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Dihydroxyacetone (DHA) is recognized as a valuable chemical in cosmetic and pharmaceutical industries.
Recently, electrocatalytic glycerol oxidation reaction (EGOR) technology has been attractive for selective DHA
production. However, one fundamental question needs to be answered: Which catalytic active site affects the
reaction chemistry and mechanism for the selective DHA production from EGOR. In this study, Pt-Sb hollow
spherical electrocatalysts were prepared by a simple chemical synthesis method, which includes different cat-
alytic phases, namely, PtSb and PtSby alloys by controlling the Pt:Sb atomic ratio (Ptg e4Sb1 36, Pt7.01Sb2.99, and
Pt5.50Sb4.41). Both experimental and computational methods were used to understand how and why the reaction
performance and chemistry change with the PtSb and PtSby alloy phases in the EGOR. The Pts 59Sb4.41 elec-
trocatalyst, which has a large portion of PtSb and PtSb, alloys, demonstrated superior EGOR activity over those
of other ratios of Pt-Sb electrocatalysts, with a lower onset potential and higher Pt mass activity in the different
pH conditions (acid, neutral, and base). Interestingly, in the EGOR, the Pts 59Sb4 41 catalyst produced DHA with
high selectivity of over 90 % in both acid and neutral conditions. The enhanced EGOR performances were related
to the formed PtSb and PtSby alloys at the surface structure of prepared Pt-Sb electrocatalysts. Density functional
theory (DFT) calculations revealed that the Sb atoms changed the electronic properties of the Pt atoms and thus
modulated the interaction between Pt atoms and adsorbates, which affected both the catalytic activity and DHA
selectivity for the EGOR.

1. Introduction

Glycerol, a by-product of biodiesel, is generated by converting
vegetable oils and animal fats into biodiesel; approximately 100 kg of
glycerol is produced for every ton of biodiesel [1-4]. As biodiesel pro-
duction has increased annually, the production of glycerol by-products
has exceeded the demand. This has resulted in an oversupply of glyc-
erol, which is expected to reach 4.0 billion kg per year by 2026 [4,5].
The price of glycerol has greatly decreased because of the oversupply of
glycerol, making it commercially available in large quantities at low
cost. The market prices of crude and refined glycerol are US$0.09-0.2
and US$0.6 per kg [6,7]. Therefore, how to efficiently convert glycerol
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into more value-added chemicals is still an ongoing project in the
research communities.

Among the various conversion processes to produce valuable
chemicals from glycerol, the electrocatalytic glycerol oxidation reaction
(EGOR) has received attention as a promising technology that can pro-
duce value-added chemicals such as dihydroxyacetone (DHA, C3), lactic
acid (LA, C3), glyceraldehyde (GAD, C3), glyceric acid (GLA, C3), tar-
tronic acid (TTA, C3), oxalic acid (OXA, C2), glycolic acid (GCA, C2),
and formic acid (FA, C1) by a selective glycerol oxidation reaction at the
anode side and hydrogen by the hydrogen evolution reaction at the
cathode side in an electrolytic cell. The hydrogen produced as a by-
product at the cathode can be further utilized for hydrogenation
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reactions to obtain more value-added chemicals [8-22]. This electro-
catalytic conversion technology can be operated at ambient pressure and
temperature without using any stoichiometric chemical oxidants such as
07 and H0,. Not using the chemical oxidants prevents overoxidation
and thus the formation of unwanted by-products. By changing the
electrode potential for the EGOR, it is possible to control the reaction
kinetics and product selectivity [9,23,24]. Moreover, the electro-
catalytic oxidation process of glycerol can be combined with renewable
energy sources such as wind and solar, thereby establishing environ-
mental and economic synergies. The simplicity of the electrocatalytic
reactor design and reaction process has the potential to decrease the
operating costs compared to conventional thermal catalytic reactor.

Precious metal-based catalysts such as Pt and Au have been exten-
sively studied to oxidize glycerol at the anode in the EGOR because they
have excellent electrocatalytic performance [25-34]. Pt and Au catalysts
activate C-H and O-H bonds to generate C3 molecules such as GAD and
GLA as the main products [25-29,31,32]. It has been reported that the
Pt- and Au-based catalysts mainly produce GLA with high selectivity
from the EGOR, which is further oxidized to GCA, TTA, OXA, and FA
[27,32]. Experimental and techno-economic investigations have
revealed that the GLA can be produced using the Pt catalyst with the
minimum selling price (MSP) of $2.30 per kg of GLA for the EGOR
process compared to $4.91 per kg of GLA for the non-electrocatalytic
process [9]. Although the GLA is selectively produced from the EGOR,
it has not been widely used in the market. This may be a limitation for
the commercialization of the EGOR process. Therefore, strategies to
produce more market-valued chemicals from the EGOR are required and
should be considered in the research communities.

DHA, which can be produced by the EGOR, is a valuable chemical
and is widely used in the cosmetic, pharmaceutical, fine chemical, and
food industries [2,4,35,36]. DHA is produced by microbial fermentation
of biomass-derived glycerol [37,38]. The annual production of DHA is at
least 2000 tons, and the global market size of DHA is expected to grow
steadily from USD 135.1 million in 2011 to USD 219.8 million by 2028,
at a compound annual growth rate of about 5.59 % [38]. It is known that
the price of DHA that is driven by substantial market demand is $150 per
kg [35,36,39]. Thus, producing the market-valued DHA from the EGOR
is a promising approach for the commercialization of this technology.

Recently, some catalytic materials have been tried and studied to
produce DHA for the EGOR [40-59]. Pt catalysts combined with Bi and
Sb demonstrated high selectivity of DHA for both electrocatalytic and
non-electrocatalytic glycerol oxidations [8,14,40,41,43]. Some reports
have claimed that it is possible to produce DHA selectively from the
EGOR over Au-based catalysts [45,49,52]. In addition, non-precious
metal-based oxides, such as CuO, CoO and MnO; catalysts have been
tried to confirm the possibility of selective DHA production for the
EGOR [48,50,51,53-55,57,58]. However, fundamental understanding
of how we can control and change the selective DHA formation on the
catalyst electrodes for the EGOR in different reaction environments and
which specific catalytic active sites influence the EGOR activity and
DHA selectivity has not yet been established. Thus, it is highly desirable
to gain critical scientific insights on the reaction chemistry and mech-
anism through a systematic catalyst study for the selective DHA pro-
duction from the EGOR.

Using both experimental and computational investigations, we per-
formed a systematic study to understand on how the reaction perfor-
mance and chemistry can be controlled for selective DHA production by
the EGOR. In this work, using a simple one-pot chemical synthesis, we
prepared Pt and Pt-Sb hollow structure electrocatalysts that had
different catalytic phases, namely, PtSb and PtSb, alloys, by changing
the Pt:Sb atomic ratio (Ptge4Sby .36, Pt7.01Sb2.99, and Pts 59Sby.41). It is
worthwhile to note that this is the first report on synthesizing electro-
catalytic material including both alloy phases of PtSb and PtSb; in a
catalyst system. Although some studies have reported that Pt-Sb com-
bination affects to the selective glycerol oxidation reaction, under-
standing and revealing the specific catalytic role and function of active
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sites existed on PtSb and PtSb, alloy surfaces for the selective electro-
catalytic oxidation of glycerol have not yet been established. This is
important for providing future research guidance to design and develop
novel electrocatalytic materials for selective production of DHA from
biomass-derived glycerol. In order to understand how the reaction
chemistry can be changed on the two alloy surfaces for the glycerol
oxidation, we first characterized the synthesized Pt and Pt-Sb catalysts
by a variety of physicochemical analyses to know the exact catalytic
phase and state of the prepared samples. Then, we tested the prepared
electrocatalysts in an electrochemical half cell and batch reactor system
to confirm how the electrocatalytic performances could be changed
according to the reaction conditions, such as the pH of the electrolyte,
glycerol concentration, and electrode potential. First-principle density
functional theory (DFT) calculations were also conducted to reveal and
understand which catalytic site affects the active and selective reactions
for DHA production from the EGOR and how the reaction chemistry in
the EGOR changes with the Pt-Sb electrocatalysts compared to the Pt
catalyst. These our efforts to understand the how and why of the se-
lective production of the market-valued DHA chemical can be realized
and at which specific active site of the prepared Pt-Sb electrocatalysts for
the EGOR (Fig. 1a) are discussed and explored in the following section.

