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Abstract: The activities of Pt electrocatalysts modified with a prepared silica powder (with
5i0O, contents of 3 and 7 wt%) in the oxygen reduction reaction in the temperature range
from 0 °C to 50 °C were investigated by the rotating disk electrode technique to evaluate
their efficiency in the process of the cold start of a proton-exchange membrane fuel cell
(PEMFC). An increase in the mass activity of the Pt-5iO, /C electrocatalyst in comparison
with Pt/C was observed, which can be attributed to a more dispersed distribution of
platinum particles on the support surface and a decrease in their size. The activity values
of the silica-modified electrocatalysts in the oxygen reduction reaction were approximately
two-fold higher at 1 °C and four-fold higher at elevated temperatures of up to 50 °C in
comparison with Pt/C, which makes their application in PEMFCs at low temperatures,
including in the process of cold start, a promising avenue for further investigation.

Keywords: PEMFC; cathode electrocatalysts; oxygen reduction reaction; rotating disk
electrode; electrocatalyst activity; cold start

1. Introduction

Environmentally friendly and renewable energy sources are being intensively intro-
duced due to the growth of energy consumption and the efforts to reduce the emission
of air pollutants and CO;. Green hydrogen is a clean alternative to fossil fuels and, as an
energy carrier in electrochemical energy systems, can be effectively used to achieve carbon
neutrality [1]. The use of hydrogen fuel cells represents a comprehensive solution to the
problem of energy supply in urban areas with high exhaust emissions. The utilization
of power systems based on proton-exchange membrane fuel cells (PEMFCs) for vehicles
represents the most promising and commercially attractive area of research and develop-
ment, which is actively promoted by the governments of developed countries [2,3]. The
advantages of PEMFCs, including long refueling intervals and the possibility of their effec-
tive adaptation to a wide range of environmental conditions, especially low temperatures,
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make them competitive when compared with other chemical current sources, particularly
lithium-ion batteries.

Recently, there has been intense growth in research on optimizing the cold-start
performance of PEMFCs [4-8]. Researchers have identified a number of cold-start strategies,
which can be grouped into three categories: strategies for shutdown and storage, strategies
for successful start-up, and modifying the materials comprising the membrane electrode
assembly (MEA) of a device [9,10]. The modification of components also appears to be
a promising way to create a portable device that can be operated under nonstandard
conditions, which is a common requirement for power units in transport. It is feasible to
modify the membrane, and/or the catalytic layers, and/or the electrocatalyst directly as
part of an MEA. The utilization of electrocatalysts as constituent elements of MEAs is a
consequence of the oxygen reduction reaction (ORR) in the fuel cell cathode, which exhibits
slow kinetics [11-17].

Silicon dioxide is a highly prevalent modifier in a multitude of PEMFC components [18-
20], including both membranes and electrocatalysts. The incorporation of silicon dioxide
into the ion channels of proton-exchange membranes as a hydrophilic material with a
constant structure results in an improvement in membrane permeability due to the cap-
illary effect [21]. Additionally, it increases membrane stiffness, which, in turn, enhances
the mechanical strength of the membrane. Also, the hydrophilic nature of silica has a
considerable impact on the moisture retention capacity of membranes. This is due to the
enhanced retention of water in clusters, which potentially enables the utilization of such
membranes in high-temperature (exceeding 120 °C) fuel cells [22-24]. Additionally, the
binding of water within the clusters can impede its desorption from the membrane and
prevent freezing under the influence of low temperatures.

