated and the results are depicted in the Figure 4.13. The catalysts reduced with
methanol, ethanol and formaldehyde displayed the highest mass and specific activities, even
overcoming those of Pt/C, while the catalyst reduced with ascorbic acid generated the lower
activities. These results confirm that the Pt-Pd/CX materials are suitable to be used in the
cathode of the PEMFCs as they have a low but optimized Pt content, high content of active
sites and high activity toward the ORR. The higher lattice parameter matched with the higher
activity of the catalysts, suggesting that a low alloying degree between Pt and Pd benefits

their activity.
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Figure 4.13 Specific and mass activities of the Pt-Pd/CX and the commercial Pt/C catalysts.

Figure 4.14 displays the mass and specific activity of the catalysts supported on carbon black.
The catalyst with the highest mass activity is Pt-Pd/CB-AA and the lowest was generated by
Pt-Pd/CB-EtOH. The catalysts reduced with ethanol presented both the lowest mass and
specific activities, which was also demonstrated with their lowest diffusional current
densities. The activities observed in the catalysts supported on carbon black were
comparatively lower than those of the catalysts supported on carbon xerogels, a fact that can
be explained from the high content of mesopores in the carbon xerogels. A high content of
mesopores promotes a high dispersion of metal nanoparticles on the carbon support, and the

diffusion of the electroactive species toward the catalytic nanoparticles.
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Figure 4.14 Specific and mass activities of the Pt-Pd/CB and the commercial Pt/C catalysts.

Figure 4.15 shows the results for the specific and mass activities of the catalysts supported on
carbon nanofibers. Pt-Pd/CNF-nPrOH developed the highest specific activity, even
overcoming that of Pt/C, while Pt-Pd/CNF-EtOH developed the highest mass activity
compared to the other CNF-supported materials. The mass and specific activities of the
catalysts reduced with ascorbic acid and formaldehyde were lower than those of the catalysts.
The catalysts supported on carbon nanofibers did not achieve the expected 40 wt. % metal
content (see table 4.3) which results in their low activity among all the studied materials in
this work. Therefore, the low metal content of the catalysts supported on carbon nanofibers
could be the main reason related with the low mass and specific activities of the Pt-Pd/CNF

catalysts.
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Figure 4.15 Specific and mass activities of the Pt-Pd/CNF and the commercial Pt/C catalysts.

4.2.4 Koutecky-Levich analysis of the synthesised catalysts

Figure 4.16 shows the Koutechy-Levich plots at different potentials of the catalysts supported
on carbon xerogels, which were used to calculate the number of electrons involved in the
oxygen reduction reaction on the synthesised catalysts supported on carbon xerogels. The

number of electrons was calculated using the Koutecky-Levich equation:

1 1 1
-=—+4 4.4
I I 062nFD2/3971/6Cy, Awl/? (4.4)

Where D is the diffusion coefficient of molecular oxygen in 0.1 M HCIO,4 (1.67 X 10° cm? s°
Y, v is the kinematical viscosity (8.93 X 10-3 cm? s™), Co; is the concentration of dissolved
molecular oxygen (1.18 X 10° mol cm™®) and A is the geometric area of the working
electrode (0.1962 cm?). Parallel trends were found at the different potentials, suggesting that
water is formed as the main product during the ORR. Pt-Pd/CX-EtOH is the only catalyst that

presented a slight deviation from parallelism, indicating the formation of some hydrogen
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peroxide during the ORR. The slopes of these linear trends were used to calculate the number
of electrons, finding values close to four electrons, except in the case of the catalyst reduced
with ethanol (3.7 electrons), demonstrating an incipient formation of hydrogen peroxide

when the ORR is performed on this catalyst.
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Figure 4.16 Koutecky-Levich plots of the Pt-Pd/CX and the commercial Pt/C catalysts.

Regarding the catalysts supported on carbon black, the materials Pt-Pd/CB-AA, Pt-Pd/CB-
FMY and Pt-Pd/CB-nPrOH presented four number of electrons involved in the ORR,
indicating the formation of water as main product. The catalysts Pt-Pd/CB-EtOH and Pt-
Pd/CB-MeOH showed a number of electrons lower than four (3.1 and 3.2 respectively),
suggesting that some hydrogen peroxide is formed when the ORR occurs on these materials.
The catalysts reduced with ethanol supported on both carbon xerogel and carbon black

involved less than four electrons, indicating that this synthesis route does not promote the
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formation of nanoparticles with catalytic properties favouring the production of water [12,

13].
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Figure 4.17 Koutecky-Levich plots of the Pt-Pd/CB and the commercial Pt/C catalysts.