2. Experimental section
2.1. Electrocatalyst preparation

Pt-Sb (platinum and antimony) electrocatalysts were synthesized
using a one-pot chemical synthesis method. In the method, chlor-
oplatinic acid hexahydrate (HyPtClg'6H20) (ACS reagent, > 37.50 % Pt
basis, Sigma-Aldrich, St. Louis, MO, USA) and antimony (III) chloride
(SbCl3) (> 99.99 % trace metals basis, Sigma-Aldrich), and ethylene
glycol (EG) (Reagent Plus®, > 99 %, Sigma-Aldrich) were used as re-
agents. The synthesis procedure was as follows: In a 2-neck round flask
(200 mL), HyPtClg'6H20 and SbCls powders were mixed with 50 mL of
EG. Note that the molarity of Pt was fixed at 50 mM in 50-mL EG, while
the molarity of Sb was adjusted to set a Pt/Sb atomic ratio of 9:1, 7:3,
5:5, or 3:7. The mixture was stirred at 200 rpm overnight, followed by
sonication for 1 h. The mixture was then heated at 200 °C for 4 h under
N purging with 200-rpm agitation. The heated mixture was cooled at
room temperature for 1 h. Particles and supernatant liquid were sepa-
rated from the resultant sample using a centrifuge, washed three times
with acetone, and then dried at 200 °C overnight under vacuum. The
dried powder was ground by hand, hydrogenation at 200 °C for 15 h
under H, flow (30 mL min~!), and then ground by hand again to obtain
particle size of 100-170 nm. The resulting sample was used for glycerol
oxidation reaction. Monometallic Pt electrocatalyst was also synthesized
using same procedure with HyPtClg'6H0 and EG for comparison.

2.2. Electrocatalyst characterization

To characterize the crystal structure of electrocatalysts, X-ray
diffraction (XRD) (SmartLab, Rigaku, Tokyo, Japan) patterns were
recorded in the 20 range of 10-90° at a scan speed of 2° min~'. The
actual metal contents of Pt and Sb in the synthesized electrocatalysts
were measured by inductively coupled plasma optical emission spec-
troscopy (ICP-OES) (ICP-OES 720, Agilent Technologies, Santa Clara,
CA, USA). The surface morphology and elemental composition were
characterized using a field emission scanning electron microscopy (FE-
SEM) (JSM-IT800, JEOL, Akishima, Tokyo, Japan) equipped with an
energy-dispersive X-ray spectrometer (EDS) (XFlash 60, Bruker, Bill-
erica, MA, USA). For lattice distance measurements of the electro-
catalysts, a high-resolution transmission electron microscope (HR-TEM)
(Tecnai G2 F30 S-TWIN, FEI, Hillsboro, OR USA) was used at an accel-
erating voltage of 300 kV. A double Cs-corrected TEM (Titan Cubed G2
60-300, FEI) was used to acquire high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images and
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Fig. 1. Pt-Sb hollow sphere structure electrocatalysts synthesized via the simple one-pot chemical synthesis method for electrocatalytic glycerol oxidation reaction
(EGOR). (a) Schematic illustration of the synthesized Pt-Sb hollow sphere electrocatalysts for selective production of DHA from the EGOR. (b) Xrd patterns of
synthesized pt (black), Ptg 64Sb; 36 (Green), Pt; 91Sbz g9 (blue), and Pts 59Sby 41 (pink). (¢) characteristic peaks of pt (Cubic, ICDD No. 00-004-0802), sb (Cubic, ICDD
No. 01-071-3737), PtSb (Hexagonal, ICDD No. 01-087-4703) and PtSb, (Cubic, JCPDS No. 01-075-6450). (d) magnified XRD characteristic peak of Ptg¢4Sb; 36

(Green), Pt;,01Sba.g9 (blue), and Pts 59Sbs.41 (pink).

corresponding energy dispersive X-ray spectroscopy (EDS) elemental
mapping. A multipurpose X-ray photoelectron spectroscopy (XPS, Sigma
Probe, Thermo Fisher Scientific, Waltham, MA, USA) with an Al Ka
source was performed to characterize the electronic structure of the
electrocatalysts. In the X-ray photoelectron spectroscopy (XPS) data
processing, all of the obtained XPS binding energy values were corrected
on the basis of the C Is reference line at a value of 284.70 eV.
Synchrotron-based X-ray absorption spectroscopy (XAS) at the K-edge of
Pt, comprising X-ray absorption near the edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) was performed at the
7D beamline of the Pohang Accelerator Laboratory (Pohang, Republic of
Korea) using a Si (1 1 1) double crystal monochromator (PLS-II,
3.0 GeV).

2.3. Electrocatalytic performance measurement in an electrochemical
half-cell system

Electrochemical half-cell tests were carried out at room temperature
in a three-electrode system connected to a potentiostat (ZIVE MP2A,
WonATech, Seoul, Korea) coupled with a rotating disk electrode (MSR
Rotator, Pine Research Instrumentation, Durham, NC, USA). A catalyst-
coated glassy carbon electrode (GCE) having 5-mm diameter and 0.196-
cm? area was used as the working electrode. The working electrode was
prepared by the following procedure. 10 mg of an electrocatalyst (Pt,
Ptg 64Sb1.36, Pt7.01Sb2.99, Or Ptss59Sbs41) was mixed with 1.00 mL of
distilled water, 0.04 mL of 5 wt% Nafion® ionomer solution (D521,
DuPont, Wilmington, DE, USA), and 0.20 mL of ethanol (95.0 %, Sam-
chun Pure Chemical, Pyeongtaek, Korea). The mixture was then soni-
cated for 2 h, considered the electrocatalyst ink. After that, 0.01 mL of
the fabricated catalyst ink was dropped on the GCE and then dried for
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1 h. A graphite rod and Ag/AgCl (1 M KCl for acid and neutral) and Hg/
HgO (1 M NaOH for base) were used counter and reference electrodes,
respectively.

Polarization curve was obtained by the linear sweep voltammetry
(LSV) method at a scan rate of 5mV s ! in the range of 0.054-1.254 V
(vs. RHE) for acid, 0.449-1.649V (vs. RHE) for neutral, and
0.007-1.307 V (vs. RHE) for base. The Tafel slope values were obtained
from the iR-compensated LSV curve. The electrochemical impedance
spectrum (EIS) were measured under a constant voltage of 0.454 V (vs.
RHE) with acid, 0.850 V (vs. RHE) with neutral, and 0.508 V (vs. RHE)
with base at frequencies between 100 kHz and 0.1 Hz with an AC
amplitude of 5mV. The electrochemical surface area (ECSA) was
calculated by measuring the charges (Qy) collected in the hydrogen
adsorption-desorption peak area via cyclic voltammetry (CV) at a scan
rate of 50 mV s ' in 0.5 M HsSO4 using Eq. (1).

ECSA = Qy / q mgy, (€8]

The Qp value represents the charge associated with hydrogen
desorption, and the q value means the charge required to oxidize the
hydrogen monolayer on Pt (210 pC cm~2). The CV test was also carried
out for 1000 cycles at the scan rate of 50 mV s~ to test the stability of
the electrocatalyst in glycerol oxidation. In addition to the ECSA mea-
surements, LSV and CV electrochemical half-cell system tests were
performed with 1 M glycerol in acid (0.5 M HsSO4, pH 0.3), neutral
(0.1 M NaySOy4, pH 7), and base (0.1 M KOH, pH 13) under Ny purging.

2.4. Electrocatalytic performance measurement in an electrochemical
batch reactor system and product analysis

The same three-electrode cell system connected to a potentiostat was
used to operate an electrochemical batch reactor system using an
electrocatalyst-coated on titanium (Ti) paper (Bekaert, Zwevegem,
Belgium) as a working electrode for electrocatalytic glycerol oxidation
reaction (EGOR). The first step for fabricating the electrocatalyst-coated
Ti papers was to prepare catalyst inks; through sonication for 1 h, 0.1 g
of a prepared electrocatalyst was dispersed with 0.005 g of vulcan (XC-
72) in a solution mixture of 0.40 mL of distilled water, 0.40 mL of 5 wt%
Nafion® ionomer solution, and 2 mL of 2-propanol (99.5 %, Samchun
Pure Chemical). This catalyst ink was spray-coated on Ti paper (geo-
metric area: 2 cm), and dried in a convection oven at 100 °C for 0.5 h.
The chronoamperometry (CA) method was performed to investigate the
electrochemical properties in a 7 mL glycerol feed solution stirred at
400 rpm and maintained at 60 °C during EGOR. Before the CA test, the
electrolyte was purged with Ny gas for 30 min to remove the dissolved
O, gas in the electrolyte.

