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Abstract: In this work, we show that finding and controlling optimum pH environments with Pt-
based alloy catalysts can create high catalytic performances for electrocatalytic glycerol oxidation
reaction (EGOR). Compared to a Pt/C catalyst, the PtCu/C alloy catalyst has higher reaction rate
and turnover frequency (TOF) values by increasing the pH. Specifically, the reaction rate and TOF of
the PtCu/C catalyst at pH 13 were 2.93 and 6.65 times higher than those of Pt/C, respectively. The
PtCu/C catalyst also showed lower onset potential value and higher mass and specific activities than
the Pt/C by increasing the pH. This indicates that the Cu in the PtCu alloy improves the catalytic
check for activity for the EGOR in an OH™ group-rich environment. In the case of the PtCu/C catalyst at a high
updates .. o . . . . . -
pH condition, the selectivities of tartronic acid and oxalic acid tended to increase as the selectivity
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of lactic acid decreased. This result means that the PtCu alloy follows primary alcohol oxidation
pathways, which are more favorable in an OH™ group-rich environment than with only Pt. This study
proposes that it is critical to optimize and control the reaction conditions for developing efficient
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Biodiesel, a substitute for fossil fuels, is a renewable fuel that is produced through the
transesterification process from renewable resources such as animal fats, vegetable oils and
waste oil [1-8]. The amount of the world biodiesel production is growing at an average
annual rate of 42% and is expected to reach about 40 billion liters by 2027 [9,10]. Glycerol

is a byproduct generated from the production of biodiesel [6,11]. The supply of glycerol
also increases as the production of biodiesel increases rapidly every year, thus making it
commercially available in large amounts at reasonable prices (0.3 USD kg’l) [12]. Tt has
become essential in research communities to determine how glycerol can be efficiently
This article is an open access article  converted to more valuable chemicals.
distributed under the terms and Catalytic glycerol oxidation is a promising method to produce a variety of value-
conditions of the Creative Commons ~ added products and can be performed by electrocatalysis, thermal catalysis, and biological
Attribution (CC BY) license (https://  catalysis [13]. Among the various methods of glycerol oxidation, electrocatalytic glycerol
creativecommons.org/licenses /by / oxidation reaction (EGOR) technology is a promising way to generate valuable chemicals—
40/). such as dihydroxyacetone (DHA), glyceraldehyde (GAD), glyceric acid (GLA), tartronic
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acid (TTA), lactic acid (LA), glycolic acid (GCA), oxalic acid (OXA) and formic acid (FA)—by
a selective glycerol oxidation reaction at the anode and hydrogen by the hydrogen evolution
reaction at the cathode in an electrolytic cell [13-32]. The EGOR can be performed in the
presence of water and electrolytes (Na* or K*/OH ™~ in alkaline condition and H* /SO?~
in acidic condition). In acidic condition, the electrocatalytic glycerol oxidation generates
reaction products (i.e., GAD and GLA), protons and electrons at the anode. The protons
are transported to the cathode from the anode via the liquid or solid electrolytes. At the
cathode, they combine with the electrons to produce H; gas. On the other hand, since
OH™ as a catalytic role and a rapid oxidation reaction proceeds, GAD is hardly detected
in alkaline conditions. The GLA, GCA, and FA are generated as the major products by an
enhanced C-H and C-C bond-breaking ability in the OH™ condition.

Pt or Au-based materials are considered state-of-the-art electrocatalysts due to their
kinetically excellent performance and catalytically stable characteristics for the EGOR. Re-
cently, bimetallic catalysts of Pt with Sb, Bi, Ni, Au, Ru, Sn, Pd, etc, have been used for the
EGOR to increase catalytic activity, product selectivity, and catalyst stability by improving
the surface properties of catalysts through the interaction between metals [25,33-44]. The
Pt catalysts with incorporating with Sb and Bi demonstrated highly selective production of
DHA from electrocatalytic glycerol oxidation in acidic condition. The AuPt catalyst also
produced the LA from the electrochemical glycerol oxidation in alkaline condition. Most
studies with the Pt-based catalysts have been conducted in a specific pH condition. Under-
standing and revealing how the Pt-based alloys can exhibit optimal catalytic performances
at a variety of reaction pH conditions should be established more in detail.

Here we report on how, compared to Pt/C, a bimetallic PtCu/C catalyst affects the
reaction performance and chemistry by changing pH conditions for the EGOR. This will
allow us to understand and explain the catalytic role of Cu in PtCu/C at different pH
conditions for the EGOR. Interestingly, the PtCu/C alloy catalyst has a higher reaction
rate and higher turnover frequency (TOF) values with an increase in pH compared to
Pt/C catalyst, suggesting that the Cu in a PtCu combination enhances the catalytic activity
for the EGOR in an OH- group-rich environment. In addition, the PtCu alloy changes to
primary alcohol oxidation pathways that are favorable for the EGOR in an OH™ group-rich
environment compared to only Pt, leading to an increase in TTA and OXA selectivities. In
this study, we also investigated and analyzed the promotional effect of a Cu addition in Pt
for the EGOR, with detailed physicochemical and electrochemical characterizations.

