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Abstract

To effectively utilize glycerol as a fuel for electrochemical fuel cells, it is necessary to optimize
catalysts for effective C-C bond cleavage and complete oxidation of reaction intermediates to achieve
maximum efficiency. The current work showed that the synergistic interactions of platinum (Pt) with
transition metal carbide (TMC) substrates, such as tungsten carbide (WC) and tantalum carbide (TaC),
fulfilled these criteria. The TMC-supported Pt catalysts showed higher activity and selectivity for complete
glycerol oxidation than commercial 10 wt% Pt/C. In-situ FTIR analysis revealed that 5 wt% Pt/WC was
the most effective catalyst among those tested for complete glycerol oxidation at 0.9 V vs RHE. In-situ X-
ray absorption fine structure characterization and density functional theory calculations provided additional

insight into the synergistic interactions for glycerol oxidation over Pt/TMC catalysts.

Key words: Glycerol electrooxidation; Pt-modified transition metal carbides; in-situ Fourier transform
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1. Introduction

Decades of growth in biodiesel production has led to potential market saturation of glycerol, which
is the main byproduct from biodiesel, as about 1 kg of glycerol is produced for every 10 kg of biodiesel
[1,2]. While glycerol possesses remarkable versatility in applications ranging from food and
pharmaceuticals to polymers and cosmetics, refining the crude glycerol from biodiesel production is
uneconomical for small and medium sized biodiesel producers [1,3]. Thus, glycerol valorization has drawn
much interest [4-6], including electrochemical conversion of glycerol to produce both energy and value-
added products, as shown in Figure 1. Among these electrochemical reactions, only the complete oxidation
of glycerol enables the complete utilization of energy in the molecule [7]. This would enable crude glycerol

to serve as a cost-effective fuel similar to direct methanol and ethanol fuel cells.
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Figure 1. Possible products for the electrochemical oxidation of glycerol.

Alcohol and glycerol oxidation in alkaline conditions has been found to exhibit improved
performance due to its faster kinetics, with the first alcohol deprotonation step being base-catalyzed [8,9].
To generate the most electrons from glycerol as an anodic fuel, catalysts should be optimized for the
complete scission of all C-C bonds, as well as for completely oxidizing any intermediates before desorption.
Previous studies with methanol and ethanol have demonstrated that Pt-modified TMCs can fulfill both
criteria [10—12].

Pt-based catalysts have long been the material of choice for alcohol and polyol oxidation [13—18].
However, aside from its scarcity, the utilization of Pt has also been hindered by sluggish kinetics primarily

due to the high binding energy of carbon monoxide (CO), effectively poisoning the catalyst. Supporting Pt



on TMCs has been shown to reduce the CO binding strength, as in the case reported for Pt supported on
tungsten carbide (Pt/WC) and tantalum carbide (Pt/TaC) [10,11,19]. TMCs have attracted attention as a
versatile class of materials that can exhibit catalytic properties similar to those of Pt-group metals (PGMs)
[20]. Incorporating carbon atoms in the crystal lattice of the parent transition metal causes the bond length
between metal atoms to lengthen, thereby changing the d-band electron density of the metal at the Fermi
level [21]. The synergistic interactions between Pt and TMCs have also been shown to enhance the overall
electrocatalyst activity by reducing the onset potential and increasing current density. This enhancement is
the result of adsorbed hydroxyl and oxygen species formation on TMCs, which promote the
electrooxidation of adsorbed carbonate and CO species and accelerate their removal from the surface
through the “bifunctional mechanism” [15,22-24]. Furthermore, both Pt/TaC and Pt/WC have been shown
to preferentially catalyze the scission of the C-C bond for ethanol oxidation [10,11].

This work investigated the extent to which these key properties affected the oxidation of more
complex polyols such as glycerol. To that end, TaC and WC were synthesized and modified with varying
quantities of Pt to investigate the synergistic effect of supporting Pt on TaC and WC supports for
electrochemical glycerol oxidation. The electrocatalytic activities were measured via cyclic voltammetry,
while the reaction products and intermediates were further examined with FTIR spectroscopy. The catalysts
were characterized using X-ray absorption fine structure (XAFS) under in-situ electrocatalytic conditions.
DFT calculations were also performed to identify the effect of Pt and TMC interactions on the binding

energies of glycerol and CO.