After the EGOR testing, the reaction mixture solution was analyzed
with the high-performance liquid chromatograph (HPLC) (YL9100, YL
Instruments, Anyang, Korea) equipped with refractive index (RI) (RI-
201 H, Shodex, Tokyo, Japan) and UV-vis (210 nm, YL9120, YL In-
struments) detectors. An Aminex HPX-87H sugar column (Biorad, Her-
cules, CA, USA) was used at 60 °C. The mobile phase was 0.005 M H,SO4
(Samchun Pure Chemical) with a flow rate of 0.30 mL min~!. After the
reaction, liquid products were filtered with a 0.2-um syringe filter. Then,
a 1-pL liquid sample for each analysis was injected and analyzed with
HPLC. The amount of glycerol consumed and the selectivities toward
reaction products were quantified using external calibration curves of
each. The chemicals used in the reactant solutions and standards were
glycerol (GLY) (> 99.0 %, Product no. 27210S0350, Junsei Chemical,
Tokyo, Japan), dihydroxyacetone (DHA) (Product no. PHR1430, Sigma-
Aldrich), DL-lactic acid (LA) (>85.0 % in water, Product no. L0226,
Tokyo Chemical Industry, Tokyo, Japan), DL-glyceric acid (GLA)
(20.0 % in water, Product no. D0602, Tokyo Chemical Industry), D-
(+)-glyceraldehyde (GAD) (> 98.0 %, Product no. 49800, Sigma-
Aldrich), glycolic acid (GCA) (> 98.0 %, Product no. G8284, Sigma-
Aldrich), p-hydroxypyruvic acid (HPA) (> 95.0 %, Product no. 06372,
Sigma-Aldrich), tartronic acid (TTA) (> 97.0 %, Product no. 86320,
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Sigma-Aldrich), and formic acid (FA) (85.0 %, Product no. F0182,
Samchun Pure Chemical).

2.5. Computational details

We performed all the density functional theory (DFT) calculations in
this work with the Vienna Ab initio Simulation Package (VASP) [60,61].
The generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional was adopted to describe the
exchange-correlation energies and the projector augmented-wave
(PAW) was employed to model the interactions between ions and elec-
trons [62,63]. The non-covalent interactions was explained by the
Grimme’s DFT-D3 method [64]. The density of state (DOS) was calcu-
lated using VASP and VASPKit [65]. The d-band center value was also
calculated using VASPKit. The kinetic energy cutoff was set to 520 eV,
and. In all calculations, the Brillouin zone was sampled using a
3x3x1 k-point grid. The k-points were generated using the
Monkhorst-Pack method. The spin polarization was not considered. All
structural optimizations were performed until the forces on all atoms
became less than 0.03 eV/A. We constructed three catalytic surfaces:
PtSb(100), PtSby(111), and Pt(111). The number of Pt atoms was 96, 64
and 96 for the PtSb(100), PtSby(111) and Pt(111) surfaces, respectively.
All surfaces were modeled with four layers, and only upper two layers
and adsorbed molecules were allowed to relax during structural opti-
mizations. A vacuum region was set to ~ 1.5 nm for all cases to avoid
unphysical interactions between unit cells along the c-axis. The solvent
effect in aqueous media was considered implicitly using the VASPsol
[66,671].

Adsorption energy, E,4, was calculated by

Ead = Esurfuce+adsarbate + nHz * EH2 - (Esurfuce + EGLY) (2)

where Egyface+adsorbate Was the total energy of the catalyst surface with the
adsorbed molecule, and Eg,. Was the energy of only catalyst surface
without any adsorbate. The other energy terms, Ey, and EgLy were the
energy of Hy molecules and glycerol respectively. The number of
generated Hy molecules was denoted by ng,.

3. Results and discussion
3.1. Structural and chemical properties

All Pt and Pt-Sb-based hollow sphere structure electrocatalysts for
the EGOR testing were synthesized via a simple one-pot chemical syn-
thesis method using ethylene glycol as a reagent. The electrocatalysts
were synthesized by varying the ratio of Pt to Sb (PtySb;, Pt;Sbs, and
PtsSbs), and the changes in the structure, physicochemical properties,
electronic states, and electrochemical properties of the synthesized
electrocatalysts were observed. After the synthesis of the Pt-Sb electro-
catalysts, inductively coupled plasma optical emission spectroscopy
(ICP-OES) analysis was performed to confirm that the Pt-Sb electro-
catalysts in the intended ratios of PtgSb;, Pt;Sbs, and PtsSbs were well
synthesized. As can be seen in Table S1, the ICP-OES results demon-
strated that the actual atomic ratios of the PtgSby, Pt;Sbs, and PtsSbs
electrocatalysts were Ptggs4Sb13e, Pt701Sbagg, and Ptss9Sby .41,
respectively.

We used X-ray diffraction (XRD) analysis to investigate the crystal-
line structure of the prepared Pt and Pt-Sb electrocatalysts as shown in
Fig. 1b-d. Pt (Cubic, ICDD No. 00-004-0802), Sb (Cubic, ICDD No. 01-
071-3737), PtSb (Hexagonal, ICDD No. 01-087-4703), and PtSby
(Cubic, ICDD No. 01-075-6450) phases were observed in synthesized
electrocatalysts. In the XRD pattern of the synthesized Pt, the main
characteristic diffraction peaks at approximately 39.75, 46.22, and
67.46 presented face-centered cubic (fcc) Pt peaks corresponding to
(111), (200), and (220) planes, respectively. With the addition of about
10 % Sb into the Pt phase, the main diffraction peaks of the Sb(100) and
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(110) phases were observed at 29.65 and 42.48 degrees. When the Sb
content exceeded 30 %, the Pty 1Sbag9 and Ptss9Sbsg4; catalysts
detected PtSb(100), (002), (102), and (110) alloy phases at 24.80,
32.51, 41.15, and 43.64 degrees, respectively. The PtSby(211), (321),
(024), and (511) alloy diffraction peaks at 33.67, 46.79, 52.97, 64.35,
and 76.57 degrees were also observed along with the PtSby(311) major
peak at 46.79 degrees. In particular, the PtSby(111), (200), and (210)
characteristic peaks were additionally detected for the Ptss59Sbs 41

a Pt b PtgeSb, s

”

—

d pt5.598b4.41‘

PtSb 100 phase

e Magnified Pt ;,Sb, 4,
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catalyst compared to the Pty 91Sbs g9 catalyst. As shown in Figs. 1b and
1d, the Pt(220) plane peak from the prepared Pt-Sb electrocatalysts
appeared to have continuously shifted toward a lower angle compared
to the Pt, indicating lattice expansion by formation of PtSb and PtSb,
alloy phases [8,68,69]. The synthesized Pt-Sb electrocatalysts had a
crystalline structure with a mixture of Pt, Sb, PtSb, and PtSb, phases. No
metal oxides/hydroxides or other compounds were detected from the
XRD measurements.

C Pt;(1Sbyg

f Magnified Pt; ;oSb, 4,

Fig. 2. Morphological analysis of the prepared electrocatalysts using electron microscopy. TEM images and corresponding EDS elemental mapping of Pt and Sb in a
composite of Pt and Sb at synthesized (a) Pt, (b) Ptg 64Sb1 36, (¢) Pt7.01Sbs.99, and (d) Pts 59Sb4 47 electrocatalysts. (e) Enlarged HAADF-STEM image and EDS mapping
images of Pts 59Sby 41 surface. (f) Additional enlarged HAADF-STEM image of Pts 59Sb, 41 showing hollow spherical structure. (g) Lattice distance measurements for
the Pt(111), PtSb(100 and 002), and PtSb,(111) phases measured in the HR-TEM image of Pts 59Sby4 41 surface.
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The surface morphology and elemental composition of the prepared
Pt-Sb electrocatalysts were analyzed by field emission scanning electron
microscopy (FE-SEM) equipped with an energy-dispersive X-ray spec-
trometer (EDS), as shown in Fig. S1-S2 and Table S2. The Pt and Pt-Sb
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electrocatalysts appeared to be formed as spherical particles, and the
particle size increased as the content of Sb increased. This was likely due
to the result of lattice expansion by the incorporation of Sb into a Pt
lattice, as shown in Figs. 1b and 1d of the XRD characterization. The
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Fig. 3. Chemical and electronic analysis of the XPS spectra of (a) Pt 4f and (b) Sb 3d/O 1Is for the synthesized Pt, Ptg ¢4Sb1 36, Pt7.01Sb2.99, and Pts 59Sby.41.
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particle size distributions of Pt and Pt-Sb electrocatalysts were approx-
imately 102 + 14 nm to 172 + 29 nm in size, which were obtained by
measuring the size of about 100 particles based on the SEM image as
shown in Fig. S3. The bulk ratio of Pt and Sb in the synthesized elec-
trocatalysts showed results similar to ICP-OES, as shown in the
elemental mapping results in Table S2.

