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Highly active PdSb catalysts on porous carbon for
electrochemical oxidation reactions of biomass-
derived C1-C3 alcoholst
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The design of efficient and durable electrocatalysts is a challenge for the development of direct alcohol
fuel cells (DAFCs). Herein, highly active and stable PdSb nanoparticle catalysts that are supported on
three-dimensional (3D) porous carbon materials (Pd,Sb,/PC) are prepared and investigated for
electrooxidation reactions of various C1-C3 alcohols under alkaline conditions. From electrochemical
tests, it is found that the optimized Pdg 90Sbg 10/PC catalysts exhibit the highest mass activities for var-
ious alcohols such as ethanol, ethylene glycol and glycerol, especially with 2.6 times higher activity than
the commercial Pd/C catalysts in the ethanol oxidation reaction (EOR). Furthermore, it shows no signifi-
cant decay in catalytic activity for over 6 hours of continuous operation. Detailed experimental activity
studies and characterization analyses reveal that synergistic effects on the electrocatalytic performance
are attributed to the electronic modification of the Pd catalyst by incorporating Sb and the structural
feature of 3D porous carbon materials. These findings suggest a novel guidance to the catalyst fields for
the direct alcohol-fed fuel cells which require great improvements in terms of catalytic performances

rsc.li/materials-advances and cost.

1. Introduction

Direct alcohol fuel cells (DAFCs) have drawn much attention
due to their significant potential in green energy technology
among several types of fuel cells. Alcohols, such as methanol,
ethanol, ethylene glycol and glycerol, have been investigated as
fuels due to their easy storage and transportation compared to
pure dihydrogen."” In particular, ethanol, ethylene glycol and
glycerol are promising C2-C3 alcohol fuels because they can be
largely produced from biomass and have a relatively low toxicity
with a high energy density.>® Anion exchange membrane
DAFCs (AEM-DAFCs) working in alkaline media have been
attractive due to facilitated kinetics for the alcohol oxidation
reaction (AOR) and the oxygen reduction reaction (ORR) com-
pared to those performed in acidic media.” Furthermore, the
employment of low cost electrocatalysts instead of Pt-based
ones is possible for the AOR and ORR in alkaline media.
However, low poisoning resistances against AOR intermediates
such as CO and difficulties involved in the C-C cleavage of
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alcohols remain to be alleviated for high performance catalysts.
In this sense, highly active materials must be developed as
anode catalysts along with a high CO tolerance for the practical
application of DAFCs.®

Pt-based catalysts have been studied widely for low tempera-
ture AORs due to their excellent catalytic activity for small
organic molecules with low overpotential.’ Also, Pd-based
catalysts have been investigated to compete with Pt-based
catalysts in various reactions by improving the surface area,
controlling the morphology, and alloying with other
elements.'®™"* In particular, Pd-based catalysts show excellent
catalytic activity compared to other metals for the ethanol
oxidation reaction (EOR) in alkaline media."””™"” The structure
and composition of Pd-based metal catalysts have been system-
atically manipulated to further enhance the catalytic perfor-
mance toward complete ethanol electrooxidation. It has been
reported that an addition of a second metal to Pd catalysts has
been known as an effective strategy to increase the rate of
ethanol oxidation and CO tolerance induced by steric-,
bifunctional-, or electronic effects.’®2° For instance, various
bimetallic PAM (M :Ni,?* Co,** Cu,?® etc.) catalysts have been
studied and have shown enhanced catalytic performances in
the EOR. However, bimetallic PdSb catalysts have been very
rarely studied for electrooxidation of alcohols including etha-
nol, even though antimony (Sb) was reported to be effective as a

© 2022 The Author(s). Published by the Royal Society of Chemistry
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second metal of Pd catalysts for direct formic acid fuel cells.****
In addition, choosing an appropriate support material is highly
desirable to achieve high catalytic performance and good
stability. For performance improvement, the introduction of
3D porous support materials with large surface area can
promote rapid transports of electrons and AOR-related species
and can also make active catalysts be highly dispersed with a
strong interaction.’*>° Therefore, it is speculated that the
synergistic effect over the 3D porous carbon supports and
highly active bimetallic PdSb catalysts should lead to signifi-
cant enhancement of catalytic performance toward AORs.