In the case of the materials supported on carbon nanofibers, parallel trends were observed
(see Figure 4.18) in the catalysts reduced with ethanol (4.1 electrons), n-propanol (4.3
electrons) and formaldehyde (4.3 electrons), suggesting the formation of water as main
product. The catalysts reduced with ascorbic acid and methanol showed a number of
electrons lower than four (3.2 and 3.1 electrons respectively), suggesting some hydrogen

peroxide formation.
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Figure 4.18 Koutecky-Levich plots of the Pt-Pd/CNF and the commercial Pt/C catalysts.

4.2.5 Corrosion and stability assessment of the synthesised catalysts.

The synthesised catalysts were tested to assess the corrosion resistance in similar conditions
to those employed in a PEMFC, following the procedure described in section 3.1.3.2. The
changes in the electrochemical behaviours of the catalysts supported on carbon xerogels are
presented in Figure 4.19. A negligible change in the peaks corresponding to hydrogen
adsorption/desorption current densities (between -0.1 to 0.3 V vs RHE) with well-defined
peaks for adsorption was observed, which indicates that there was no changes in the surface
crystallinity of the nanoparticles. Pt-Pd/CX-FMY demonstrated a decrease in the current
densities of the peaks corresponding to formation/reduction of metal oxides (between 0.6 to
0.95 V vs RHE), suggesting the formation of unstable surface oxides. No other synthesised
catalysts showed significant changes after the cycling test suggesting high resistance towards
corrosion.
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Figure 4.19 Cyclic voltammograms of Pt-Pd/CX and the commercial Pt/C catalysts before and after the cycling

treatment.

The synthesised catalysts supported on carbon black demonstrated changes in the peaks
corresponding to the adsorption and desorption of hydrogen after the cycling treatment,
except in the case of the catalyst reduced with methanol. The peaks corresponding to the
oxidation/reduction of metal oxides changed drastically in all the synthesised catalyst, which
means a dissolution process of the metal nanoparticles [14]. The catalysts Pt-Pd/CX
displayed higher stability and resistance to corrosion compared with the catalysts Pt-Pd/CB,

verifying that carbon xerogel have improved corrosion resistance in acidic media.
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Figure 4.20 Cyclic voltammograms of Pt-Pd/CB and the commercial Pt/C catalysts before and after the cycling

treatment.

Figure 4.21 depicts the behaviour of the catalysts supported on carbon nanofibers in the O,-
free supporting electrolyte, before and after the durability test. Only the catalyst reduced with
ethanol did not show a change in the current density corresponding to the
adsorption/desorption of hydrogen, suggesting that there was no change on the crystallinity of
this material. There were changes in the current densities corresponding to the
formation/reduction of metal oxides in the other synthesised catalysts, indicating that they are
more sensible to corrosion processes associated with both, the metal nanoparticles and carbon

support corrosion.
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Figure 4.21 Cyclic voltammograms of Pt-Pd/CNF and the commercial Pt/C catalysts before and after the

cycling treatment.

The effect of the cycling treatment in the ORR activity was also studied on the catalysts
supported on carbon xerogels, as shown in Figure 4.22. There is a shift toward more negative
values in the half-wave potentials after the cycling treatment although the diffusional current
densities increased after the test, indicating that the corrosion of the catalysts is mainly
associated to the carbon support and thus, an increase in the electroactive area is generated.
All the Pt-Pd materials showed lower differences in the half-wave potential than that of the
commercial Pt/C, indicating that synthesised Pt-Pd/CX materials possess a high corrosion

resistance, which can be attributed to the presence of both Pd and carbon xerogels. These
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results were in consistence with those achieved by Nishanth [15] and Xiong [16], who found
small differences in the half-wave potentials before and after the durability test, for materials

prepared by galvanic replacement and solvothermal synthesis.
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Figure 4.22 ORR polarisation curves recorded at 1600 rpm for the Pt-Pd/CX and the commercial Pt/C catalysts

before and after the cycling treatment.

Figure 4.23 shows the effect of the cycling treatment on the activity of the catalysts supported
on carbon black. The half-wave potentials of the catalysts decreased drastically in the
prepared materials compared with the commercial Pt/C, except in the case of Pt-Pd/CB-FMY
and Pt-Pd/CB-MeOH. The diffusional current densities were also affected, since all of them
decreased after the cycling, suggesting corrosion processes affecting both the carbon black

support and the metal Pt-Pd nanoparticles.
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Figure 4.23 ORR polarisation curves recorded at 1600 rpm for the Pt-Pd/CB and the commercial Pt/C catalysts

before and after the cycling treatment.