We carried out transmission electron microscopy (TEM) analysis
coupled with corresponding EDS to measure the detailed crystallo-
graphic structure and elemental distribution of the synthesized Pt,
Ptg.64Sb1.36, Pt7.01Sba.gg, and Ptss59Sba 41 electrocatalysts. The EDS
mapping data corresponds to the respective high-angle annular dark-
field scanning TEM (HAADF-STEM) images, as shown in Fig. 2 and
Fig. S4-S7. The HAADF-STEM and corresponding EDS mapping images
of synthesized Pt in Fig. 2a and Fig. S4 confirm that the hollow sphere
structure was synthesized, and the Pt element was uniformly distributed.
As shown in the TEM images of the Pt-Sb electrocatalysts synthesized at
various Pt to Sb ratios in Fig. 2b-g and Fig. S5-S7, the hollow sphere
structure was well maintained in spite of the addition of Sb. EDS line
scan data was also obtained by scanning the enlarged image in the di-
rection of the yellow arrow in Fig. S5-S7. It was confirmed that the
distribution of the Sb element on the surface of the synthesized Pt-Sb
hollow structure catalysts increased with the increase of Sb content in
the order of Ptg¢4Sb1 36, Pt7.01Sb2.99, and Pts 59Sbs.4; electrocatalysts.
Fig. 2f demonstrated that the Pt-Sb hollow spherical structure was
confirmed through the enlarged HAADF-STEM image. The high-
resolution TEM images (Fig. 2g) of the synthesized Pts 59Sb4 41 hollow
sphere structure exhibited atomic lattice distances of 0.23 nm, 0.35 nm,
0.27 nm, and 0.37 nm, which corresponded to the Pt(111), PtSb(100
and 002), and PtSby(111) phases, respectively [70,71]. The lattice dis-
tances were also confirmed by referring to the d-spacing values of the
powder diffraction reference ICDD number. This indicates that the
synthesized Pts59Sby4.4; electrocatalyst has mixed crystal phase struc-
tures of Pt, PtSb, and PtSby, which is consistent with the XRD results.

3.2. Electronic properties

The surface chemical states and electronic structures of the prepared
Pt, PtgeaSb1.36, Pt701Sbagg, and Ptss59Sbs4; electrocatalysts were
investigated by X-ray photoelectron spectroscopy (XPS), as shown in
Fig. 3, Fig. S8, Table 1, and Table S3. We present the XPS spectra in the
Pt 4f, Sb 3d, O 1s, and C Is regions for the Pt, Ptg ¢4Sb; 36, Pt7.01Sb2.99,
and Pts59Sbs 41 electrocatalysts and tabulate the respective peak
assignment and binding energy of deconvoluted peaks from the XPS
spectra. XPS binding energies were corrected by referencing the C Isline
at 284.70 eV in Fig. S8. As presented in the Pt 4f spectra of the prepared
electrocatalysts in Fig. 3a, the individual Pt 4f;/» and Pt 4f5, doublets

Table 1
XPS peak assignment and binding energy values of deconvoluted peaks for the
synthesized Pt, Ptg 64Sb1 36, Pt7.01Sb2 99, and Pts 59Sb4 41.

XPS peak
assignment
Catalyst Pt 4f (eV)
Pt° 4f7/5 pt° pt2* pt** pt** pt**
4f5/2 4f7/2 4f5/2 4f7/2 4f5/2
Pt 71.43 74.63 71.80 75.00 76.10 79.00
PtgesSb13e  71.52 74.72 71.82 75.02 75.88 78.78
Pt;.01Sb2.99 71.44 74.64 71.59 74.79 75.67 78.57
Pts5.50Sby4.41 70.35 73.55 71.51 74.71 75.16 78.06
Catalyst Sb 3d (eV) O1s
(ev)
Sb° 3ds /5 Sb° Sb3* Sb3* Sb° -
3d3/2 3ds/2 3ds/» 3ds/2
Pt - - - - - -
Ptg.64Sb1.36 529.00 538.31 530.08 539.38 530.96 529.00
Pt;.01Sb2.90 528.58 537.93 529.98 539.36 530.96 528.58
Pt5.50Sbs.41 527.26 536.63 528.92 538.30 529.70 527.26
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were deconvoluted into three oxidation states of metallic Pt° (Pt:
71.43 eV and 74.63eV, PtggsSbi3s: 71.52eV and 74.72¢€V,
Pt701Sbagg: 71.44 eV and 74.64 eV, and Pt5s59Sbs41: 70.35 eV and
73.55 eV), oxide Pt?* (Pt: 71.80 eV and 75.00 eV, Ptg g4Sbq.36: 71.82 eV
and 75.02 eV, Pt;1Sbagg: 71.59 eV and 74.79 eV, and Ptss59Sby 41:
71.51 eV and 74.71 eV), and oxide pt*t (Pt: 76.10 eV and 79.00 eV,
Ptg4Sb1.36: 75.88 eV and 78.78 eV, Pty (1Sbage: 75.67 eV and
78.57 eV, and Pts59Sbs41: 75.16 €V and 78.06 eV). Metallic Pt® was
dominant in all the prepared electrocatalysts. The measured Pt 4f;/o
metallic peak appears at a higher binding energy than the commonly
reported value for metallic pt° (~ 71.4 eV), which is a characteristic
feature of the hollow nanostructure. As the particle size increases, this
peak shifts toward lower binding energies, indicating a size-dependent
electronic effect, as shown in Fig. 3 and Table 1 [72-75]. The Full
Width at Half Maximum (FWHM) values of the Pt 4f peak were adjusted
based on the Pt to Sb atomic ratio in each electrocatalyst. These changes
reflect variations in the electronic state of Pt across different Pt-Sb
compositions (Ptg 4Sby 36, Pt7.01Sb2.99, and Pts 59Sby4 41), which can in-
fluence the FWHM in the XPS spectra. As the Sb content increases, the
crystallinity and particle size of the electrocatalysts also increase,
contributing to the observed decrease in the FWHM [74-76]. The shift in
Pt 4f binding energy with increasing Sb content is attributed to changes
in the electronic structure associated with alloy formation, particularly
the emergence of PtSb and PtSb, phases. As the Sb content increases, the
Pt° peak initially shifts to higher binding energy, possibly due to surface
effects or partial oxidation, and then shifts to lower values as alloying
progresses and the oxidation state decreases. This reflects variations in
the interaction strength between Pt and Sb. This trend is also observed in
the white line intensity of the XANES spectra, indicating a gradual
transition from oxidized Pt species to metallic Pt-Sb bonding environ-
ments. At the Pty ¢1Sbz 99 composition, strong Pt-Sb interactions begin to
form, leading to the development of a PtSb alloy phase. With further Sb
addition, the PtSb, phase becomes predominant. The broadening of the
Pt° peak suggests a mixed oxidation state or coordination environment,
likely due to the coexistence of multiple phases and interfacial struc-
tures. This interpretation aligns with the general understanding that
homogeneous crystalline phases yield sharper XPS peaks, whereas
structurally diverse environments result in broader peak shapes. For the
Sb 3d XPS spectra in Fig. 3b, the Sb 3ds,2 and Sb 3d3,, doublets were also
deconvoluted into two distinguishable peaks. These peaks corresponded
to metallic Sb® (Ptg4Sb1.36: 529.00 eV and 538.31 eV, Pt;0;Sba.go:
528.58 eV and 537.93 eV, and Pt 59Sby.41: 527.26 €V and 536.63 eV)
and oxide Sb*' (Ptg64Sb1.36: 530.08 eV and 539.38 €V, Pty 01Sba.go:
529.98 eV and 539.36 eV, and Pts5 59Sby 41: 528.92 eV and 538.30 eV).
As the amount of added Sb increased, the peak intensity of metallic Sb®
also increased. The Sb 3d spectrum contained an overlapping peak,
which was the O 1s (Ptg g4Sb1.36: 530.96 €V, Pty ¢1Sbo.99: 530.96 eV, and
Pt5.50Sb4.41: 529.70 eV) oxygen peak. Interestingly, it was observed that
the binding energy of metallic Pt’ and Sb® phases in the prepared
Pts50Sbs 41 electrocatalyst shifted negatively to higher values (Pt:
1.45 eV and Sb: 1.74 eV). This phenomenon can be associated with
electronic interactions between Pt and Sb atomic orbitals by the for-
mation of Pt-Sb alloys such as PtSb and PtSb,. An increase in the electron
density around Pt can also lead to partial filling of the Pt 5d band,
resulting in a downshift of the d band center. The Pt d-band center shift
affected the adsorption strength with reaction molecules such as O, and
Hj, suggesting that it can improve the catalytic activity and durability
for electrocatalytic reactions [77-83].