2. Experimental Methods
2.1 Catalyst Synthesis and Characterization

Procedures for synthesizing powder TaC and WC, and the subsequent modification with 2.5 wt%,
5 wt%, and 10 wt% Pt via the NaOH-assisted ethylene glycol reduction method were adapted from Wang
et al. [25]. Powder TaC was prepared by mixing TaCls with ethanol and grinding with MCM-41 until the
ethanol had evaporated. The dried powder was carburized in a tubular quartz reactor before it was then
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cooled and passivated. The resulting powder was etched in 2 M NaOH for 2 hours to remove the MCM-41
before rinsing and drying. Powder WC was prepared similarly but using ammonium metatungstate hydrate
(NH4)sH2W12040°xH,0) as the precursor. The procedure for modifying the TaC and WC with Pt was
adjusted so that the appropriate amount of K,PtClsy was dissolved in 1 mL of deionized water before
application. The Pt loadings were verified by dissolving in aqua regia overnight before diluting and
analyzing with ICP-OES. Commercial 10 wt% Pt on Vulcan XC-72 catalyst (E-TEK, De Nora North
America Inc.) was used as the benchmark for comparison.

Powder catalysts were characterized using X-ray photoelectron spectroscopy (XPS) in an ultra-
high vacuum (UHV) chamber at a base pressure < 7 x 10 Torr using an Al Ka X-ray source. The energy
was calibrated using adventitious carbon at 284.5 eV. Symmetric XRD scans were performed using a Cu
Ko X-ray source directed on a spinning stage. The results were compared against reference patterns
#243678, #159875, and #246149 from the Inorganic Crystal Structure Database.

The transmission electron microscopy (TEM) characterization of catalyst particles was performed
at Center for Functional Nanomaterials, Brookhaven National Laboratory. High-angle annular dark-field
scanning TEM (HAADF-STEM) images and energy dispersive X-ray spectroscopy (EDS) elemental maps

were obtained with Themo-Fisher Talos F200X at an accelerating voltage of 200 kV.

2.2 Electrode Preparation and Characterization

The powder catalyst was used to prepare electrode ink by mixing 6 mg of catalyst, 0.264 mL
deionized water, 0.183 mL isopropanol, and 0.058 mL 5% Nafion-117. The mixture was sonicated for 1
hour. Then, 42 uL of ink was drop-casted onto 1 c¢m? of Toray carbon paper and left to dry at room
temperature overnight. The resulting electrodes had a catalyst loading of about 0.5 mg/cm?.

The electrochemically active surface area (ECSA) of the electrodes was measured via copper (Cu)
stripping to normalize electrochemical data and account for surface roughness. The procedure was adapted
from Wang et al. [26]. Cu stripping was performed in a 3-electrode cell, where carbon paper electrodes
were first cycled in 0.5 M H,SO4 between -0.9 V and 0 V vs Ag/AgCl for 25 cycles at 50 mV/s. Then, in
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the same electrolyte, the electrodes were held at 0.25 V vs RHE for 60 seconds before sweeping to 0.8 V
vs RHE at 50 mV/s to establish a baseline. Next, the electrodes were transferred to another 3-electrode cell
with 0.5 M H,SO4 and 2 mM CuSOs, where the electrodes were held at 0.25 V vs RHE for 300 seconds
before sweeping up to 0.8 V vs RHE at 50 mV/s. ECSA was calculated from the area between the resulting
plot and the baseline, corresponding to the charge necessary for stripping monolayer adsorbed Cu from the
surface, and dividing the result by the charge density for Cu, 420 uC/cm?. All potentials written hereafter

are referenced against RHE.

2.3 Electrochemical Evaluation of Glycerol Oxidation

Catalysts were tested in 3-electrode cells, with the catalyst electrode as the working electrode, a
graphite rod as the counter electrode, and a saturated calomel electrode as the reference electrode. The
electrolytes used were 0.1 M KOH with and without 1 M glycerol. After the cells were purged with argon
for 10 minutes, cyclic voltammetry (CV) between 0.1V and 1.4 V were performed for 4 cycles at 50 mV/s
in only 0.1 M KOH to clean the electrode. Next, CV for 20 cycles in 0.1 M KOH with 1 M glycerol between
0.1V to 1.4V at 50 mV/s was performed. Electrochemical Impedance Spectroscopy (EIS) was then
performed in 0.1 M KOH with 1 M glycerol to measure the ohmic resistance, with which the appropriate
iR compensation was corrected for in the subsequent chronoamperometry (CA) experiment. The CA for
each catalyst was performed at 0.6 V for 1 hour in the argon-purged 3-electrode cell containing 0.1 M KOH

with 1 M glycerol to compare catalyst stability and activity over time.