The introduction of hydrophilic silica nanoparticles into the electrocatalyst compo-
sition significantly enhances the ability of the catalytic layer to retain water produced
in the cathode [25,26]. The mechanism underlying the formation of such aqueous com-
plexes is explained by the dissociative chemisorption of water molecules onto defects in
the silicon oxide surface, followed by the physical adsorption of H,O in multiple layers
and the formation of associates with the general formula M(OH),(HO)m [27,28]. Due
to the high specific surface area of silica nanoparticle powders, their incorporation can
considerably improve the water retention capacity of the electrocatalyst and the catalytic
layer based on it. Keeping water bound within the volume of the cathodic catalytic layer
helps prevent solidification at subzero temperatures, making it a promising strategy for
enhancing the stability of the MEA during freeze-thaw cycles [29]. However, studies in
which the addition of silica to the electrocatalyst structure has resulted in improved fuel
cell performance during cold start are relatively limited. For electrocatalysts modified with
silica, the beneficial effects of the modifier on degradation stability are more frequently
assessed [30-34].

The content of modifiers in the electrocatalyst composition must also be carefully
optimized. An excessive hydrophilization of the cathodic catalytic layer, resulting from high
modifier concentrations at subzero temperatures, can adversely impact the degradation
stability of the MEA. This instability arises from the accumulation of excess water within
the layer, leading to solidification [35-40]. Moreover, an overabundance of modifiers can
negatively affect the conductivity of the electrocatalyst and decrease the electrochemically
active surface area of platinum, which ultimately reduces its efficiency in the ORR [21,41].
Consequently, the efficiency of cathode electrocatalysts in the ORR is critical for assessing
their applicability in PEMFC applications. It is essential that these electrocatalysts exhibit
high activity in a temperature range extending from 0 °C to the operating temperatures of
the device [42].
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Accordingly, the present study assessed the efficiency of employing modified Pt-
510, /C electrocatalysts for PEMFC cathode applications at low temperatures and under
cold-start conditions. For this purpose, the activities of these electrocatalysts in the ORR
were investigated in a temperature range of 1-50 °C.

2. Materials and Methods

In this work, electrocatalysts with Pt*?/C and Pt*? /SiO,*/C compositions (where 40,
20— wt. % of platinum; C—amorphous carbon black (Vulcan® XC-72, Cabot Corporation,
USA); and x—3 and 7 wt. % of the silica content) were synthesized. ORISIL 300 (Polychem,
Ekaterinburg, Russia) highly dispersed hydrophilic silica particles were used as a support
modifier (particle size: 2-40 nm; specific surface area: 300 m? g~!). The synthesis of the
Pt/C electrocatalyst was carried out by the chemical reduction of HyPtClg in ethylene
glycol (EG) with the preliminary sorption of the precursor onto a support. For the synthesis
of the silica-modified samples, the support modification and synthesis of the SiO,*/C
composite were carried out first. The pre-modification of the support with silica was
conducted by dispersing the carbon support with prepared hydrophilic silica particles in
EG and then sorbing the particles by colloid precipitation. The synthesis was then carried
out similarly to the Pt/C catalyst using the methodology presented above. The detailed
synthesis methodology is given in [43].

The structural study of the electrocatalysts was performed using the X-ray photoelec-
tron spectroscopy (XPS) technique. For the XPS analysis, a PHOIBOS 150 (SPECS, Berlin,
Germany) hemispherical analyzer (Al K« radiation) with a 1486.61 eV photon energy at
DE = 0.2 eV was used.

This study was carried out using a three-electrode cell in a 0.1 M HCIOj solution at
atmospheric pressure. A reversible hydrogen electrode (RHE) was used as a reference
electrode (a platinum electrode immersed in the electrolyte solution with a constant flow
of gaseous hydrogen). The reference electrode was connected to the working electrode
through a Luggin capillary. A glassy carbon disk electrode (0.102 cm?) was used as the
working electrode and a platinum wire as the counter electrode. The working electrode
was fixed onto the moving shaft of an RDE-06 (Volta, Saint Petersburg, Russia) capable of
rotating at a predetermined speed in the speed range of 500-1600 rpm . The specific (S,)
and mass (M,) electrocatalyst activity were determined using Equations (1) and (2):

_ iy
Sa = ESA * mpy M
i
M, = ko )
mp¢

where mp; is the mass of Pt on the electrode, ESA is the electrochemical surface area, and ij
is the measured kinetic current. The methodology is described in more detail in [44].