3.3. Synchrotron-based analysis on the local atomic structure

All the prepared samples were further studied by X-ray absorption
spectroscopy (XAS) in order to determine the electronic and local
structure around Pt atoms in Fig. 4 and Table 2. The X-ray absorption
near the edge structure (XANES) spectra of Pt-Sb catalyst samples
measured at the Pt L3 edge (Fig. 4a) exhibits spectral features similar to
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Fig. 4. Synchrotron-based XAS analysis of the prepared electrocatalysts with normalized (a) XANES and (b) EXAFS spectra at Pt k-edge. Pt I3-edge EXAFS fitting data
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Table 2
Summary of Pt l3-edge EXAFS fitting results of the prepared Pt, Ptg4Sb 36,
Pt7.01Sb2.99, and Pts 59Sby 41 electrocatalysts.

Catalyst Edge  Shell N R" () R factor®
(%)
Pt PtLs Pt-Pt 8.60 2.763 0.0009
+ 0.47 + 0.002
PtgesSbiss PtL; DPtPt 5.85 2.773 0.0029
+ 0.64 + 0.007
Pt-Sbesyy  0.25 2.754
+0.20 + 0.051
Pt;.01Sb2.90 PtLs Pt-Pt 4.45 2.758 0.0136
+0.91 + 0.009
Pt-Sbesyy  0.80 2.668
+0.21 + 0.017
Pts 59Sbs.41 Pt L3 Pt-Pt 2.33 2.831 0.0053
+ 0.67 +0.013
PtSbsy 154 2.706
+0.43 + 0.434
Pt- 0.70 2.363
Sbepesbz) +0.56 +0.033

? Coordination number.

b Distance between absorber and backscatter atoms.

© A goodness of curve fitting; S3 = 0.9 for Pt; Fitting range: 1.4 < R (A) < 3.3
A.

those of pure Pt, indicating that Pt in Pt-Sb system predominantly exists
in the metallic state (Pt°). A detailed analysis of the edge region reveals
that the edge energy shifts toward higher energies as the Sb content
increases, suggesting an enhancement of intermetallic interactions be-
tween Pt and Sb [84]. Notably, a decrease in white line intensity is
observed in the case of Ptss9Sbs41, which is consistent with the
increased Pt 5d electron density detected by XPS analysis. This finding
implies that Sb addition modifies the electronic structure of Pt. Fig. 4b—f
presents the k®-weighted Fourier-transformed extended X-ray absorp-
tion fine structure (EXAFS) data. Table 2 provides the corresponding
fitting results. The relative intensity of the characteristic Pt-Pt scattering
peak decreases as the Sb content increases, while distinct Pt-Sb

scattering peaks emerge. Specifically, the Pt-Pt coordination number
decreases from 5.85 to 2.33, whereas the Pt-Sb coordination number
associated with PtSb alloy formation increases from 0.25 to 1.54. In
particular, the Pts5s59Sbs4; sample exhibits newly formed Pt-Sb in-
teractions attributed to the PtSby, phase, further corroborating the
presence of PtSby as identified in XRD and TEM analyses. An investi-
gation of the Pt-Pt and Pt-Sb bond lengths as a function of Sb addition
reveals a nonlinear variation in the Pt-Pt bond distance. In pure Pt, the
Pt-Pt bond length is measured at 2.763 A, whereas it slightly increases to
2.773 A in Ptg c4Sb1 36 but decreases to 2.758 A in Pty ¢1Sbz.g9. The Pt-Pt
bond length further increases to 2.831 Ain Pt5 50Sby 41, reflecting lattice
expansion due to Sb incorporation. As the Pt-Pt bond length increases,
the interaction between Pt atoms weakens, potentially leading to a
downshift of the d-band center. In particular, the Pts59Sbs 47 sample
with the longest Pt-Pt bond length is expected to have the lowest d-band
center, influencing the adsorption energy of reaction intermediates on
the catalyst surface. Meanwhile, the Pt-Sb bond length progressively
decreases with increasing Sb content. In Ptg¢4Sb; 36, the Pt-Sb bond
length is measured at 2.754 A, while it shortens to 2.668 A in
Pt701Sby. 99 In Pts5 50Sby 41, two distinct Pt-Sb bond lengths of 2.706 A
and 2.363 A are observed. The Pt-Sb bond length of 2.363 A indicates
strong Pt-Sb interactions characteristic of the PtSb, phase. These results
suggest the coexistence of both PtSb and PtSby phases in the Pts 59Sb4 41
sample, leading to the formation of multiple interfaces within the
catalyst. The multi-interface structure is expected to modulate the
electronic structure of active sites, enhance reaction kinetics, and ulti-
mately contribute to improved catalytic performance.

Additionally, Pt and Sb were synthesized in an intended ratio of
Pt3Sb; to determine how the structural and electronic properties of the
Pt3Sb; catalyst can be changed compared to the prepared Pt-Sb elec-
trocatalysts. The XRD analysis of the synthesized Pt3Sb; sample
confirmed the presence of PtSb and PtSb, alloy phases seen in the
electrocatalysts with Pts 59Sbs 41 in Fig. S9. As shown in the ICP-OES and
EDS elemental data in Fig. S10b and Table S4, it was synthesized in the
actual composition of Ptg ¢Sb3 94 despite the high amount of added Sb
(Pt:Sb = 3:7), which has a composition similar to the Pts 59Sb4 41 sample.
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The SEM and TEM analyses demonstrated that particles similar in size to
Pts.50Sbg4 41 were synthesized, and the Sb content was mainly distributed
on the particle surface of Pt-Sb in Fig. S10a-S11. In Fig. S12 and
Table S5, the synthesized Ptg osSbs.o4 electrocatalysts show that the
metallic Pt° and Sb° phases are dominant, but the metallic Sb° phase has
a lower intensity and little binding energy shift compared to Pts 59Sbs 41.
As a result, the electrocatalyst (Ptg 06Sb3.94) with a composition similar
to the Pts 50Sby4.41 sample was synthesized, even with increasing the Sb
content. This indicates that there was no additional effect of composition
change with an increasing Sb content.