In this work, we developed a highly efficient electrocatalyst
consisting of Pd,Sb, alloy nanoparticles decorated on 3D por-
ous carbon supports (Pd,Sb,/PC) for the electrochemical AOR
in an alkaline medium. The resulting Pd,Sb,/PC catalysts
showed better electrocatalytic properties for the electrooxida-
tion reactions of methanol, ethanol, ethylene glycol and gly-
cerol in terms of activity and stability compared to Pd/C. The
results indicate that the AOR catalytic activity can be improved
by modifying the support material structure and alloying a
second metal to the Pd catalyst, and the Pd, oSbg.10/PC catalyst
revealed remarkable EOR activity compared with the state-of-
the-art catalysts. Herein, the structural advantages of porous
carbon support materials and the effects of Sb addition into Pd
metals were systemically demonstrated for the greatly improved
electrocatalytic performance toward the AOR for a direct alco-
hol fuel cell.

2. Experimental section

2.1 Catalyst preparation

Sodium citrate tribasic dihydrate (Ce¢HsNaz;O,-2H,O, Sigma-
Aldrich), tetraethylene glycol (CgH;30s5, Sigma-Aldrich), palla-
dium chloride (PdCl,, Sigma-Aldrich), antimony chloride
(SbCl;, Sigma-Aldrich), Vulcan XC-72 (C, Cabot), sulfuric acid
(H,SO,4, Sigma-Aldrich), potassium hydroxide (KOH, Sigma-
Aldrich), methanol (CH,O, Sigma-Aldrich), ethanol (C,H¢O,
Sigma-Aldrich), ethylene glycol (C,HeO,, Sigma-Aldrich) and
glycerol (C3;HgOs;, Sigma-Aldrich) were purchased from the
specified suppliers. Deionized water (DI, 18 MQ cm, Millipore)
was used for entire experimental steps.

Porous carbon (PC) was prepared through direct carboniza-
tion of sodium citrate tribasic dihydrate.>**° The carbonization
takes place in a quartz tube under an inert Ar gas atmosphere
for 1 h at 800 °C with a temperature increase rate of 3 °C min "
from room temperature. The acid treatment with 0.5 M H,SO,
aqueous solution was carried out for the resultant black powder
in order to eliminate remaining inorganic impurities such as
sodium ions. The final product was washed with DI water
several times, collected by centrifugation and dried in a
freezing dryer.

Porous carbon supported 20 wt% Pd,Sb, catalysts (Pd,Sb,/
PC) were synthesized using polyol synthesis. 100 mg of PC was
ultrasonically dispersed in 30 mL of tetraethylene glycol and
subsequently the pre-calculated amounts of PdCl, and SbCl;
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were added into the PC suspension. A potassium hydroxide
solution (1 M solution in tetraethylene glycol) was added until
the pH of the suspended solution reached approximately 10.
The solution was heat treated at 180 °C for 1 h with stirring
under reflux conditions followed by cooling to room tempera-
ture. The resulting black powder was washed multiple times
with acetone and DI water to remove the residual tetraethylene
glycol, and then dried in a freezing dryer. Finally, the dried
Pd,Sb,/PC catalysts were annealed at 120 °C for 1 h under a 4%
H,/Ar atmosphere. The obtained catalysts are denoted as Pd/
PC, Pd, 93Sbg.o7/PC, Pdg 9oSbg.10/PC and Pd, g5Sb,.15/PC accord-
ing to the weight ratios of Pd and Sb elements. In addition, Pd/
AC catalysts were also prepared using the same process as the
Pd,Sb,/PC catalysts but by using activated carbon (AC) as the
support material instead of the home-made PC.