2. Results and Discussion
2.1. Physicochemical Characterizations of Pt/C and PtCu/C Catalysts

Figure 1a shows X-ray diffraction (XRD) patterns of 20 wt% Pt/C and PtCu/C catalysts.
A broad diffraction peak at approximately 25° was exhibited, which corresponded to the
(002) plane of the Vulcan XC-72R carbon support [45]. In the XRD pattern of Pt/C, the main
characteristic diffraction peaks at approximately 40°, 46°, and 67° presented face-centered
cubic (fcc) Pt peaks corresponding (111), (200), and (220) planes, respectively. The fcc Pt
phase peaks of the PtCu/C were located at approximately 41°, 48°, and 70°, respectively.
The diffraction peaks of the PtCu/C were similar to those of the Pt/C, whereas the 260 value
of the Pt diffraction peaks were slightly shifted to higher values. In addition, a sharp peak
appeared at 21° and was attributed to the diffraction peak of CuPt (JCPDS No. 42-1326). It
is noteworthy that no diffraction peaks of the Cu metal phase and oxide/hydroxide phases
such as Cu, CuO, and Cu (OH), were detected in the XRD measurements, indicating that
the PtCu alloy was well formed. The metal amounts loaded on the carbon support for the
Pt/C and PtCu/C catalysts were determined as about 20.9 and 23.5 wt%, respectively, by
thermogravimetric analysis (TGA), as shown in Figure 1b and Table 1. The mean particle
size (dxrp) of the catalysts was calculated using the following Scherrer equation [46]:
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where K is the Scherrer constant (0.9), A is the wavelength of the X-ray (0.154 nm), B is
the full width at half maximum (FWHM), and 600, is the angle at the (220) plane. The
calculated particle size of the Pt/C (2.8 nm) from XRD was smaller than that of the PtCu/C
(3.9 nm). The lattice parameter (a) of the catalysts was also calculated using the following

equation [36]:
X Vh2+ k2412

where A is the wavelength of the X-ray (0.154 nm), 6200) is the angle at the (220) plane, and
(hkl) are the (220) Miller indices. The lattice parameter of PtCu/C (3.806 A) was decreased
compared to that of Pt/C (3.938 A). This is evidence for alloy formation between Pt and Cu
through the incorporation of Cu atoms into the lattice of the Pt crystal. The bulk ratio of
Pt and Cu of the PtCu/C was estimated by inductively coupled plasma optical emission
spectrometry (ICP-OES). The structural information, including the mean particle size, the
lattice parameter, metal loading amounts on the carbon support, and the Pt/Cu atomic
ratio, of the prepared catalysts are summarized and listed in Table 1.
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Figure 1. (a) XRD patterns of the Pt/C and PtCu/C catalysts with Pt and PtCu characteristic peaks
(JCPDS No. 04-0802 and 42-1326) and (b) TGA curves of the Pt/C and PtCu/C catalysts to determine
the metal loading amount.
Table 1. Structural and chemical information of the Pt/C and PtCu/C catalysts characterized by
TEM, XRD, TGA, ICP-OES, and XPS analyses.
Metal Particle Size " Lattice Pt!Cu .
Catalyst Loading ! (nm) ©) Parameter 5 (Atomic Ratio)
(Wt%) TEM 2 XRD 3 (A) ICP-OES 6 XPS 7
Pt/C 20.9 25+0.5 2.8 67.1 3.938 - -
PtCu/C 23.5 35+1.2 3.9 69.8 3.806 0.81 1.38

! Metal amounts loaded on the carbon support measured by TGA analysis. 2 Average particle size of the catalysts
calculated using at least 100 visible particles from TEM images. 3 Mean particle size of the catalysts calculated
using the Scherrer equation from the XRD analysis. 4 The 20 angular position of the Pt (220) reflection peak.
5 Lattice parameter value calculated from the XRD analysis. ® Pt/Cu atomic ratio (bulk) of catalysts estimated
from the ICP-OES analysis. 7 Pt/Cu atomic ratio (surface) of catalysts estimated from the XPS analysis.