2.4 In-situ FTIR Measurements

In-situ FTIR spectroscopy (Nicolet IS50 spectrometer equipped with a mercuric cadmium telluride
detector) measurements were performed in a home-made 3-electrode cell setup similar to that of the CV
scans. The spectra were first obtained in 0.1 M KOH with 1 M glycerol solution between 0.1V to 1.4V with
the scan rate of 2 mV/s. The acquired spectra were processed by subtracting the first reference spectrum as

the background.



2.5 In-situ X-ray Absorption Fine Structure (XAFS) Measurements

The XAFS results of the Pt L; or L, edge were measured in-situ at beamline 7-BM (QAS, 10'? ph/s-
at 10 keV) of the National Synchrotron Light Source II (NSLS-II) at Brookhaven National Laboratory. The
in-situ experiments were conducted using a home-made acryl H-type cell with two Kapton windows for
beam penetration [27]. The working electrode and electrolyte were the same as those used in the
electrochemical testing of glycerol oxidation. For each measurement, the electrode was cleaned in 0.1 M
KOH via CV between 0.1 and 1.4 V for 4 cycles at 50 mV/s. Afterwards, the electrolyte was immediately
replaced with 0.1 M KOH and 1 M glycerol solution, followed by additional 20 cycles of CV between 0.1
and 1.4 V at 50 mV/s. The CA for each catalyst was subsequently carried out at the open circuit (OC, 0.0),
0.3, 0.6, 0.9, and 1.1 V, at which potential the reaction was retained for 20 min to reach the steady state.
Both the transmission and fluorescence signals were simultaneously collected at a rate of 2 scans/min.

The X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure
(EXAFS) spectra were measured at the Pt L3 edge (11564 eV) for the Pt/C and Pt/TaC samples. Because
the L, (11136 eV) and L, (11682 eV) edges of Ta were close to the Pt L3 edge, the pre-edge region of the
Pt Ls edge XANES was slightly distorted by the EXAFS oscillation of the Ta L, edge, while the EXAFS
region (at ca. 100 eV above the edge) was strongly interfered by the Ta L; edge EXAFS feature. As for
Pt/WC, the Pt L, edge was collected instead due to the severe interference of Pt L3 edge (11564 eV) with
W L, edge (11544 eV). The energy shift was calibrated by a Pt foil, which was also used for XANES

comparison. Data processing was preformed using the IFEFFIT package [28,29].

2.6 DFT Calculations
A plane wave Vienna Ab-Initio Simulation Package (VASP) code [30,31] was used to perform spin
polarized density functional theory (DFT) calculations [32,33]. The core electrons were described using the

projector augmented wave (PAW) potentials [34] within the generalized gradient approximation [35] using



PWO1 functionals [36]. A kinetic energy cutoff of 400 eV and 3 x 3 x 1 k-point mesh were used in all
structure optimization calculations.

The Pt(111) surface was modeled using a 4 layer 3 x 3 surface slab. One monolayer (ML) of Pt
was optimized on Ta terminated TaC(111) and W terminated WC(001) surfaces to model Pt/TaC and
Pt/WC catalysts, respectively. A vacuum layer of ~18 A thick was added to the slab cell along the direction
perpendicular to the surface to minimize the artificial interactions between the surface and its periodic
images. Atoms in the bottom two layers were fixed while all other atoms were allowed to relax during
geometry optimization until the Hellmann—Feynman force on each ion was smaller than 0.02 eV/A.

The binding energy (BE) of adsorbate was calculated as:

BE(adsorbate) = E(slab + adsorbate) - E(slab) - E(adsorbate)
where E(slab + adsorbate), E(slab), and E(adsorbate) are the total energies of the slab with adsorbate, clean

slab and adsorbate species in the gas phase, respectively.