3. Results and Discussion

In our previous work [43], the synthesized samples were analyzed using the following
methods: Brunauer-Emmett-Teller (BET), transmission electron microscopy (TEM), energy-
dispersive X-ray spectroscopy (EDX), and cyclic voltammetry. According to the results
obtained, the inclusion of silicon nanoparticles in the structure of the carbon support led to
an increase in the specific surface area, according to the BET method, of up to 12%. Also,
smaller Pt nanoparticles were observed on the silica-modified electrocatalysts: 2.3-2.5 nm
versus 2.8 nm for Pt/C. The EDX results confirmed the elemental compositions of the
samples. The small size of the Pt nanoparticles on the modified samples determined higher
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ESA values: 88 m? g~1, 81 m? g1, and 42 m? g~ ! for Pt?*/SiO,3/C, Pt* /SiO,” /C, and
Pt*0/C, respectively.

3.1. Electrocatalysts” Characterization

To further study the structures of the electrocatalysts, XPS analysis was performed.
Figure 1 shows the XPS spectra in the Pt 4f, O 1s, and Si 2p regions. The spectra in the Pt 4f
region demonstrate a slight downshift in the binding energies and an increase in the area
of the Pt*? peak for the silica-modified electrocatalysts, which can be attributed to the im-
proved surface interaction of the platinum nanoparticles with the modified support [45,46].
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Figure 1. XPS spectral results of (a) Pt 4f, (b) O 1s, and (c) Si 2p for electrocatalyst sam-
ples. Black symbols—raw data, black line—fitted data, red and blue lines—deconvoluted peaks,
green line—background.

The XPS spectra of O 1s exhibit a shift of 0.1-0.2 eV toward higher binding energies for
the Pt? /SiO,* /C samples. This effect may be due to the additional contribution of a larger
number of surface oxygen species caused by the incorporation of silica nanoparticles into
the support [47]. The XPS results in the Si 2p region demonstrate two peaks. The peak at
the higher binding energy of ~104 eV corresponds to SiO,, while the peak at the lower
energy (~102.3 eV) can be associated with -5i-O-C- and -5i-O-Pt- bonds [48,49]. The higher
area of the lower-energy peak confirms the involvement of a significant part of the silica
surface in the interaction with the metal nanoparticles and carbon support.

3.2. Electrochemical Studies

To evaluate the effect of modifier addition on the activity of the electrocatalysts in the
ORR, polarization curves were obtained by the RDE method (Figure 2).

The presented polarization curves exhibit a single pronounced wave in the region
of 0.75-1.05 V vs. the RHE, as well as a stable diffusion region at a potential of less than
0.7 V vs. the RHE, which indicates the high quality of the obtained catalytic films. For all
samples, the half-wave potential was observed to be in the region of 0.9 V vs. the RHE.
Consequently, the activity calculations were conducted at this potential. The resulting
values are presented in Table 1.

The activity values for Pt/C were found to be lower than those reported in the litera-
ture. This discrepancy can be attributed to the differences in the synthesis methods of the
electrocatalysts. Nevertheless, a comparative analysis of the obtained samples was feasible.
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Figure 2. Polarization curves of ORR and plots in Koutecky-Levich (K-L) coordinates at 0.9 V
vs. RHE.