Figure 2 presents typical high-resolution transmission electron microscopy (HR-TEM)
images together with particle size distributions (inset) for the Pt/C and PtCu/C catalysts.
It can be found that the Pt and PtCu nanoparticles were uniformly dispersed on the surface
of the carbon support through the HR-TEM images. The average particle size (drgnm) of the
catalysts was calculated by the following equation using more than 100 different visible
particles on HR-TEM images (Figure 2a,c) [33]:
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where 7; is the number of particles with a diameter of size d;. The average particle size of
the PtCu/C catalyst was ca. 3.5 & 1.2 nm, which was slightly larger than that of the Pt/C
(ca. 2.5 £ 0.5 nm). As shown in Figure 2b,d, and Table 1, the HR-TEM images of the Pt/C
and PtCu/C catalysts showed that the measured interplanar distances are indexed to the
(111) and (200) planes of the fcc Pt and PtCu alloy. The decreased interplanar distance for
the PtCu/C catalyst implies that Cu atoms incorporated into the lattice of the Pt crystal
have a smaller atomic radius than Pt. This is consistent with the analytical results of XRD.
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Figure 2. TEM images of (a) Pt/C and (c) PtCu/C catalysts with the corresponding particle size
distribution (inset). Lattice distances for Pt (111 and 200) and PtCu (111 and 200) planes measured in
HR-TEM images of (b) Pt/C and (d) PtCu/C catalysts.

To investigate the electronic structure and surface chemical state of the Pt/C and
PtCu/C catalysts, X-ray photoelectron spectroscopy (XPS) was performed. Figure 3 and
Table 2 present the high-resolution XPS spectrum of Pt 4f, Cu 2p, and O 1s prepared catalysts.
All the binding energies were referenced using the C 1s line at 284.70 eV for calibration. The
high-resolution Pt 4f spectrum shows the assigned two peaks corresponding to the doublet
Pt 4f7, and Pt 4f5, states from the spin-orbital splitting. Each peak can be deconvoluted
to metallic Pt, Pt**, and Pt** species in Figure 3a. Compared to Pt/C, the PtCu/C was
shifted to lower binding energies in the Pt 4f spectra, indicating the electron transfer from
Cu to Pt due to the electronic interaction between Pt and Cu [20,47,48]. Figure 3b shows
the high-resolution Cu 2p spectra that present the assigned Cu 2p3,, and Cu 2p; /, doublet
as Cu’ (932.13 and 951.88 eV) and Cu?* (934.35 and 954.10 eV) of the PtCu/C catalyst. The
metallic Pt (Pt°) is dominant (~54.3%) in the PtCu/C. The characteristic satellite peaks of
940.10 and 943.73 eV (Cu 2p3,,) and 962.34 eV (Cu 2p; /5) point to the presence of oxidized
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Cu%t species near the surface [49,50]. The high-resolution O 1s spectra consisting of three
deconvoluted peaks assigned to O?~ (530.93 and 530.48 eV), C-O (532.38 and 532.18 eV),
and C=0 (533.71 and 533.58 eV) bonds did not show substantial differences between the
Pt/C and PtCu/C catalysts in Figure 3c. The Pt/Cu atomic ratios determined by the ICP-
OES and XPS data are presented in Table 1. The bulk (0.81) and surface (1.38) Pt/Cu molar
ratios demonstrate a little difference, indicating that the Cu exists more on the PtCu/C
catalyst surface.
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Figure 3. XPS spectra of (a) Pt 4f, (b) Cu 2p, and (c) O 1s regions for the Pt/C and PtCu/C catalysts.

Table 2. Summary of the peak assignment, binding energy, and relative area of deconvoluted peaks
for the Pt/C and PtCu/C catalysts measured by XPS analysis.

Catalysts Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
/Relative Area (%) /Relative Area (%) /Relative Area (%)
ptl 71.15/33.40 - 0%~ 530.93/20.40
Pt4fy /o Pt 72.38/15.60
PUC Pt 76.09/6.90 C-0 532.38/62.10
Pt0 74.50/26.30
Pt 4fs, P2+ 75.73/12.30 C=0 533.71/17.50
P4t 79.44/5.50
Pt0 71.08/26.10  Cu2pz,» Cu? 932.13/35.80 0% 530.48/17.10
Pt4f7,, P2+ 72.29/22.80 Cu?* 934.35/30.10
PECu/C P4t 76.00/7.00 C-O 532.18/65.60
Pt0 7443/2050  Cu2pi,n Cu 951.88/18.50
Pt4fs/, P2+ 75.64/18.00 Cu?* 954.10/15.60 C=0 533.58,/17.20
Pt 79.35/5.50

Figure 4a,c shows the results of the Pt L3 and Cu K-edge X-ray absorption near-edge
structure (XANES) analysis to determine the local electronic structures of Pt and Cu in
the prepared catalysts. The white line (WL) intensity at the Pt L3-edge, which is a strong
peak above the edge energy position, is related to the electronic transition to the 2p3,, — 5d
orbital state [36]. The WL intensities for the Pt/C and PtCu/C catalysts show greater values
than that of the Pt foil. The white line intensity of the Pt L3-edge for PtCu/C was slightly
decreased compared to that of the Pt/C, which meant that electrons transferred from Cu to
Pt [20,51]. This was also in line with the above mentioned XPS results in Figure 3. Likewise,
the WL intensity of the PtCu/C catalyst in the Cu K-edge spectra was higher than that of
the Cu foil, indicating a high oxidation state in Figure 4c. The broad peak of the PtCu/C
from the Cu K-edge can be the case in alloy formation.