2.2 Physicochemical characterization of catalysts

The morphology and metal particle size of the prepared cata-
lysts were analyzed through scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images,
using a JEOL-JSM7800F instrument operated at 15 kv and a
JEOL-JEM2200FS instrument operated at 200 kV, respectively.
Inductively coupled plasma atomic emission spectroscopy (ICP-
AES, Optima 7300DV & Avio500) was performed to determine
the actual compositions of the samples. The Brunauer-
Emmett-Teller (BET) surface areas of samples were evaluated
using the Quadrasorb evo using N, adsorption/desorption
isotherms at —196 °C. X-Ray diffraction (XRD) analysis data
were obtained using a Bruker-Advanced D8 diffractometer
using Cu Ku (4 = 1.5418 A) radiation operated at 40 kv and
30 mA. X-ray photoelectron spectroscopy (XPS) was performed
for the purpose of recording the XPS spectra of palladium using
a NEXSA spectrometer. The XANES spectra of the Pd K-edge
were recorded in the Pohang Accelerator Laboratory (PLS-II, 7D
beamline), and the XAS data were analyzed using specific
modules of the Demeter program.

2.3 Electrochemical measurements

Electrochemical measurements were performed in a three-
electrode batch cell connected to a potentiostat (ZIVE MP2A).
A glassy carbon electrode of 3 mm diameter with a geometric
area of 0.196 cm” was used as the working electrode and the
prepared catalyst loading on the working electrode was con-
trolled to 0.1 mg cm > The Pt wire and saturated calomel
electrode (SCE) were used as the counter electrode and the
reference electrode, respectively. The electrochemical surface
area (ECSA) was measured in 1 M KOH aqueous solution, and
the ethanol oxidation reaction was performed in a 1 M KOH
electrolyte containing 1 M ethanol at a scan rate of 50 mV s~ .
Electrochemical impedance spectroscopy (EIS) was performed
at-0.3 V (vs. SCE) in 1 M ethanol containing 1 M KOH aqueous
solution in the frequency range from 10° Hz to 0.1 Hz. Electro-
chemical oxidation reactions of different alcohols and EIS
measurements were carried out in the same procedure
using methanol, ethylene glycol and glycerol. The reaction
products after alcohol oxidation were investigated using
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high-performance liquid chromatography (HPLC, Waters
€2695) using a UV-Vis detector. A Biorad Aminex HPX-87H
column was used at 40 °C with 5 mM H,SO, as the eluent at
a flow rate of 0.5 mL min . For the CO stripping test, CO was
pre-adsorbed on the catalyst by introducing the CO gas into 1 M
KOH for 30 min. Then, the electrolyte is purged with a high
purity N, gas for 20 min and CO stripping voltammograms were

()

Pyrolysis of
organic salts
—
Acid etching

Fig. 1
PdO.SOSbO.IO/PC cata lyStS.
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recorded from —0.9 V to 0.3 V (vs. SCE) at a scan rate of
50 mvV s~

3. Results and discussion

Fig. 1a illustrates the preparation step and hypothetical struc-
ture of highly dispersed PdSb alloy nanoparticles on 3D porous

Polyol synthesis

—

Reducing under
4% H,/Ar

(a) Schematic illustration of the overall fabrication process of PdSb/PC catalysts. (b) SEM image of PC. (c) TEM image and (d) the EDS mapping of
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carbon materials (Pd,Sb,/PC). Briefly, 3D porous carbon (PC)
was synthesized using sodium citrate via a simple pyrolysis
process without involving various complicated steps or corro-
sive chemical agents.*® Over the PC, the polyol synthesis
method using tetraethylene glycol (TEG) was employed for
obtaining a series of Pd,Sb,/PC catalysts with palladium and
antimony precursors. Subsequently, the prepared catalysts were
treated under a gas mixture of H,/Ar.*" The actual amounts of
Pd and Sb on the PC were verified using inductively coupled
plasma (ICP) spectrometry, as summarized in Table S1 (ESIT).
The nominal metal loading was fixed at 20 wt% of total metals
in the catalyst but the actual metal contents in the prepared
samples were found to be around 15 wt%. The antimony
contents in Pd 93Sbg.o7/PC, Pdy.90Sbg10/PC and Pdg g5Sbg 15/
PC were found to be approximately 8.0, 10.0 and 15.4 wt% of
the total metal components, respectively.