3. Results and Discussion
3.1 Catalyst Characterization

Results from the symmetric XRD for the Pt-modified TMC powders suggested TaC and WC
retained the crystal structure of the bulk materials. The diffractograms for the Pt-modified samples showed
broad peaks for the Pt, some of which were indistinguishable from the baseline (Figure S1), suggesting
small particle sizes and good Pt dispersion. These results are similar to those reported by Wang et al. [25],
where XRD showed broad peaks for the palladium (Pd) modifier, and STEM-EDS revealed that this method
had indeed deposited finely dispersed Pd nanoparticles on the surface of TMC powders. To confirm that
the broad XRD Pt peaks were a result of high dispersion, ICP-OES was used to verify the presence of Pt in
the Pt‘TMC samples. Using the commercial 10 wt% Pt/C and diluted Pt standards for ICP-OES as
references, the synthesized catalysts were found to have Pt loadings within 25% of the nominal loadings

(Table S1).



The Pt particles sizes and Pt/TMC elemental compositions were analyzed using HAADF-STEM
imaging and STEM-EDS elemental mapping (Figure 2). The commercial 10 wt% Pt/C showed an average
particle size calculated to be 2.1 nm (Figure 2a). The Pt was less distinguishable on the TMC-supported
catalysts due to the limited Z-contrast between the Pt, Ta and W. Nonetheless, the average particle size for
10 wt% Pt/TaC was estimated to be 3.1 nm, though with some outliers observed on the order of 10 nm

(Figure 2b). Similarly, the average particle size for 10 wt% Pt/WC was observed to be 3.6 nm, with some

outliers observed on the order of 15 nm (Figure 2c).
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Figure 2. HAADF-STEM images with corresponding particle size histograms and STEM-EDS elemental
mapping for (a) 10 wt% Pt/C, (b) 10 wt% Pt/TaC, and (c) 10 wt% Pt/WC.

The Pt/TMC catalysts were analyzed before and after the electrochemical experiments for their
oxidation states and elemental compositions using XPS. The XPS of Pt 4f features indicated the Pt to be in
its metallic state in both Pt/TaC and Pt/WC, as suggested by the metallic Pt peak at ~71 eV (Figure S3).

For Pt/TaC, the Ta 4f region showed a significant decrease of TaC after use, likely attributed to the high
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oxidative potentials relative to the reported TaC stability regime in alkaline conditions [37]. However, the
Pt/Ta peak area ratios remained relatively unchanged, with the fresh 10 wt% Pt/TaC electrode at 1.87 and
the spent electrode at 1.84, indicating that Pt was stable on the TaC support during electrochemical testing
(Table S2). For Pt/WC, though the Pt remained metallic, the W 4f region revealed peaks for W (WOs)
and W* (WQ,) for the fresh 10 wt% Pt/WC electrode (Figure S4). The spent electrode then revealed a
decrease in the W' peaks while the other peaks remained relatively unchanged. These results could be
explained by the dissolution of WO3 in the aqueous electrolyte, which had been reported WOs at pH greater
than 3 [38]. As a result of the decrease in WOs3, the spent 10 wt% Pt/WC electrode showed a larger Pt/W

peak area ratio of 0.345, as compared to the fresh electrode at 0.185 (Table S2).

3.2 Electrochemical Measurements

Among all the catalysts tested, the commercial Pt/C catalyst showed the highest activity by
geometric surface area due to better Pt dispersion. As compared in Table 1, the commercial 10 wt% Pt/C
showed the largest ECSA, with 67.3 cm?/mgc., which fell within the range of reported values in the
literature [39-42]. The 10 wt% Pt/TaC and 10 wt% Pt/WC showed 21.0 cm?/mgcy and 14.3 cm?/mgca,
respectively. The ECSA values decreased for catalysts with 5 wt% and 2.5 wt% Pt catalysts, although they
did not show a linear correlation with the metal loading. This suggested that increasing the Pt loading might
have resulted in increased particle agglomeration, thereby reducing the available surface area relative to the

mass of Pt.

Table 1. ECSA of catalysts in this study measured by Cu stripping.