Figure 4b,d compares the Fourier transforms (FTs) of the extended X-ray absorption
fine structure (EXAFS) data at the Pt Lz-edge and Cu K-edge of Pt/C and the PtCu/C
catalysts. The Pt-Pt scattering peak in Pt foil appears in the range of 2-3.5 A. The peaks
at 1-2 A are attributed to the Pt-O. In order to obtain the structural parameters of the Pt
species—including the coordination number (N), interatomic distances (R), and Debye—
Waller factor (6%)—the curve-fitting analysis was performed and the results are tabulated
in Table 3. As a result of the curve fitting of FI-EXAFS, the Pt-O shell was located at
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around 2.00 A and the Pt-Pt shell was located at around 2.77 A for both catalysts. In
addition, the Pt-Cu shell of the PtCu/C catalyst was located at about 2.68 A. For PtCu/C,
the coordination numbers of Pt-Pt bonds decreased with the formation of the Pt-Cu bonds
and the coordination numbers of the Pt-O bonds slightly increased. From the Cu K-edge
ks-weighted EXAFS data in Figure 4d, the Cu-Cu scattering peak in Cu foil appears in the
range of 1.7-3 A, and the peaks at 1-1.7 A are attributed to the Cu-O. The Cu-O, Cu-Pt,
and Cu-Cu shells of the PtCu/C were located at around 1.91, 2.66, and 2.62 A, respectively.
The coordination numbers of the Cu-Cu bond decreased with the formation of the Cu-O
and Cu-Pt bonds. The Cu-O bond may have been caused by the presence of CuO on the

PtCu/C catalyst surface.
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Figure 4. (a,c) The XANES and (b,d) K3-weighted FT-EXAFS spectra of the Pt/C and PtCu/C
catalysts at the Pt L and Cu K-edges with the Pt and Cu foil as references.
Table 3. Summary of the FT-EXAFS fitting parameters for the Pt/C and PtCu/C catalysts at the Pt
L3-edge and Cu K-edge.
Coordination
. R1 AE; 2 23 R-Factor 4
Edge Catalyst Atom Pair Number e o
A 10-3 A? %
(N) (A) (eV) (10 ) (%)
Pt foil Pt—Pt 12.0 2.77 £ 0.00 8.2+0.7 48 +0.3 0.0027
Pt—O 26+05 2.03 £ 0.01 14.8 £ 2.0 42+15
Pt Pt/C Pt—Pt 42410 2774001 124425 63+11 0.0147
Ls-edge Pt—O 29407 2.02 + 0.02 13.6 + 2.7 54423
PtCu/C Pt—Cu 09+15 2.68 £ 0.10 224+ 154 9.6 +11.2 0.0124

Pt—Pt 3.0+21 2.77 £ 0.02 9.6 £52 47 +£27
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Table 3. Cont.
Coordination
. R1 AEg 2 o 23 R-Factor 4
Edge Catalyst Atom Pair Nl:;l},er (A) V) (10-3 A2) %)

Cu foil Cu—Cu 12.0 2.54 4+ 0.01 3.84 +1.03 84+0.6 0.0073
Cu Cu—O 1.8+1.0 1.91 £0.03 —4.30 +£7.79 32+40

K-edge PtCu/C Cu—Pt 22+23 2.66 + 0.03 —3.16 = 8.21 41+41 0.0102
Cu—Cu 31+27 2.62 + 0.07 —8.05 +£9.38 125+78

! Interatomic distance. 2 Edge-energy shift. > Debye-Waller factor. # R-factor is used to evaluate the goodness of
the fitting.

2.2. Electrochemical Performance Measurement of Pt/C and PtCu/C Catalysts

To measure and compare the electrochemical performance of the Pt/C and PtCu/C
catalysts, the electrochemical surface area (ECSA) of the catalysts was calculated. Figure 5
shows cyclic voltammetry (CV) curves of the catalysts in an Np-purged 0.5 M H,SO4
electrolyte in an electrochemical half-cell system featuring the catalyst-deposited glassy
carbon electrode (geometric area: ca. 0.071 cm?) as a working electrode. Based on the CV
curves, we calculated the ECSA using the following equation [52]:

2 Qn

ECoA (m/gn ) q % [mgp;] @
where Qy, g, and mgp; are the charge for the hydrogen adsorption-desorption peak area,
the monolayer hydrogen desorption charge (0.210 pC cm~2), and the amount of platinum
loaded on the electrode, respectively. The ECSA values of the Pt/C and PtCu/C were
61.5 and 45.3 m? gp; !, as in Table 4. The decreased ECSA value of the PtCu/C compared
to Pt/C may be associated with the PtCu/C having a larger particle size than Pt/C, as
obtained from the HR-TEM analysis results in Figure 2.