As shown in Fig. 1b, PC represented a well-organized 3D
porous structure consisting of numerous macropores in 100-
500 nm size with multidirectional channels. It was found that
the morphology of PC was maintained even after the nano-
particles were loaded onto the PC (Fig. S1, ESIt). Textural
properties were examined by N, adsorption/desorption analy-
sis, as demonstrated in Fig. S2 (ESIt) and listed in Table S2
(ESIt). The BET surface area and total pore volume of PC were
630 m> g~ and 1.21 cm® g, respectively, which were much
greater than those of AC (215 m* ¢ ' and 0.63 cm® g~ ') and C
(165 m> g " and 0.52 cm® g~ ). From the SEM image and N,
sorption analysis, the specific structure with a high BET surface
area and a large pore volume can be beneficial for the improved
electrocatalysis as they can lead to highly dispersed active sites
with facilitated mass transfer.”>* The transmission electron
microscopy (TEM) image with the PdSb metal alloy particle size
distribution histogram of the PdgoSby.10/PC catalyst is pre-
sented in Fig. 1c. The TEM image indicated that the PdSb
nanoparticles are well dispersed on the PC supports without
significant agglomeration. The Pd/PC, Pd,¢3Sbg,/PC and
Pd, g5Sbo.15/PC also showed the similar morphology, as
revealed in Fig. S3 (ESIt). The size distribution of the PdSb
particles of the Pdy 0Sbo.10/PC was estimated using randomly
selected 300 particles seen in the TEM image and the average
particle size was about 5.1 nm. This value is similar to that of
commercial Pd/C and other Pd,Sb,/PC catalysts, suggesting
that a size effect of the nanoparticle should be negligible on
the catalytic activity. Fig. 1d shows clear lattice fringes with ca.
2.22 and 1.97 A, which are assigned to the (111) and (200)
crystal planes of Pd, respectively (PDF No. 46-1043). In addition,
according to energy dispersive spectroscopy (EDS) mapping,
palladium and antimony appeared to be uniformly distributed
in the PdSb nanoparticles.

The crystallographic data of Pd/PC and Pd,Sb,/PC catalysts
were obtained via X-ray diffraction (XRD) patterns shown in
Fig. 2a. All samples display a broad diffraction peak at around
20 = 23.4° which is ascribed to the (002) plane of graphitic
carbons.®® The Pd/PC catalyst presents three diffraction peaks
at approximately 40.0, 43.5 and 68.0, which correspond to the
(111), (200) and (220) facets of the Pd face centered cubic (fcc)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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structure, respectively.>® The three main diffraction peaks of
Pd,Sb,/PC catalysts appeared to shift to lower values compared
to those of Pd/PC catalysts, implying that the increase in the
lattice constant was ascribed by the partial substitution of Pd
atoms with Sb atoms which have a larger atomic size.*”
Simultaneously, the full width at half maximum (FWHM) of
the Pd peaks from the Pd/PC and Pd,Sb,/PC catalysts was
similar to each other, which is coincident with the particle size
result measured from the TEM data. As the electronic proper-
ties of an alloy can be modified by charge transfer and lattice
strain between different metal species, widening or narrowing
of the d-band could take place along with the shifting of the
d-band center (with regard to the Fermi level).>®*° In this sense,
the electronic states of synthesized catalysts are determined by
X-ray photoelectron spectroscopy (XPS) measurements (Fig. 2b).
Compared to that of Pd/PC, the core-level binding energy (B.E.)
of Pdy.90Sbo.10/PC moved to lower binding energies by 0.3 eV.
This core-level B.E. shifting into lower energy indicated transfer
of electrons in the Sb to the Pd element, leading to the
modification of the electronic structures of Pd.