Catalyst ECSA [cm?/mgca]
10 wt% Pt/C 67.3
10 wt% Pt/TaC 18.7
5 wt% Pt/TaC 14.8

2.5 wt% Pt/TaC 7.6
10 wt% PtYWC 14.3
5 wt% Pt/WC 12.9
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Figure 3. Positive sweeps for the 20" CVs for Pt/TaC normalized by (a) geometric surface area, (b) ECSA;
(c) 10 wt% Pt/TMC normalized by ECSA; Pt/WC normalized by (d) geometric surface area, (¢) ECSA; 1

hour CA data at 0.6 V vs RHE, normalized by (f) ECSA.

Once accounting for ECSA, it became evident that the high activity from Pt/C was the result of
higher surface area, and that using TMCs as supports enhanced the overall catalytic activity per unit of
available surface area (Figure 3a). Varying the Pt mass loading on TaC from 10 wt% to 5 wt% yielded little
change in activity from the CVs on the basis of geometric surface area, while 2.5 wt% showed about half
of the peak activity of 10 wt% Pt/TaC (Figure 3b). Normalizing the data by ECSA showed that the three

Pt/TaC catalysts showed similar activity, suggesting that the activity was related to the number of Pt sites.
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The results for Pt/WC revealed a similar trend with respect to Pt loading (Figure 3d, e). Importantly, all
Pt/TMC catalysts in Figure 3 showed higher ECSA-normalized activity than Pt/C, in particular at low
potentials, suggesting a synergistic interaction between Pt and the TMC substrates for glycerol oxidation.
The CA curves revealed that the overall stability followed similar trends among all catalysts studied,
with 5 wt% Pt/TaC exhibiting the highest final activity among the catalysts (Figure 3f). This was followed
by 2.5 wt% Pt/TaC and 10 wt% Pt/WC. Among all 7 catalysts, only 10 wt% Pt/WC appeared to reach a
stabilized state, while the activity of the other catalysts continued to show decay up to the end of the hour-

long experiment.

3.3 In-situ FTIR Measurements

FTIR measurements for glycerol oxidation were performed to further understand the advantages of
Pt/TMC catalysts over Pt/C. Based on the FTIR results (Figure 4a-g), all catalysts showed a similar variety
of oxygenated intermediates above 0.4 V, indicating the partial oxidation of glycerol to various carboxylic
acids based on vibrational assignment of FTIR results based on an array of published reference data [43—
46]. The 10 wt% Pt/C FTIR plots showed a multitude of alcohol, and carboxylate, and ketone peaks (1069
cm™, 1104 cm™, 1131 cm™, 1229 cm™, 1308 cm™!, 1326 cm™, 1345 cm™, 1383 cm™!, 1410 cm™', 1575 cm™’,
and 1733 c¢cm™) beginning at 0.5 V, which indicated the presence of glycerate ions, glyceric acid,
dihydroxyacetone, glyceraldehyde, glyoxylic acid, tartronic acid, oxalic acid, glycolic acid, formic acid
(Figure 4a). This indicated that Pt can cleave C-C bonds on glycerol beginning at low potentials. However,
the CO» peak (2342 cm™) appeared starting at 0.9 V vs RHE.

By comparison, 10 wt% Pt/TaC showed the peak at 1383 cm™! diminishing starting at 0.8 V, which
coincided with the appearance of CO, (2342 cm™). The peaks at 1308 cm™ and 1345 cm™ diminished after
1.0 V. These changes likely indicated the conversion of oxalic acid and formic acid to CO,. In addition, the
peaks at 1131 em™, 1229 cm™', and 1733 cm™! also grew starting at 1.2 V. This indicated an accumulation
of species including tartronic acid, mesoxalic acid, glyoxylic acid, and glycolic acid, likely as a result of
catalyst oxidation at those high potentials. 10 wt% Pt/WC showed a many of the same signals, though
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without a significant decrease at 1383 cm™ (Figure 4e). This suggested that formic acid was not converted
to CO; as readily as in the case for 10 wt% Pt/TaC, and this is reflected in the higher CO; selectivity for 10
wt% Pt/TaC as demonstrated by the peak area ratios between CO» (2342 cm™) and the aggregate carboxylic
acids (1575 cm™) (Figure 4h). Both 10 wt% Pt/TaC and 10 wt% Pt/WC showed earlier onset potentials and

greater selectivity for CO; when compared against 10 wt% Pt/C.
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Figure 4. In-situ FTIR data of the electrode surface from 0 V to 1.4 V vs RHE for: (a) 10 wt% Pt/C, (b)
10 wt% Pt/TaC, (c) 5 wt% Pt/TaC, (d) 2.5 wt% Pt/TaC, (e) 10 wt% Pt/WC, (f) 5 wt% Pt/WC, and (g) 2.5
wt% Pt/WC, with highlights for the CO; peak (red box) and carboxylic acids peak (purple box); (h) area

ratio between the carboxylic acid peak and CO; peak for each catalyst.