Considering the ECSA results and Pt loaded amounts, we measured the electro-
chemical performances for the EGOR using the CV and linear sweep voltammetry (LSV)
techniques in an Njp-purged 1 M glycerol under different electrolyte solutions (0.5 M
H)S04: pH 0.3, 0.1 M NaySOy4: pH 6, and 0.1 M KOH: pH 13) at room temperature.
Figure 6 and Figure S1 exhibit the CV and LSV curves related to mass activity (current
divided by Pt mass, mA mgp, '), and specific activity (current divided by ECSA, mA
cmp;~2) of the Pt/C and PtCu/C catalysts at different pH conditions. The electrocatalytic
activity parameters of the prepared catalysts are summarized in Table 4. As presented
in Figure 6a,b,d,e,g,h and Figure S1 and Table 4, the PtCu/C catalyst significantly demon-
strates lower onset potential value and higher mass and specific activities than the Pt/C
with an increasing pH. The PtCu/C catalyst also showed EGOR activity comparable to
or even better than that of previously reported Pt-based catalysts (as shown in Table S1).
These results indicate that the presence of more OH- groups in the reaction environment
influences the enhanced glycerol oxidation reactivity in the PtCu/C catalyst. The long-term
cycle stability results of the prepared catalysts are displayed in Figure 6¢,f,i. To compare the
stability, the current density of each cycle (I) was normalized by the initial current density
(1%). After 1000 cycles testing, the PtCu/C was more stable in a neutral condition compared
to the Pt/C. The Pt/C and PtCu/C showed almost similar catalytic stability in both acidic
and alkaline conditions. In addition, as shown in Table 4 and Figure S2, Tafel slope values
of Pt/C and PtCu/C tended to decrease with increasing pH. The Tafel slope values of
Pt/C and PtCu/C showed the lowest values 160.80 and 107.80 mV dec! in high pH con-
dition, respectively. Notably, the PtCu/C exhibited an outstanding catalytic performance
compared with conventional Pt/C catalysts in the alkaline condition of high pH.
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Figure 5. ECSA analysis based on H, adsorption-desorption area measurement of the Pt/C and
PtCu/C catalysts. CV curves of (a) Pt/C and (b) PtCu/C catalysts in 0.5 M H,SO; at scan rate of
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Figure 6. CV curves of the Pt/C and PtCu/C catalysts in 1 M glycerol (a,b) with 0.5 M H,SOy,
(c,d) with 0.1 M NaySOy4, and (e-h) with 0.1 M KOH electrolyte (scan rate: 50 mV s~ 1 at room temper-
ature). Figure (a,c,e) represents mass activity and Figure (b,d,f) shows specific activity, respectively.
Figure (c,f,i) shows a cycle stability plot in 1 M glycerol with increasing pH from 0.3 to 13.

Table 4. Electrochemical performance comparison of the Pt/C and PtCu/C catalysts for EGOR.

Feed Solution ECSA 1 Onset Tafel Peak Mass Specific
Catalyst (1 M Glycerol (m2 gp 1) Potential 2 Slope 2 Potential ® Activity 4 Activity ¢
in Electrolyte) m” gpt (V vs. RHE) (mV dec1) (V vs. RHE) (mA mgpi1) (mA cmp;—2)
0.5M H,SO4 0.45 196.50 0.87 181.90 £+ 6.10 0.30 £ 0.01
Pt/C 0.1 M NaSOy 61.5 0.64 175.20 1.23 160.70 + 13.70 0.26 £ 0.02

0.1 M KOH 0.62 160.80 1.02 190.60 & 9.74 0.31 £ 0.02
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Table 4. Cont.

Feed Solution ECSA 1 Onset Tafel Peak Mass Specific
Catalyst (1 M Glycerol (02 gp—1) Potential 2 Slope 2 Potential 3 Activity 4 Activity 4
in Electrolyte) 8t (V vs. RHE) (mV dec1) (V vs. RHE) (mA mgpe~1) (mA cmp;—2)
0.5 M HySO4 0.54 133.80 0.86 156.20 + 3.14 0.34 £+ 0.01
PtCu/C 0.1 M NaySOy4 45.3 0.67 121.00 1.20 163.20 + 5.71 0.36 & 0.01
0.1 MKOH 0.28 107.80 1.01 199.80 + 10.00 0.44 £+ 0.02

1 Electrochemical active surface area calculated by CV polarization curve in Figure 5. 2 Onset potential and Tafel
slope determined using a 1M glycerol solution dissolved in different electrolytes. 3 Forward anodic peak potential
estimated from maximum current density. * Calculated mass activity (current divided by Pt mass) and specific
activity (current divided by ECSA).