X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) were employed over the
Pd K-edge spectra to additionally examine the local structural
properties of the prepared catalysts. Fig. 2c shows the normal-
ized XANES spectra of Pd foil, PdO, Pd/PC and Pd,Sb,/PC
catalysts. The XANES shapes of the Pd,Sb,/PC catalysts are
similar to that of Pd foil, implying that Pd nanoparticles
primarily exist in a metallic state. Importantly, the local elec-
tronic structure changes of Pd can be investigated using the
white line (WL) intensity.’® Compared to Pd/PC, an increased
WL intensity of Pdy 9oSby.10/PC was attributed to the 4d electron
loss of Pd in the PdSb alloys (refer to Fig. S4 and Table S3, ESIT)
due to oxidation and hybridization.*"*" Furthermore, the k-
weighted Fourier transformed EXAFS spectra of Pd 9oSbg.10/PC
and Pd/PC are reported in Fig. 2d, and the best fit results are
shown in Table S4 (ESIf). As demonstrated by the EXAFS
spectra of Pd foil reference and PdO reference, the dominant
states of Pd in the Pd ¢9Sby 1o/PC and Pd/PC catalysts were the
metallic Pd phase with a partly oxidized one. The best-fitting
analysis shows that Pdg 9oSbg.10/PC catalysts have a Pd-O coor-
dination number of 1.04 which is a little bit bigger than that of
Pd/PC (0.89). The Pd-Pd distance of Pd, ¢oSby.10/PC appears to
increase as compared to that of Pd/PC, which indicates an
expansion of the Pd lattice due to the incorporation of the Sb
element, as shown in the XRD result. EXAFS analysis reveals
that palladium species exists with an oxide layer which can lead
to the AOR performance enhancement due to the lower adsorp-
tion energy of alcohols and intermediates such as acetaldehyde
to the oxide layer than to the pure Pd metal surface.*” The
expanded lattice (see the above XRD data) and the charge
transfer effect induced by the introduction of Sb may tune
the adsorption energy of reactive and intermediate species at
the Pd site, leading to the improvement of electrocatalytic
alcohol oxidation.*

The electrochemical active surface area (ECSA) of the
prepared catalyst was evaluated by integrating the charge

Mater. Adv., 2022, 3, 5964-5973 | 5967
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Pdg.90Sbo.10/PC catalysts. (c) Pd K-edge XANES spectra of reference samp
spectra.

amount associated with the reducing monolayer PdO to Pd
(405 uC ecm 2) on the Pd surface in a 1.0 M KOH solution
(Fig. 3a). The values of the ECSA for Pd/PC, Pd, ¢3Sbg.0,/PC,
Pdg.90Sbo.10/PC and Pd, g5Sby 15/PC were 42.6, 54.2, 63.0 and
59.1 m> gpq ', respectively. It could be found that the ECSA
value was increased with the increasing Sb content and subse-
quently deceased with the excessive Sb addition, indicating that
there is an optimized content for achieving a high ECSA.
Pdy.95Sbg.05/PC and Pd, goSby ,0/PC catalysts were additionally
examined and their ECSA values are summarized in Fig. S5
(ESIT). The amount of active sites appeared to decrease because
the addition of the second metal should cover some parts of Pd
surfaces.** The higher ECSA value for the prepared catalysts
implied the formation of a greater number of active sites where
reactants can access at the catalyst surface, leading to a higher
electrocatalytic activity for alcohol oxidation.*’

To investigate the electrocatalytic activity for alcohol oxida-
tion over the prepared catalysts, cyclic voltammetry (CV)

5968 | Mater. Adv., 2022, 3, 5964-5973

Radial distance (A)