Table 1. Kinetics parameters for ORR on Pt/C and Pt?°/SiO,*/C electrocatalysts: kinetic current
density (jx) and specific (S,) and mass (M,) activity at room temperature and potential at 0.9 V

vs. RHE.
jio mA cm—2 S., mA cm—2 M,, mA mg~1
Pt/C 46 +0.1 0.14 + 0.01 56 + 1
Pt/C [50] - 0.21 90
Pt/C[51] - 0.19 122
Pt20/Si0,3/C 6.9 +0.3 0.25 + 0.01 223+ 9
Pt20/Si0,7 /C 6.5+ 0.1 0.21 4 0.01 170 £ 3
Pt464 /Si0,%4 /C [52] - 0.14 50
P41 /Si0,°/C [52] - 0.14 60

The Pt?°/SiO,*/C samples exhibited a higher mass activity compared with the stan-
dard sample, which may be attributed to the more uniform distribution and smaller size
of the Pt nanoparticles on the modified electrocatalyst. Additionally, as indicated in refer-
ence [53], the ORR activity was more pronounced in Pt with a (110) surface compared with
a (100)-type surface. Furthermore, considering the previous cyclic voltammetry data [43],
this effect could also have led to a higher activity value for the Pt?*°/Si0,%/C sample.
Increasing the metal-support interaction for the modified samples may have also improved
the electrocatalytic activity in the ORR [54]. An increase in the S5iO; concentration to 7 wt%
resulted in a decrease in activity. This can be attributed to the dielectric properties of the
modifier, which led to an increase in the charge transfer resistance. A comparison of the
results obtained in this study with previously published data for modified samples [50] re-
vealed that the samples produced in this work exhibited approximately three to four times
higher activity with a similar modifier content in their compositions (Table 1). This finding
corroborates the efficiency of the sample synthesis method employed.

To evaluate the suitability of the modified electrocatalysts for cold-start applications,
their ORR activities were investigated across a temperature range of 1 °C to 50 °C. Figure 3
shows the polarization curves for the Pt/C electrocatalyst at varying medium temperatures
with a constant electrode rotation speed. The polarization curves demonstrate an increase
in the diffusion current of the reaction with rising temperature. This phenomenon can be
attributed to the slower decline in the dissolved oxygen concentration in the electrolyte in
comparison with the enhanced oxygen diffusion rate to the disk electrode surface. With
increasing temperature, a shift in the half-wave potential of the polarization curves toward
higher potentials is also observed, which indicates a positive dependence of the reaction
rate on temperature.
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Figure 3. Polarization curves of ORR for Pt/C at an electrode rotation speed of 1600 rpm over
a temperature range of 1-50 °C.

Figure 4 shows the K-L plots for the platinum electrocatalysts at 50 °C. The graphs
remain parallel in the considered potential range, which indicates a weak dependence
of the number of transferred electrons on the potential and the applicability of the K-L
theory for elevated temperatures. The number of electrons transferred for all samples was

approximately four, indicating that the electrocatalysts showed high selectivity even at
elevated temperatures [44].
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Figure 4. Graphs in K-L coordinates and the dependence of the number of transferred electrons (ne)
on the potential for the electrocatalysts in the ORR at 50 °C.

Table 2 shows the activity values in the temperature range of 1-50 °C at 0.9 V vs.
the RHE.

The Pt/C electrocatalyst showed low activity values across the entire temperature
range, which can be attributed to the larger size of the platinum nanoparticles and the
smaller proportion of the platinum surface area involved in the ORR. Furthermore, the
activity values at the different temperatures exhibited minimal variation, suggesting that
the electrocatalyst efficiency was preserved at temperatures approaching 0 °C. The activity
values for Pt?* /SiO,* /C were approximately twice as high as those for Pt/C at 1 °C and
approximately four times higher at elevated temperatures.
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Table 2. Kinetics parameters for ORR on Pt/C and Pt*?/SiO,*/C electrocatalysts in temperature
range from 1 to 50 °C and at potential of 0.9 V vs. RHE.