2.3. EGOR Performance Analyses of Pt/C and PtCu/C at Different pH Conditions

To investigate how the reaction performance and chemistry for the EGOR changes
with the addition of Cu and a change of pH conditions, we conducted experiments using
an electrochemical batch reactor system that consists of a three-electrode system featuring
catalyst-coated titanium paper as working electrode (active area: 2 cm?). For an EGOR
performance comparison, we used the Pt/C (Pt metal loading: 0.32 mg cm~2) and PtCu/C
(Pt metal loading: 0.27 mg cm~2) catalyst-loaded electrodes prepared by a spray coating
method. The EGOR experiments were performed in 0.1 M glycerol dissolved in different
electrolytes (0.5 M HySO4: pH 0.3, 0.1 M NaySOy: pH 6, and 0.1 M KOH: pH 13) at 60 °C.
The applied potential in the reactor system was 0.95 V (V vs. RHE) at pH 0.3 and 6, and
1.00 V (V vs. RHE) at pH 13, respectively.

Figure 7a,b presents the calculated reaction rate and turnover frequency (TOF) for
electrocatalytic glycerol oxidation over the prepared catalysts. The reaction rate and TOF
values were calculated at a glycerol conversion of less than 10.0%. Compared to Pt/C,
the reaction rate and TOF for PtCu/C were conditions. Specifically, the reaction rate and
TOF of the PtCu/C catalyst at pH 13 were 2.93 and 6.65 times higher than those of Pt/C,
respectively. This result demonstrates that the reaction kinetics of PtCu/C is better than
that of Pt/C with an increasing pH, which verifies that the Cu species enhances the reaction
activity for the EGOR at high pH conditions. To compare a more detailed reaction chemistry
with the prepared catalysts, the product selectivity of Pt/C and PtCu/C was examined at
a similar conversion level of about 20.0%, as shown in Figure 7c,d. The reaction time in
the electrochemical batch reactor was adjusted to about a 20.0% conversion level. At acidic
(pH 0.3) and neutral (pH 6) conditions, the Pt/C and PtCu/C catalysts exhibited similar
product distributions, producing GAD and GLA chemicals as the main products. Small
amounts of GCA, TTA, and DHA were also produced as side product at the conditions.
At an alkaline condition (pH 13), GLA was the major product for both catalysts and LA
and OXA were additionally produced. Interestingly, in the case of the PtCu/C catalyst at a
high pH condition, the selectivities of TTA and OXA tended to increase as the selectivity of
LA decreased. This selectivity difference between Pt/C and PtCu/C may be related to the
changed reaction pathways of the EGOR by the Cu addition into the Pt catalyst.

In order to know and understand the effect of the Cu addition on Pt in an OH- group-
rich environment, we performed additional EGOR experiments at high basic conditions
of pH 13, 13.7, and 14 (Figure 8). Comparing the calculated reaction rate and TOF values
of Figure 8a,b, the reaction kinetics for the PtCu/C were improved compared to Pt/C by
increasing the pH from 13 to 14. At a similar conversion level of about 30.0%, the product
selectivity of Pt/C and PtCu/C was also compared at the conditions of pH 13, 13.7, and 14
(Figure 8c,d). As the pH condition increased from 13 to 14, the PtCu/C catalyst produced
more TTA and OXA, while the Pt/C catalyst generated LA product from the EGOR. This
suggests that the Cu addition on Pt creates a change in the reaction pathways for the
EGOR and the Cu species plays a critical role for the catalytic glycerol oxidation in the OH-
group-rich environment.
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Figure 7. Catalytic activity and product analysis of Pt/C and PtCu/C catalysts for the EGOR.
(a) Reaction rate and (b) TOF of Pt/C and PtCu/C catalysts in 0.1 M glycerol with increasing pH
from 0.3 to 13. Comparison of product selectivity at a similar glycerol conversion level of about 20.0%

for the (c) Pt/C and (d) PtCu/C catalysts in 0.1 M glycerol with increasing pH from 0.3 to 13.
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Figure 8. Comparison of catalytic activity and product analysis of Pt/C and PtCu/C catalysts for the
EGOR at high pH conditions. (a) Reaction rate and (b) TOF of Pt/C and PtCu/C catalysts in 0.1 M
glycerol with a range of pH from 13 to 14. Comparison of product selectivity at a similar glycerol
conversion level of about 30.0% for the (c) Pt/C and (d) PtCu/C catalysts in 0.1 M glycerol with

increasing pH from 13 to 14.