Pdg.g5Sbg.15/PC catalysts. (b) High resolution Pd 3d spectra of Pd/PC and
les, Pd/PC and Pd,Sb,/PC. (d) k*-Weighted Fourier transforms of Pd K-edge

measurements were performed in the aqueous solutions of
1.0 M KOH containing 1.0 M alcohols at a scan rate of
50 mV s~ . The alcohol electrooxidation over Pd catalysts in alkaline
media can take place according to the following steps:*®

Pd + RCH,0™ «> Pd-RCH,0 + ¢~ (1)
Pd-RCH,O + 20H~ < Pd-RCO + 2H,0 +2¢~  (2)
Pd + OH™ < Pd-OH + e~ 3)

Pd-RCO + Pd-OH « Pd + Pd-RCOOH 4)
Pd-RCOOH + OH™ « Pd + RCOO™ + H,0 5)

Ethanol electrooxidation was first performed since Pd-based
catalysts are known as highly effective electrocatalysts for the
EOR and ethanol can be represented for biomass-derived
alcohols. As shown in Fig. 3b and ¢, the CV curves for ethanol
electrooxidation represent two well-defined peaks at around

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Cyclic voltammetry of Pd/PC and Pd,Sb,/PC in 1.0 M KOH solution. (b) Cyclic voltammetry of commercial Pd/C, Pd/AC and Pd/PC. (c) Cyclic

voltammetry of Pd/PC and Pd,Sb,/PC in 1.0 M KOH + 1.0 M EtOH solution. (d) Mass activities of Pd/C, Pd/PC and Pdg 9oSbg 10/PC.

—0.25 V for the forward and at —0.4 V during the reverse scanning.
The forward scan peak is ascribed to the oxidation of newly
chemisorbed ethanol species according to eqn (1)-(4). The backward
scan peak is generally related to the removal process of carbonac-
eous species that can be formed on the Pd catalyst surface but
incompletely oxidized during the forward scan.”’

Fig. 3b and c show the effects of the introduction of support
materials and second metal on the electrocatalytic activities.
The mass activities of Pd catalysts with different support
materials showed the following order: Pd/PC (2.787 A mgpq ')
> Pd/AC (1.728 A mgpq ') > commercial Pd/C (1.630 A
mgpq ) (Fig. 3b). This result could be attributed to different
morphologies and textural properties of support materials. In
terms of catalytic activity, types of support materials are con-
sidered to be one of the most important factors. As revealed by
SEM images and N, adsorption/desorption properties, the PC
support material represents the 3D porous network with a
higher surface area and total pore volume which could promote
transportations of reactants and electron charges and lead to

© 2022 The Author(s). Published by the Royal Society of Chemistry

well dispersion of metal nanoparticles, improving the catalytic
activity for ethanol electrooxidation. As illustrated in Fig. 3c, all
the Pd,Sb,/PC catalysts revealed better catalytic performances
than Pd/PC, and their catalytic performance was maximized
with the Pdg.9oSbg.10/PC catalyst, which is one of the best
catalysts for the ethanol electrooxidation as summarized and
compared with the formerly reported state-of-the-art catalysts
(Table S6, ESIt). Sb addition to the Pd can modify the electronic
structure and lattice constant of Pd, as previously revealed by
XRD, XPS and XANES analyses. These electronic and steric
effects could lead to the alteration of the adsorption energies
of carbonaceous species associated with the oxidation process
of ethanol molecules at the catalytic Pd sites, which could make
the catalyst more appropriate to oxidize the ethanol and inter-
mediate species with enhanced catalytic activity. The catalytic
activity for the EOR was improved by the both effects of porous
support materials and metal alloy catalysts as shown in Fig. 3d.