FTIR was used to compare the effect of different Pt mass loadings as well. The results revealed that
Pt/TaC samples with lower Pt loading generally showed smaller peaks across the spectrum, with the
exception of the general carboxylic acid peak and CO» peak (Figure 4b-g). For Pt/WC, 5 wt% Pt/WC and
2.5 wt% Pt/WC both showed a noticeable decrease in peak size at 1308 cm™ and 1383 c¢m!, coinciding
with the onset of the CO; peak. In conjunction with the greater CO; selectivity as compared with 10 wt%
Pt/WC, (Figure 4h), this further indicated that these Pt/TMC catalysts enhanced CO, selectivity by
promoting the oxidation of formic acid and oxalic acid. The persistence of signals from C2 and C3 species,
such as glycolic acid, glyoxylic acid, tartronic acid, mesoxalic acid, dihydroxyacetone, and glyceraldehyde
(1069 cm™, 1104 cm!, 1131 cm!, 1229 em!, 1326 cm, 1345 cm™, 1410 cm!, 1575 ¢cm’!, and 1733 cm™)
suggested that the oxidation of these molecules to oxalic acid and formic acid remained as the major
obstacle in the complete oxidation of glycerol. While Pt/TMC catalysts demonstrated smaller peaks in

comparison to 10 wt% Pt/C, the 10 wt% Pt/TaC and 10 wt% Pt/WC catalysts showed stronger signals at
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those positions than the lower Pt loading catalysts, suggesting that the increased Pt loading decreased the
synergy between the Pt and TMC supports.

The most critical peaks for FTIR analysis were those at 2342 cm™ and 1575 cm!. The peak at 1575
cm’! was an indication of carboxylate ions from a multitude of species, such as glycerate, tartronic acid,
mesoxalic acid, glyceric acid, glycolic acid, and glyoxylic acid, and could therefore be referenced as a
general carboxylic acid signal [43—46]. Using this carboxylic acid peak as a reference, a comparatively
larger CO, peak would suggest that the catalyst is more effective at C-C bond scission. By comparing the
FTIR peak ratios in Figure 4h, the Pt/TaC and Pt/WC catalysts showed a significant enhancement towards
the conversion of glycerol to CO, as compared against commercial 10 wt% Pt/C. This result pointed toward
a synergistic effect between Pt and the underlying TMC, similar to that described for Pt/TMCs in ethanol
oxidation [10,11]. This synergy enhanced the capability of Pt for breaking the C-C bond and completely
oxidizing the intermediates.

The 10 wt% Pt/TaC, 10 wt% Pt/WC, 5 wt% Pt/WC, and 2.5 wt% Pt/WC samples showed the
earliest onset potential for CO» production at 0.8 V, while the 10 wt% Pt/C, 5 wt% Pt/TaC, and 2.5 wt%
Pt/TaC samples had onset potentials of 0.9 V. However, the 5 wt% loading for both Pt/TaC and Pt/WC
appeared to be optimal. For Pt/TaC, the 5 wt% loading resulted in similar peak area ratios to those of 10
wt% Pt/TaC, while for Pt/ WC, the 5 wt% loading showed significantly greater selectivity toward CO, than
the 10 wt% Pt/WC sample. In contrast, 2.5 wt% Pt/TaC showed less selectivity across all measured
potentials, and though the 2.5 wt% Pt/WC showed greater CO; selectivity at 0.8 V than 10 wt% Pt/WC, it
never exceeded that of 5 wt% Pt/WC and was outclassed by 10 wt% Pt/WC above 1.2 V. From 0.9 V and
above, the 2.5 wt% Pt/WC showed similar CO> selectivity as 5 wt% and 10 wt% Pt/TaC. Overall, all six
Pt/TMC catalysts showed significant improvement to CO; selectivity when compared against 10 wt% Pt/C.
These results further confirm the synergistic effect from interactions at the Pt-TMC interface for glycerol

oxidation.