The proposed reaction pathways for the EGOR in the prepared catalysts are presented

in Scheme 1. In the reaction pathway of primary alcohol oxidation, glycerol is first oxidized
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to GAD, which is subsequently oxidized to GLA. GLA is further oxidized to TTA. GLA
can also be oxidized into GCA by C-C bond cleavage, which can be further oxidized to
OXA. In the reaction pathway of secondary alcohol oxidation, DHA is first produced from
glycerol and then DHA can be oxidized to LA, which can be further oxidized to FA by C-C
bond cleavage. At acidic and neutral conditions, both Pt/C and PtCu/C catalysts showed
similar product distribution, producing the major GAD and GLA chemicals. This result
indicates that the Pt/C and PtCu/C catalysts mainly corresponded to the reaction pathway
of primary alcohol oxidation at those conditions. In the OH- group-rich environment
of a high pH condition, the PtCu/C catalyst generated more oxidized TTA and OXA
products compared to the Pt/C catalyst, decreasing the LA selectivity. This means that
the Cu addition to Pt followed primary alcohol oxidation pathways more favorable in the
OH- group-rich environment than only Pt. The increased catalytic oxidation activity and
changed reaction pathways on the PtCu alloy at a high pH condition may be associated
with enhanced C-C bond cleavage ability of PtCu alloy and surface CuO species together
with facilitating the adsorption of the OH™ group [18].
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Scheme 1. Proposed reaction pathways over the Pt/C and PtCu/C catalysts for EGOR.

3. Materials and Methods
3.1. Materials

For the EGOR, commercial 20 wt% Pt/C (Premetek) and 20 wt% PtCu/C (atomic
ratio 1:1, Premetek, State College, PA, USA) catalysts were purchased. To prepare catalyst
inks for the electrochemical glycerol oxidation reaction testing, purchased catalysts, 5 wt%
Nafion® ionomer solution (D521, Dupont, Wilmington, DE, USA), ethanol (99.9% Samchun
Pure Chemical, Seoul, Republic of Korea), and 2-propanol (99.5%, Samchun Pure Chem-
ical) were used. Titanium paper (Beakert, Shanghai, China) was used as a substrate for
fabricating a catalyst electrode for electrocatalytic glycerol oxidation batch reactor testing.
The chemicals used in the reactant solutions, standards, and mobile phase were glycerol
(GLY) (>99.0%, liquid, Junsei Chemical, Tokyo, Japan), DL-glyceric acid (GLA) (20.0%
in water, Tokyo Chemical Industry, Tokyo, Japan), glycolic acid (GCA) (>98.0%, solid,
Sigma-Aldrich), D-(+)-glyceraldehyde (GAD) (>98.0%, liquid, Sigma-Aldrich, St. Louis,
MO, USA), oxalic acid (OXA) (>99.0%, solid, Sigma-Aldrich), tartronic acid (TTA) (>97.0%,
solid, Sigma-Aldrich), dihydroxyacetone (DHA) (Pharmaceutical secondary Standard;
Certified Reference Material, solid, Sigma-Aldrich), DL-lactic acid (LA) (85.0% in water,
Tokyo Chemical Industry), formic acid (FA) (85.0%, liquid, Samchun), and 0.005 M HySO4
(Samchun Pure Chemical) solution; 0.5 M H,SO,4 (Samchun Pure Chemical) and 0.1~1 M
KOH (Samchun Pure Chemical) solutions were used as a reaction medium for conducting
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pH controlled experiments, and a 0.1 M NaySOj, solution was also prepared by dissolving
sodium sulfate (>99.0%, solid, Sigma-Aldrich) in distilled water.

3.2. Methods
3.2.1. Physicochemical Characterization

The crystal structure was examined by X-ray diffraction (XRD, D/Max 2200, Rigaku,
Tokyo, Japan). The XRD patterns were recorded using an X-ray diffractometer with a Cu
Ko source. Thermogravimetric analysis (TGA, SDT Q600, TA instruments, New Castle, DE,
USA) of the catalysts was conducted from 20 °C to 900 °C by ramping the temperature at a
rate of 5 °C min~! under an air atmosphere. The bulk ratio of Pt and Cu of the PtCu/C
was determined by inductively coupled plasma optical emission spectrometry (ICP-OES,
iCAP 6300 Duo view, Thermo Scientific, Waltham, MA, USA). The morphology and particle
size distribution of the catalysts were examined by field-emission transmission electron
microscopy (FE-TEM, Tecnai G2 F30 S-Twin, FEI, Hillsboro, OR, USA) at 300 kV. X-ray
photoelectron spectroscopy (XPS, Thermo VG Scientific, Waltham, MA, USA) analysis
was carried out to measure the surface chemical states using an X-ray photoelectron
spectrometer with an Al K« source. All the binding energies of the XPS spectra were
corrected using the carbon line (284.7 eV) as a reference. X-ray absorption spectroscopy
(XAS) was carried out on the 7D beamline of the Pohang Accelerator Laboratory (PAL,
PLS-11, 3.0 GeV, Republic of Korea). We collected the X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS) data at the Pt Lz-edge and
Cu K-edge. The XANES and EXAFS data were fitted using the ATHENA and ARTEMIS
software programs, respectively.