The Pd/C, Pd/PC and Pdy 9oSbo.10/PC catalysts were further
applied in the electrooxidation reactions of methanol, ethylene

Mater. Adv,, 2022, 3, 5964-5973 | 5969
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Fig. 4 Cyclic voltammetry of commercial Pd/C, Pd/PC and Pdg 90Sbo 10/
PCin 1.0 M KOH solution, containing (a) methanol, (b) ethanol, (c) ethylene
glycol and (d) glycerol, respectively.

glycol and glycerol (MOR, EGOR, and GOR) to demonstrate and
compare the catalytic performances for the oxidation reaction
of various alcohols (Fig. 4). As summarized in Table S7, (ESIT),
Pd/PC and Pdg.90Sbo.10/PC catalysts appear to enhance the
catalytic activities for the oxidation of all the studied alcohols.
The Pdy.90Sbo.10/PC catalyst not only showed the greatest mass
activity in the EOR under the alkaline conditions, but also
performed 2.22, 2.54, and 2.32 times higher mass activity than
the commercial Pd/C catalyst for the MOR, EGOR and GOR,
respectively. The Pd;90Sbo.10/PC catalyst also presented the
highest specific activity even though the ECSA of Pd 99Sbg 10/
PC was much bigger than those of Pd/C and Pd/PC (Fig. S6,
ESIY). Furthermore, the Pdg ¢oSb 1o/PC catalyst exhibited nega-
tive shifts in the onset potential for each alcohol oxidation,

CPE —a—Pd/C
& —e—PdIPC
R, —4—Pdy.93Sbg 07/PC
E —v—Pdg g90Sbg.1¢/PC
—o— Pd Sb, /PC
= 0.85°90.15
o
o
N
1
0 100 200

Z' (ohm)

Fig. 5
1.0 M KOH + 1.0 M C,H50H solution.
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which indicates substantial kinetic improvements by the
catalyst studied in this work.

According to eqn (1)-(5), various products can be formed
from alcohol oxidation processes when they are not completely
oxidized to CO,. To investigate oxidation products after alcohol
oxidation, the solutions after the MOR, EOR, EGOR and GOR
for 2 h using the PdyoSbo.1o/PC catalyst were analyzed by
HPLC. Only formic acid and acetic acid, which are simple
carboxylic acids, were produced after the MOR and EOR, but
various organic acids were detected after the EGOR and GOR.
C2 products, such as acetic acid, glycolic acid and oxalic acid,
were dominantly produced during the EOR and EGOR. Like-
wise, C3 chemicals, such as lactic acid, pyruvic acid and glyceric
acid, were major products from the GOR.

Electrochemical impedance spectroscopy (EIS) is an efficient
method for investigating the dynamics of alcohol electrooxida-
tion and is generally employed to study the kinetics in terms of
charge transfer resistance throughout the electrocatalytic pro-
cess. The electrochemical impedance parameters were evalu-
ated using the equivalent circuit model shown in the inset of
Fig. 5a, where R, R.. and CPE represent the electrolyte solution
resistance, the charge transfer resistance and the constant
phase element referring to the double layer capacitance,
respectively.*® According to the fitted data in Table S8, (ESIY)
the value of R is proportional to the semicircle radius in the
Nyquist plots. As shown in Fig. 5a, the Nyquist plots indicated
that the Pd 90Sbg.10/PC catalysts showed the smallest semicir-
cle radius among all the prepared catalysts, suggesting pro-
moted charge transfer between electrolyte and catalysts. This
improved charge transfer should be related to a reduced
activation barrier for the electrooxidation of ethanol,*® result-
ing in the enhanced overall catalytic performance. The
Pdy.90Sbo.10/PC catalyst also showed decreased semicircle radii
in the Nyquist plots that were obtained in methanol, ethylene
glycol and glycerol solutions as shown in Fig. S7 (ESIt).