3.4. Electrocatalytic properties

We conducted electrocatalytic performance testing in an electro-
chemical half-cell system using the synthesized Pt, Ptg¢4Sbi 36,
Pt7.01Sb2.99, and Pts 59Sby 41 electrocatalysts to investigate the catalytic
effect of the electrocatalysts with different phases, namely, PtSb and
PtSb, alloys for the EGOR. The prepared Pt-Sb electrocatalysts were
deposited on the glassy carbon electrode (GCE) as a working electrode
with an active geometric area of 0.196 cm. We measured the electro-
chemical performances for the EGOR using linear sweep voltammetry
(LSV) and cyclic voltammetry (CV) methods in an Ny-purged 1 M glyc-
erol under different electrolyte solutions (acid: 0.5 M H2SO4, pH 0.3,
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neutral: 0.1 M NaySO4, pH 7, and base: 0.1 M KOH, pH 13) at room
temperature. Fig. 5 shows the change of the EGOR properties on the
prepared Pt-Sb electrocatalysts. The electrocatalytic activity parameters
of the prepared catalysts are summarized in Table 3 and Table S6.
Fig. 5a—c exhibit the LSV curves related to the current density (current
divided by geometric area, mA cm™2) of the Pt-Sb electrocatalysts at
different pH conditions. To understand how the electrochemical reac-
tion kinetics changes with the prepared electrocatalysts, we calculated
the Tafel slopes and onset potential for the EGOR over prepared elec-
trocatalysts based on the current density of the LSV curve in Fig. 5a-c.
The Tafel slope values were obtained from iR-compensation LSV curves.
As shown in Table S6, among the tested Pt and Pt-Sb electrocatalysts, the
Tafel slope of the Pts559Sbs 41 electrocatalyst showed lower values in
acid (Pt: 239 + 4 eV dec 'and Pts559Sbg.41: 179 =5 eV dec™!) and
neutral (Pt: 234 + 9 eV dec 'and Pts 59Sbs41: 197 + 2 eV dec™b), but
slightly higher values in base (Pt: 160 + 1 eV dec'and Pts5.59Sby.41: 180
+1 eV dec™). In addition, the Pts 50Sbg 41 electrocatalyst significantly
demonstrated lower onset potential values in acid [0.332 + 0.006 V (V
vs. RHE)] and base [0.329 £ 0.001 V (V vs. RHE)] but similar values to
other electrocatalysts in neutral [0.699 + 0.006 V (V vs. RHE)]. These
results confirmed that the onset potential values were dramatically
lower in the base conditions in Fig. 5¢ and Table 3. The results indicate
that the Pt 59Sby 41 electrocatalyst composed of mixed phase with PtSb
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Fig. 5. Electrochemical performance analysis of prepared Pt, Ptg¢4Sbi .36, Pt7.01Sb2.99, and Ptss9Sby 41 electrocatalysts for the EGOR in electrochemical half-cell
system using the rotating disk electrode. Lsv curves and cycle stability results of prepared electrocatalysts loaded onto a glassy carbon electrode in 1 M glycerol
with 0.5 M H,SO4 (acid, pH 0.3), 0.1 M Na,SO,4 (neutral, pH 7), and 0.1 M KOH (base, pH 13) electrolytes. (a—c) Show current density (current divided by electrode
geometric area, mA cm2). (d-f) represent mass activity (current divided by Pt mass, mA mgpy). (g-I) indicate the cycle stability plot.
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Table 3
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Electrocatalytic activity comparison of the prepared Pt, Ptg¢4Sby .36, Pt7.01Sb2.99, and Pts s9Sbys 41 electrocatalysts for the EGOR. Onset potential and mass activity
(current divided by Pt mass, mA mg;tl) were obtained from the LSV curves in Fig. 5.

Catalyst Onset Onset Onset Mass activity Mass activity Mass activity
potential potential potential (mA mgﬁtl) (mA mgﬁtl) (mA mgﬁll)
(V vs. RHE) (V vs. RHE) (V vs. RHE) at 0.65 (V vs. RHE) at 0.96 (V vs. RHE) in neutral at 0.60 (V vs. RHE) in base
in acid in neutral in base in acid
Pt 0.446 + 0.015 0.664 + 0.013 0.419 + 0.004 0.230 + 0.008 0.624 + 0.004 0.272 + 0.015
Ptg 64Sb1.36 0.359 + 0.008 0.674 + 0.014 0.356 + 0.004 0.373 + 0.004 0.579 + 0.003 0.675 + 0.004
Pt;.01Sb2.99 0.350 + 0.005 0.680 + 0.007 0.347 + 0.006 0.782 + 0.006 0.800 + 0.023 0.615 + 0.007
Pts 50Sbg.41 0.332 + 0.006 0.699 + 0.006 0.329 + 0.001 1.460 + 0.033 0.967 + 0.016 2.866 + 0.008

and PtSbs alloys may affect the excellent electrocatalytic kinetics for the
EGOR. The electrocatalytic reaction activity of the EGOR is enhanced
due to the formation of PtSb and PtSb, alloys. This can be also supported
by the fact that the current density values of Pts 59Sb4. 41 for the EGOR
tend to increase overall compared to other prepared electrocatalysts
regardless of pH condition.

Fig. 5d-f, Table 3, and Table S6 present mass activity (current
divided by Pt mass, mA mgp¢) and specific activity (current divided by
electrochemical surface area (ECSA), mA cmECZSA) values calculated
based on generated current at different pH conditions for the EGOR. To
calculate the ECSA values, the CV method in the 0.5 M HySO4 electrolyte
at room temperature was used to examine the Hy adsorption/desorption
behavior of the Pt, Ptgg4Sby 36, Pt7.01Sb2.99, and Ptss9Sby 41 electro-
catalysts as shown in Fig. S13 and Table S6. The ECSA values measured
for Pt, Ptge4Sb1.36, Pt7.01Sb2.99, and Pts59Sbs 41 were 16.524, 11.819,
29.314, and 27.219 cm, respectively. The Pts59Sbs4; electrocatalyst
represents higher mass activity values than other prepared electro-
catalysts at all the acid, neutral and base conditions. However, the
specific activity values of the Pts59Sba4 41 electrocatalyst were slightly
higher but similar values compared to those of other tested electro-
catalysts as presented in Table S6. The ECSA values of Pts 59Sb4.4; and
Pt7.01Sb2.99 electrocatalysts tended to be larger than those of the other
two synthesized catalysts despite the larger particle size due to the
formation of Pt-Sb alloys as shown in the SEM images of Fig. S1. It
should be noted that Sb only is not involved in the electrochemical
EGOR performance and the ECSA value increases as the amount of Pt
decreases. This shows that the glycerol oxidation reactivity increases as
the PtSb and PtSb, alloys are formed. The enhanced ECSA values also
indicate that introducing Sb to Pt optimized the Pt-Sb electrocatalysts
with more electrochemically active sites[85-87]. As presented in
Fig. S14, the CV data also revealed that the Pts 59Sby4 41 electrocatalyst
with formation of PtSb and PtSb, alloys had higher Pt mass activity than
other tested electrocatalysts in all the acid, neutral, and base conditions.
In the results of electrochemical impedance spectroscopy (EIS) analysis
in Fig. S15, the Nyquist plot of the Pt5 59Sb4 41 electrocatalyst shows that
the semicircle size is smaller than that of other electrocatalysts in the
different tested pH conditions. This suggests that the newly designed
Pt-Sb alloy electrocatalyst possesses improved charge transfer kinetics
relative to the other prepared electrocatalysts. Long-term cycle stability
results of the prepared electrocatalysts are displayed in Fig. 5g—i. To
compare the stability, the current density (I) of each cycle was
normalized by the initial current density (Ip). After 1000 cycles of
testing, the Pts 50Sb4 41 electrocatalyst was more stable in acid compared
to the Pt electrocatalyst. The Pt and Pts 59Sby4 47 catalysts showed similar
catalytic stability in both neutral and base conditions. It seems that the
formation of PtSb and PtSb, alloys in the prepared Pt-Sb electrocatalyst
contributes to not only the increased electrochemical glycerol oxidation
reactivity but also to improved electrocatalytic stability.

3.5. Product selectivity for EGOR over as-prepared catalysts

To investigate how reaction chemistry for the EGOR changes with
the newly developed Pt-Sb hollow structure electrocatalysts in a change
of the potential, glycerol concentration, and pH conditions, we
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conducted experiments using an electrochemical batch reactor system
that consists of a three-electrode system with electrocatalysts-coated on
titanium (Ti) paper as a working electrode (active area: 2 cm). In Fig. 6
and Table S7-S9, the EGOR tests were performed in 0.5 M glycerol
dissolved in different electrolytes (acid: 0.5 M H3SO4, pH 0.3, neutral:
0.1 M NaySOy4, pH 7, and base: 0.1 M KOH, pH 13) for 1 h at 60 °C with
each different potential. As a result of performing the EGOR test, the
major reaction products of Pt were GAD and GLA in acid and neutral
conditions. On the other hand, the reaction products of the Ptg 4Sb; 36,
Pt;.01Sb2.99, and Pts 59Sby 41 electrocatalysts were DHA, GAD, and GLA
in acid and neutral conditions (Figs. 6a-6b and Table S7-S8). We found
that DHA selectivity increased as the Sb content increased at acid and
neutral reaction conditions. In the case of Pts 59Sby4 41, the highest DHA
selectivity was observed in both acid and neutral conditions compared
to the other tested Ptg4Sb; 36 and Pty 91Sbg g9 catalysts. Interestingly,
the DHA selectivity of Pts 59Sbs 41 remained above 80 % regardless of a
change of electrode potential in neutral conditions. The DHA selectivity
was also up to 89.5 % at a potential of 1.09 V (V vs. RHE) under the
neutral condition. However, as shown in Fig. 6¢ and Table S9, there was
no significant difference in the main products (LA and GLA) under the
base condition with all the prepared electrocatalysts. These results
suggest that the addition of Sb into Pt significantly changes the reaction
chemistry of the EGOR in the acid and neutral conditions and the for-
mation of PtSb and PtSb, alloys in the prepared Pt-Sb electrocatalyst
plays a vital role in the enhancement of DHA selectivity for the EGOR.