3.4 In-situ XAFS Characterization
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Figure 5. In-situ XAFS spectra measured under the glycerol oxidation reaction as the potential increased

from OC (0.0 V) to 1.4 V vs RHE. (a) 10 wt% Pt/C, (b) 10 wt% Pt/TaC, and (c) 10 wt% Pt/WC.

To probe the chemical states of Pt under the glycerol oxidation reaction, the in-situ XAFS
measurements were carried out for the Pt/C (Ls edge), Pt/TaC (L3 edge) and Pt/WC (L, edge) catalysts at
different potentials (0.0, 0.3, 0.6, 0.9, and 1.1 V). As shown in Figure 5a, the Pt/C catalyst exhibited a
dominantly metallic feature at the open circuit (OC) condition with a slightly stronger white line than the
Pt foil, which became more prominent as the potential exceeded 0.3 V. As for the Pt/TaC catalyst, despite
the interference of the Ta L; edge, the characteristic resonance peaks (see peaks A-D in Figure 5b)
associated with the metallic Pt were clearly observed and the metallic feature retained from OC to 1.1 V.
Likewise, a prominent metallic feature (see peaks A’-D’ in Figure 5c) was also observed over the Pt/WC
catalyst with a gradual reduction as the potential was increased from OC to 1.1 V. Overall, the in-situ results
revealed that Pt remained in the metallic state for all three catalysts during glycerol oxidation, indicating
that the enhanced performance of Pt/TMC over Pt/C was not due to changes in Pt oxidation states. This
observation provides input for constructing models of metallic Pt over TMC substrates in DFT calculations,

as described next.
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3.5 DFT Calculations

DFT calculations were carried out to compute the binding energy (BE) of CO and glycerol on
Pt(111), Pt/TaC(111), and Pt/WC(001) surfaces. The DFT optimized geometries in Figure 6 show that CO
binds at a hollow site on Pt(111) and Pt/TaC(111), while a top site is a preferred site for CO adsorption on
Pt/WC(001). The binding of glycerol occurs via the interaction of OH functional group with surface Pt
atoms. Pt/TaC and Pt/WC demonstrated an enhanced glycerol BE compared to Pt (Table 2), which should
favor the adsorption and subsequent decomposition of glycerol on the Pt/ TMC catalysts. At the same time,
compared to Pt(111), the CO BE is reduced on Pt/TaC and Pt/WC (Table 2), consistent with the

experimental observation of more facile oxidation of adsorbed CO to CO..

Figure 6. DFT optimized geometries of CO [(a), (b) and (c)], and glycerol [(d), (¢) and (f)] on Pt(111),
Pt/TaC(111) and Pt/WC(001), respectively. Pt: gray, Ta: green, W: light blue, C: brown, O: red and H: dark

blue.

Table 2. Binding energy (BE) of CO and glycerol on Pt(111) and 1 ML Pt supported on WC(001) and

TaC(111) as calculated by DFT.

Surface Cco Glycerol
Pt(111) -1.76 -0.66
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PYWC(001) -1.68 -1.00
PyTaC(111) -1.35 -0.71

4 Conclusions

To effectively utilize glycerol as an anodic fuel, it is necessary to optimize catalysts for effective
C-C bond cleavage and complete oxidation of reaction intermediates prior to desorption. The current study
provided evidence that glycerol oxidation could be enhanced by the interactions of Pt with the TaC and WC
substrates. The TMC-supported Pt catalysts showed higher activity for complete glycerol oxidation than
commercial 10 wt% Pt/C. Among the Pt/TMC catalysts, 5 wt% Pt/TaC proved to be as active as 10 wt%
Pt/TaC and almost as selective for complete glycerol oxidation, while also being more stable. Future studies
should further explore the synergistic interactions by supporting Pt over other TMC substrates to further

reduce Pt loading while enhancing the complete oxidation of glycerol.

Appendix A. Supplementary Information

Supplementary information related to this article can be found in the associated document.
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