1.0

—a— Pd/C

—eo— Pd/PC

—4—Pd 938by 7/PC
—v—Pdg g;Sby 14/PC

—&—Pd} g5Sbyg 15/PC
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S
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14400

0 7200

21600
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(a) Nyquist plots at —0.30 V (vs. SCE); inset shows the equivalent circuit model and (b) chronoamperometric measurements at —0.35 V (vs. SCE) in
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scanning cycle, and the red dotted line shows the second scanning cycle.
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Furthermore, the Tafel plots are obtained by linear sweep
voltammetry of the MOR, EOR, EGOR and GOR for the Pd/C,
Pd/PC and Pd, ¢oSby.10/PC catalysts (Fig. S8, ESIT). The lower
Tafel slope signifies the facilitated reaction kinetics of electro-
catalysts. According to the plots, the Tafel slope of Pd 99Sbg 10/
PC is smaller than those of Pd/PC and Pd/C, indicating facili-
tated kinetics for the alcohols oxidation reaction by the incor-
poration of Sb.>® This result is in good agreement with the EIS
analysis for the charge transfer resistance of the catalysts. Both
EIS data and Tafel slopes suggest that the Pdg.9oSbo.10/PC
catalyst shows better electron transfer kinetics for the MOR,
EOR, EGOR and GOR than Pd/PC and Pd/C.

For the design of the electrocatalyst, the stability issue is
another crucial factor. Therefore, chronoamperometric mea-
surements were performed for 6 hours in 1.0 M KOH contain-
ing 1.0 M alcohols to examine the stability of the catalysts in the
AOR. As shown in Fig. 5b and Fig. S9 (ESIt), initial rapid
decreases in the mass activity plots appeared for all the
catalysts, which could be associated with the blocking active
sites resulting from the strong adsorption of intermediates
(e.g., CO). Afterwards, the activity decreased gradually and
arrived at pseudo-steady states. Notably, a series of Pd,Sb,/PC
catalysts maintained quite higher activities in comparison to
the commercial Pd/C and Pd/PC catalysts. In particular, the
Pdy.90Sbo.10/PC catalysts showed 3.4 times higher mass activity

© 2022 The Author(s). Published by the Royal Society of Chemistry
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than the commercial Pd/C catalysts after 6 h reaction, suggest-
ing that the introduction of Sb metal could provide better
tolerance of the intermediate species to the active Pd sites
toward ethanol electrooxidation.

CO stripping voltammetry (Fig. 6) was performed to investi-
gate the CO tolerance of catalysts, since the CO species are
main poisoning intermediates during the electrooxidation of
most alcohols. In comparison with the commercial Pd/C and
Pd/PC catalysts, the CO stripping peak potential values of
Pd,Sb,/PC catalysts are negatively shifted by approximately
40 mV, indicating that the PdSb alloy catalysts can oxidize CO
more easily at lower potentials. This enhancement of the
oxidative removal of CO could be ascribed to the bifunctional
effects of Sb addition.’® The presence of Sb promotes the
formation of adsorbed oxygenated species, such as OH,q, which
can play a beneficial role in the catalytic activity since they
participate in the oxidation reaction of ethanol for the removal

of CO,q through equation (6), recovering the active sites of
pd.43:52:53

Pd-OH + Pd-CO + OH™ — 2Pd + CO, + H,0 +e~  (6)

Conclusions

In summary, we have successfully synthesized 3D porous
carbon network supported PdSb alloy nanoparticles as highly
efficient electrocatalysts for electrochemical oxidation reactions
of various alcohols. Through modifications of the electronic
structure of Pd and the introduction of porous carbon supports,
Pdy.90Sbo.10/PC achieved a maximum peak current density of
4.24 A mgpq " at a potential of —250 mV (vs. SCE), which is one
of the best performing electrocatalysts for ethanol electrooxida-
tion as reported in the literature. Moreover, this catalyst also
demonstrated at least two times higher mass activities than the
commercial Pd/C for the electrooxidation reactions of metha-
nol, ethylene glycol, and glycerol. The results suggested that the
activity improvements in alcohol electrooxidation could be
attributed to the morphological benefit of 3D porous carbon
supports and the modification of the electronic properties of Pd
induced by Sb addition. Pd,Sb,/PC catalysts have emerged as a
suitable and promising anode material for direct alcohol fuel
cells, wherein there is a great need for improving the catalytic
performance.
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