To know and compare more detailed changes in reaction chemistry
for the EGOR, the product distributions for Pt, Ptg ¢4Sb1 36, Pt7.01Sb2.99,
and Pts 59Sbs.41 were examined by varying the glycerol concentration
(0.1 M, 0.5 M, and 1 M) in different electrolyte solutions as presented in
Fig. 7 and Table S10-S13. In the acid condition, GAD was the main
reaction product by changing the glycerol concentration of 0.1 M,
0.5 M, and 1 M for the Pt electrocatalyst. The GAD selectivity of the Pt
catalyst in the acid condition was over 90.0 % at all the glycerol con-
centrations (Fig. 7a and Table S10) while the Pts 59Sb4 41 electrocatalyst
generated DHA as the major product from the change of glycerol con-
centration (0.1-1 M) in the acidic environment and demonstrated high
selectivity of DHA (above ~ 80 %) as presented in Fig. 7b and
Table S11. The prepared Ptss59Sbs4; catalyst also maintained high
selectivity of DHA (93.3 % in 1 M glycerol) as the glycerol concentration
increased from 0.1 M to 1 M. This means that it is possible to selectively
produce the valuable DHA chemical at a high glycerol feed concentra-
tion for the Pts 59Sby 41 electrocatalyst. Under neutral conditions, the Pt
only catalyst produced GAD as the main product with the different
glycerol concentrations similar to the results in acid conditions. Small
amounts of DHA and GLA were also generated as byproducts (Fig. 7c
and Table S12). In contrast, the Pts 59Sb4 41 catalyst in the neutral so-
lution exhibited high product selectivity of DHA at the tested glycerol
concentrations (0.1- 1 M). The DHA selectivity (94.8 % in 1 M glycerol)
tended to increase with the increase of glycerol concentration as shown
in Fig. 7d and Table S13. More GLA and GAD were made at 0.1 M
glycerol concentration compared to the other two glycerol concentra-
tions. Using the Pt and Pts 59Sby 41 electrocatalysts in the base conditions
confirmed that the product distributions of Pt and Ptss59Sb4 417 were
similar and the product selectivity of LA for both electrocatalysts
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Fig. 6. Reaction chemistry analysis of prepared the Pt, Ptg ¢4Sb1.36, Pt7.01Sb2.99 and Pts 59Sb4 41 electrocatalysts for the EGOR at different ph conditions using an
electrochemical batch reactor system with the catalysts loaded on titanium (Ti) paper. Investigation and comparison of product selectivity using the prepared
electrocatalysts operated at different potentials (V vs. RHE) for 1 h in a 0.5 M glycerol solution together with (a) acid (0.5 M H,SO4, pH 0.3), (b) neutral (0.1 M

NaySO4, pH 7), and (c) base (0.1 M KOH, pH 13).

increased as the concentration of glycerol increased from 0.1 M to 1 M
(Fig. S16-S17 and Table S14-S15). Small amounts of GCA, HPA, TTA,
and FA were also observed as side products. This result indicates that the
combinational effect of Pt and Sb in creating PtSb and PtSb, alloys
mainly contributes to a change in the reaction chemistry in the acid and
neutral conditions rather than in the base condition. Compared to the
product distributions of Ptg ¢4Sb; 36 and Pty ¢1Sbs g9 electrocatalysts in
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different glycerol feed concentration solutions, the prepared Pts 59Sby4 41
catalyst demonstrated higher DHA selectivity in the acid and neutral
reaction environments and showed reaction results similar to the for-
mation of LA and GLA in the base reaction environment (Fig. S18-523
and Table S16-S21). Therefore, it should be noted that the Pt5 59Sbs 41
electrocatalyst with a large portion of PtSb and PtSb, alloys produces
superior DHA selectivity over those of other ratios of Pt-Sb



L.S. Oh et al.

Applied Catalysis B: Environment and Energy 378 (2025) 125591

a o o
Pt 0.1 MGLY in Acid Pt 1 M GLY in Acid
100 100
g 80 :\j 80}
= 2
2 60 2 60}
(&} (o]
o o
@ 40 2 a0}
o o
3 3
8 20 8 20}
a a
0 0
0.65 0.75 0.85 0.95 0.65 0.75 0.85 0.95
Potential (V vs. RHE) Potential (V vs. RHE)
b100pt5_5gsb4_41 0.1 M GLY in Acid 100Pt5.593b4.41 1 MGLY in Acid
—_—
_ - _ — =
® g0t . — = 2 8ot
2 2
3 3
s 60} = 60
Ro! o
[]
2 40} 2 4or
(&) (&}
= =
8 20f 3 20f
a a
X X 1 1 0
0.65 0.75 0.85 0.95 0.65 0.75 0.85 0.95
Potential (V vs. RHE) Potential (V vs. RHE)
C 0.1 MGLY in Neutral 1 M GLY in Neutral
100 100
& sof R 8ot
2 2
2 £
s 60} S 60 |
R o
2 a0} 2 a0}
(&} [$)
3 3
S 20t S 20t
o o
0 0
1.09 1.19 1.09 1.19
Potential (V vs. RHE) Potential (V vs. RHE)
d 100Pt5.593b4.41 0.1 M GLY in Neutral oopt5A59Sb4.41 1 M GLY in Neutral
€ 80 & sof
2 2
= =
£ 60 £ 60}
Ro! Qo
Q []
240 2 40}
(&) (&}
= =]
8 20 8 20t
[a a
0.99 1.09 1.19 1.29 0.99 1.09 1.19 1.29

Potential (V vs. RHE)

Potential (V vs. RHE)

[/ DHA [ LA I GLA Il GAD I GCA I HPA [] TTA I FA

Fig. 7. Selective production of market-valued DHA with the synthesized Pts 50Sbs 41 electrocatalyst for the EGOR in acid (0.5 M H,SO4, pH 0.3) and neutral (0.1 M
NaySO4, pH 7) conditions. Comparison of product distribution on pt and Pts 59Sb4 41 electrocatalysts operated with different glycerol (GLY) concentrations of 0.1 M
and 1 M in acid (a: Pt and b: Pts5 50Sby4.41) and neutral (c: Pt and d: Pts 50Sbyg.41).

12



L.S. Oh et al.

electrocatalysts in acid and neutral conditions, again suggesting the
importance of creating the Pt-Sb alloy phases for the selective DHA
production from the EGOR. It is also noteworthy that the prepared
Pts5.50Sbs 41hollow structure electrocatalyst had the high DHA selec-
tivity at various reaction environments with 0.1-1 M glycerol dissolved
in acid and neutral electrolytes compared to other reported catalysts as
presented in Table S22. Although some Pt-Sb based catalysts show the
high DHA selectivity in acidic conditions including our group’s results,
the prepared Pts59Sby 41 catalyst with PtSb and PtSb, alloys exhibits
high DHA selectivity under the neutral condition and high glycerol
concentrations of 0.5 and 1 M, which has rarely been attempted before.
To understand and evaluate the reusability of the prepared Pts 59Sb4 41
catalyst electrode in an electrochemical batch reactor for the EGOR, we
performed additional experiments in the electrochemical batch reactor,
which consisted of a three-electrode system using the larger area elec-
trode (area: 18 cm) of the Pts 59Sb4 47 electrocatalyst loaded on Ti paper
as a working electrode (Fig. S24). The electrochemical batch reaction
tests were conducted more than 30 times using the same Pts59Sbs 41
catalyst electrode without replacing the electrode in 0.5 M glycerol
dissolved in acid and base solutions (Fig. 8 and Fig. S25). As presented
in Fig. 8, we found that a high DHA selectivity of about 90 % was
maintained for 30 times of the batch run testing without replacing the
catalyst electrode, indicating the stable catalyst performance of syn-
thesized Pts59Sby4.41 material for selective DHA production. We addi-
tionally investigated the crystal structure of Ptss9Sbs 41 catalyst
electrode after the repeated EGOR testing by using the XRD technique.
As shown in Fig. S26, the PtSb and PtSb; alloy phases were still detected,
confirming that the crystal structure of Pts59Sbs4 4 catalyst remained
stable after the reaction.