T, K 274 283 293 303 323
Pt/C (ESA=42m? g~ 1)
ji, mA cm~2 3.7+02 43403 4.6+ 0.1 52+0.2 5.7 +£0.2
S., mA cm—2 0.12 4 0.01 0.13 4 0.01 0.14 4 0.01 0.16 4 0.01 0.17 4 0.01
M,, mA mg~! 47 42 51+4 56 + 1 62 +2 69 +2
Pt?%/Si0,3/C (ESA =88 m? g~ 1)
ji, mA cm 2 32+0.1 4.6 +0.02 6.9 +0.27 8.7 £0.1 125+03
Sa, mA cm 2 0.12 4 0.01 0.17 4 0.01 0.25 4 0.01 0.32 4 0.01 0.46 4 0.01
M,, mA mg~! 104 +3 150 £5 22349 280 + 3 402 +9
Pt?°/Si0,”/C (ESA =81 m? g~ 1)
ji, mA cm 2 33+0.1 45+0.1 6.4+0.1 93+04 13.6 £ 0.6
Sa, mA cm 2 0.11 £ 0.01 0.15 4 0.01 0.21 4 0.01 0.31 4 0.01 0.44 4 0.02
Ma, mA mg ™! 88 +2 118 +£3 170 +£3 248 + 10 359 + 16

Arrhenius plots for the studied samples are presented in Figure 5. Some plots show
non-linear behavior, which may be related to the activation of additional active sites on plat-
inum at increasing temperatures and a larger measurement error than the calculated one.

8.0 8.0

8.0

7.51 y=-24x+14.1 751 * y=-4.0x+20.1 7.51 y=-42x+20.8
7:7'0- 7:7.0- —1:7'0_
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31 32 33 34 35 36 37 3.1 32 33 34 35 36 37 31 32 33 34 35 36 37
/T, 10 K™ T, 10° K™ /T, 10° K™

Figure 5. Arrhenius plots for electrocatalyst samples in ORR.

The slopes of the Arrhenius plots indicate that the activation energy (E;) values in the
ORR were 20 + 1,33 + 2, and 35 4 1 kJ-mol ! for Pt/C, Pt*/SiO,%/C, and Pt*/SiO,” /C,
respectively. The obtained value of the E, for Pt/C was in close agreement with the
results presented in [55,56], where the E, was reported to be 28 and 21 £ 3 kJ-mol~!. The
incorporation of SiO; into the electrocatalyst composition was observed to result in an
increase in the energy activation by 30—-40%. This phenomenon may be attributed to the
partial blocking of the surfaces of platinum nanoparticles by modifier particles due to
the formation of -Pt-O-Si- bonds. Nevertheless, the enhanced activity exhibited by these
samples in the presented temperature range suggests that the use of such electrocatalysts
in PEMFCs at low temperatures, including during the cold-start process, is a promising
area for further research.

4. Conclusions

The kinetics of the oxygen reduction reaction on silica-modified electrocatalysts in a
wide temperature range were investigated. The RDE method was employed to determine
the kinetic and diffusion components of the ORR current. In all samples, the half-wave
potential of the polarization curves was located within the region of 0.9. The RDE method
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allowed for a comparative analysis of the activity values. The K-L plots at 50 °C were
parallel up to the half-wave potential, indicating a weak dependence of the number of
transferred electrons on the potential and the applicability of the K-L theory. Furthermore,
the modified electrocatalysts displayed high selectivity for a high-temperature range. A
four-fold increase in mass activity compared with the standard sample was observed
for the Pt* /SiO,*/C samples, indicating a more dispersed distribution of the platinum
nanoparticles, a smaller average size, and additional platinum-support interactions. As the
mass content of the modifier increased, the activity decreased by approximately 20%, which
was attributed to the increased charge transfer resistance. Consequently, the activation
energy for the modified electrocatalysts was observed to increase by 30-40% relative to Pt/C
due to the partial blocking of the Pt surface. Nevertheless, the modified electrocatalysts
exhibited a more than two-fold increase in activity at 1 °C relative to Pt/C, confirming the
potential utility of silica-containing platinum electrocatalysts at low temperatures and in
the cold-start process of PEMFCs.
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