Figure 4.24 represents the performance of the ORR on the Pt-Pd/CNF catalysts. The half-
wave potential of the catalyst reduced with ascorbic acid presented the smallest change
compared to the other synthesised catalysts, which means this material develops the lowest
degree of corrosion. Moreover, among all the catalysts supported on the different carbon
materials, the highest decrease in the half-wave potential was recorded on Pt-Pd/CB-AA and

the lower on Pt-Pd/CB-MeOH.
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Figure 4.24 ORR polarisation curves recorded at 1600 rpm for the Pt-Pd/CB and the commercial Pt/C catalysts

before and after the cycling treatment.
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5. Chapter Five: Conclusions

Platinum-palladium catalysts supported on carbon xerogels, carbon black and carbon
nanofibers were synthesised by chemical reduction with methanol, ethanol, n-propanol,
formaldehyde and ascorbic acid, in order to evaluate their performance toward the oxygen
reduction reaction (ORR) and thus determining its suitability as cathode catalysts for
PEMFCs. The catalysts were physically characterised by X-ray diffraction (XRD), energy
dispersive X-ray (EDS) and transmission electron microscopy (TEM). Moreover, the as-
synthesised materials were electrochemically characterised by cyclic voltammetry (CV) and
rotating disk electrode (RDE). XRD analysis demonstrated the formation of an alloy between
platinum and palladium, since the typical peaks of the face-centered structure of these
catalysts shifted to the higher values of 20 degrees, compared with the reflections of the
commercial Pt/C catalyst. Furthermore, in most of the catalysts a decrease in the lattice
parameter was found, verifying the entrance of Pd in the crystal lattice of Pt, forming an
alloy. The EDS analysis showed that the Pt-Pd atomic ratio was close to 1:2 in the as-
prepared catalysts, while the metal contents were around 35 wt. % for the catalysts supported
on carbon xerogels, 36 wt. % for the catalysts supported on carbon black and 24 wt. % for the
materials supported on carbon nanofibers. TEM analysis demonstrated a high dispersion of
metal nanoparticles on the carbon supports, especially in the case of the Pt-Pd/CNF catalysts.
Among the studied synthesis methods, the use of ethanol as reducing agent promoted a

narrow particle size distribution of the nanoparticles on all the carbon supports.

Regarding the electrochemical characterisation, a shift towards more positive potentials in the
peaks correspond to the reduction of metal oxides in the O,-free supporting electrolyte was
observed due to the presence of Pd in the synthesised catalysts. Pt-Pd/CX-FMY, Pt-Pd/CX-

MeOH, Pt-Pd/CB-AA, Pt-Pd/CB-nPrOH, Pt-Pd/CNF-EtOH and Pt-Pd/CNF-nPrOH
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demonstrated the highest activity towards the ORR, even overcoming the diffusional current
densities developed by the commercial Pt/C Alfa Aesar catalyst. It is important to highlight
that the materials synthesised in this work contain a lower platinum content and in most of
the cases, they developed activities higher than that of Pt/C. After a Koutécy-Levich analysis
of the catalysts, there were four electrons involved in the ORR found, suggesting the
production of water as main product and the maximum efficiency of the catalysts. The mass
and specific activity of the studied catalysts at 0.75 V was determined, and the obtained
values demonstrated that Pt-Pd/CX-EtOH, Pt-Pd/CX-FMY and Pt-Pd/CX-MeOH possess
activities higher than that of Pt/C. Pt-Pd/CX-AA and Pt-Pd/CNF-nPrOH also exhibited
higher mass activities than that of Pt/C, as well as Pt-Pd/CB-MeOH displayed an improved

specific activity.

The corrosion resistance of the studied materials was evaluated by submitting them to a
potential cycling, which did not affect the peaks corresponding to the adsorption/desorption
process of hydrogen in the catalysts supported on carbon xerogels, except Pt-Pd/CX-FMY.
Nevertheless, in the catalysts supported on carbon black and carbon nanofibers, a decrease in
the currents corresponding to this process was observed. The diffusional current densities of
the catalysts supported on carbon xerogels and Pt-Pd/CNF-AA improved after the cycling
treatment, suggesting a corrosion process associated to the metal nanoparticles dissolution.
The results here presented suggest that the studied synthesis routes are suitable to produce Pt-
Pd catalysts supported on carbon xerogels, carbon black and carbon nanofibers, procedures
that allow the obtaining of materials with an optimised utilization of Pt. Despite the low
content of this metal, there is no detriment in their ORR activity, making them good

candidates to be employed as cathodes in proton exchange membrane fuel cells.
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