3.6. Theoretical investigation

To understand and reveal how the reaction chemistry in the EGOR
changes with the prepared Pt-Sb electrocatalysts, density functional
theory (DFT) calculations were performed. As shown in Figs. 5-7, the
addition of Sb to the Pt catalyst improved both catalytic activity and
selectivity for glycerol oxidation. The enhanced catalytic performances
were associated with the formation of PtSb and PtSby alloys in the
synthesized Pt-Sb hollow structure catalysts. To investigate the catalytic
effect of Sb in the Pt-Sb electrocatalysts, we computationally analyzed
the glycerol oxidation process using the first-principles calculations on
three catalytic surfaces: Pt(111), PtSb(100), and PtSby(111). The cata-
lytic PtSb(100) and PtSby(111) surfaces were experimentally observed
on the Pts5 50Sby 41 sample by the XRD and TEM analyses. We studied the
adsorption energies and equilibrium configurations along the reaction
pathways for the three catalytic surfaces (Fig. 9a-d and Fig. S27).
Consistent with previous studies, we observed that two hydroxyl groups
of glycerol coordinated to adjacent on-top Pt sites, which stabilized the
adsorption of the glycerol molecule on the Pt catalyst[88]. In PtSb, the
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number of exposed Pt sites was reduced, weakening the Pt-O interaction
and making glycerol adsorption less stable. In contrast, surface recon-
struction in PtSby provided additional spatial flexibility for Pt-glycerol
interactions. As a result, PtSby exhibited strong glycerol adsorption,
comparable to that on Pt. Additionally, strongly adsorbed intermediates
were observed on the Pt catalyst. These oxygenated intermediates were
known to promote the formation of PtOy species, which can lead to
catalyst deactivation and reduced activity[24]. When Sb was intro-
duced, the same intermediates were loosely bound to the catalysts,
thereby reducing poisoning and improving the catalytic activity. For the
PtSb and PtSby surfaces, Pt-O interaction was weakened compared to
the pure Pt surface. Consequently, the Pt-O bond length increased from
2.33 AonPt(111) to 2.68 A on PtSb(100) and 2.74 A on PtSby(111). The
formation of GAD was thermodynamically preferred on the Pt surface
due to the significant energy gap observed between the intermediate and
product states in the DHA formation pathway. In contrast to the Pt
surface, the PtSb surface exhibited a different behavior. All adsorbed
molecules were loosely bound to the PtSb surface. According to the
Sabatier principle, such effects can have both positive and negative ef-
fects on catalytic activity. However, considering the results in Fig. 5, this
trend is likely to have had a positive effect on catalytic activity.
Considering that the energy difference between adsorbed glycerol and
intermediate states was smaller for the DHA formation pathway than for
the GAD formation pathway, we postulated that this step might be the
rate-determining step. For the PtSb, case, DHA was predicted to be
preferred over GAD, which is consistent with the experimental results.
All the optimized structures are displayed in Fig. S28-S36.

To examine the influence of Sb addition on the electronic structure,
we focused on the electrons in the d orbitals of Pt atoms and investigated
the density of states (DOS) for three catalysts as shown in Figs. 9e-g. The
DOS of the surface models and the projected density of states (PDOS) at
each reaction step are exhibited in Fig. S37-S41. The addition of Sb
atoms to the Pt surface showed in a downshift of the d-band center of the
Pt atom and a narrowing of the d-band width. The d-band center value of
Pton Pt(111), PtSb(100), and PtSby(111) in the figures are — 2.33 eV, —
2.97 eV, and — 3.17 eV, respectively. This suggests that the addition of
Sb atoms weakened the interaction between adsorbed molecules and
catalytic surfaces since downshifted d-band center below the Fermi level
could imply increased occupation of the Pt-O antibonding state of Pt-O
bond (Fig. S41) [89-92]. For the case of the PtSb surface, the glycerol
adsorption energy becomes closer to zero compared to the pure Pt sur-
face. However, in the case of the PtSb, surface, surface reconstruction
was more predominant than in the other two catalytic surfaces
(Fig. S42). Due to the surface reconstruction, the glycerol adsorption on
the PtSby surface became more stable. In addition, as XPS results indi-
cated coexistence of Pt?* and Pt** cations, we explored the synergistic
contribution of both PtSb and PtSby, phases to the enhanced EGOR
performance. To explain the interaction between these phases, we
constructed an interface model containing both PtSb and PtSb; as shown

Pts50Sbs 41 0.5 M GLY in acid

100
AN TLEL EEELL L B LI L LELEERL Bl
X
> o
=
E 60
o
[
2 40
o
3
8 20
a
O + I 1 " 1
5 10 15 20 25 30

Run (number)
[T DHA [ LA I GLA Il GAD I GCA I HPA [T TTA I FA
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in Fig. S43. At the interface between two phases, the intrinsic lattice
mismatch caused structural irregularities such as vacancies and stepped
surfaces. These irregularities may provide Pt atoms with increased
spatial flexibility, enhancing their ability to interact with adsorbates
[93]. To investigate the electronic effects, the projected density of states
(PDOS) for the Pt d orbitals was analyzed. The PDOS analysis showed
that the PtSb(100)/PtSbo(111) surface exhibited a downshift in the
d-band center as shown in Fig. S44. This trend was consistent with that
observed for the individual PtSb(100) and PtSb2(111) phases (Fig. 9f-g).
The inclusion of Sb consistently shifted the d-band center further away
from the Fermi level compared to Pt(111), indicating a weakened
adsorbate—surface interaction. According to the Sabatier principle, such
weakening can enhance catalytic performance by optimizing adsorption
strength. Based on DFT calculation, we found that the adsorbates
preferred to bind to Pt atoms rather than to Sb atoms. Therefore, we
investigated the trend of adsorption energy by varying the M-O (M = Pt
or Sb) distances between the catalyst and glycerol molecules (Fig. Sh). It
is clear that the adsorption energies were more stable for the Pt surface
than the Sb surface with the shorter Pt-O distance at equilibrium. The
computational analysis confirmed that the addition of Sb to Pt catalysts
improved the catalytic performance and increased the selectivity of DHA
over GAD. In this study, since the Sb atoms did not bind directly to the
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adsorbates, Pt atoms could be the active sites in all cases. Instead, the Sb
atoms modified the electronic property of the Pt atoms and thus
modulated the interaction between Pt atoms and adsorbates, which
affected both the catalytic performance and the reaction selectivity.

4. Conclusions

In this study, we developed novel Pt-Sb hollow sphere structure
electrocatalysts by using a simple one-pot chemical synthesis method.
The Pt-Sb hollow catalysts (Ptg 4Sb1.36, Pt7.01Sb2.99, and Pts 59Sby4.41)
synthesized by controlling the Pt:Sb atomic ratio had different catalytic
phases, namely, PtSb and PtSb, alloys. The mixed phases of the PtSb and
PtSb, alloys were formed on the synthesized Pt-Sb catalysts as the Sb
content increased in the order of Ptgg4Sby36, Pt7.01Sbagg, and
Pts59Sbs 41. In particular, more formation of PtSby alloy in the
Pt5 50Sby4 41 catalyst affected the electronic interactions between Pt and
Sb orbitals, leading to a Pt d-band center shift. The prepared Pts 59Sb4 41
catalyst with PtSb and PtSb, alloys exhibited excellent EGOR activity
among the tested Pt and Pt-Sb electrocatalysts, demonstrating lower
onset potential and higher Pt mass activity in the different pH envi-
ronments (acidic, neutral, and basic). Interestingly, the Ptss9Sbs 41
catalyst material showed high DHA selectivity of about 93.3 % and
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94.8 % at a high concentration of 1 M glycerol in acid and neutral
conditions, respectively. There was no significant difference in the major
products of LA and GLA under a base condition with all the prepared
electrocatalysts. This result suggests that the Pts59Sb4 41 catalyst with
PtSb and PtSby alloy phases mainly affects the change of reaction
chemistry in acid and neutral conditions rather than the base condition.
Through theoretical investigations, we obtained a fundamental under-
standing of the structure-selectivity relation with the created PtSb and
PtSb,, alloys at the surface structure of Pt-Sb electrocatalysts. The DFT
calculation results confirmed that the formation of DHA is thermody-
namically preferred on the Pt-Sb surface sites over the Pt surface site due
to the small energy difference observed between the reactant and in-
termediate states in the DHA formation pathway. In addition, the Sb
atoms did not directly interact with adsorbates but instead altered the
electronic properties of the Pt atoms and thus modulated the interaction
between Pt atoms and adsorbates, which contributed to the enhanced
activity and selectivity for the EGOR. In the future work, investigating
the optimum ratio between the PtSb and PtSb, and analyzing the change
of EGOR performances at the optimum ratio should be further consid-
ered. This study provides critical scientific insights into the design and
development of novel electrocatalytic materials for selective production
of market-valued chemicals, such as DHA from biomass-derived
molecules.
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