3.2.2. Electrochemical Performance Measurement in an Electrochemical Half-Cell System

All the electrochemical performance tests were conducted in a three-electrode half-cell
system using a potentiostat (ZIVE MP2A, WonATech, Seoul, Republic of Korea) at room
temperature. Pt wire, Ag/AgCl (1 M KCl) or Hg/HgO (1 M NaOH), and catalysts-coated
glassy carbon were used as counter, reference, and working electrode, respectively. The
catalyst inks were prepared to coat the working electrode with catalysts; 10 mg of Pt/C and
PtCu/C were dispersed in mixed solutions of 1 mL of distilled water, 0.2 mL of absolute
ethanol, and 40 puL of a 5 wt% Nafion® ionomer solution via ultrasonication for 1 h. For the
electrochemical half-cell tests, 4.5 uL of the Pt/C (Pt loading amount of 0.11 mg cm~2) and
PtCu/C (Pt loading amount of 0.08 mg cm ~?2) catalyst inks was loaded onto a glassy carbon
(active area of 0.071 cm?), and dried for 5 min. For measurement of the electrochemical
surface area (ECSA), cyclic voltammetry (CV) tests were carried out in an Np-purged 0.5 M
H,SOy4 solution over a potential range of 0.054 to 1.254 V (RHE vs. Ag/AgCl) at a scan rate
of 50 mV s~1. The electrocatalytic activity tests of the catalysts in Np-purged 1 M glycerol
in acid (0.5 M HySOy4, pH 0.3), neutral (0.1 M NaSOy, pH 6), and alkaline (0.1 M KOH, pH
13) were examined by CV tests at a scan rate of 50 mV s~ 1.

3.2.3. Electrocatalytic Glycerol Oxidation Reaction Performance in an Electrochemical
Batch Reactor System

For the EGOR test in a batch reactor system, the working electrode was fabricated by
spray coating on titanium paper (Beakert) with catalysts. The catalyst inks were prepared
by the spray coating method: 30 mg of catalysts were dispersed in mixed solutions of
0.121 mL of distilled water, 0.6 mL of 2-propanol (99.5%, Samchun Pure Chemical), and
0.121 mL of 5 wt% Nafion® ionomer solution via ultrasonication for 2 h. The catalysts
coated on titanium paper (active electrode size: 2 cm?) were dried in a convection oven
at 60 °C overnight. As a result, the catalyst loaded amount coated on the titanium paper
was 0.64 mg cm 2. The EGOR tests were examined in 6 mL of 0.1 M glycerol dissolved in
different electrolytes (0.5 M HpSOy, 0.1 M NapSQOy, 0.1, 0.5, and 1 M KOH) at 60 °C with
magnetic stirring at 900 rpm. After the EGOR testing with the prepared catalyst electrodes,
the liquid reaction mixture was analyzed by high performance liquid chromatography



Catalysts 2023, 13, 892

13 of 16

(HPLC, YL9100, YL Instruments, Anyang-si, Republic of Korea) equipped with ultravio-
let/visible (UV /Vis, YL9120, YL Instruments) and refractive index (RI, RI-201H, Shodex,
Lagos, Nigeria) detectors. An ion-exchange ligand exchange column (Hi-Plex H, Agilent
Technologies, Santa Clara, CA, USA) was used with a 0.005 M H,SO4 solution of mobile
phase with a flow rate of 0.3 mL min~!. The column oven was set to 60 °C. After the
reaction finished, liquid reaction mixtures were filtered with a 0.20 um syringe filter and
analyzed with the HPLC. The amount of consumed glycerol and the selectivities of the
reaction products were quantified with an external calibration method.

4. Conclusions

In this study, we investigated the reaction performance and chemistry for the EGOR
using Pt/C and PtCu/C catalysts to understand and confirm the effect of Cu addition
on Pt by changing the pH condition. Physicochemical analyses, such as XRD, TEM, and
XPS, revealed that the Pt and Cu were well alloyed through the incorporation of Cu atoms
into the lattice of the Pt crystal and there were more CuO species on the PtCu/C catalyst
surface. In the electrochemical performance testing for the EGOR, with an increasing pH,
the PtCu/C catalyst exhibited lower onset potential and higher mass and specific activities
than the Pt/C. In addition, the reaction rate and TOF for PtCu/C were greatly increased
at a high pH compared to Pt/C, demonstrating that the Cu species improves the catalytic
reaction activity for the EGOR at a high pH. In the OH- group-rich environment of a high
pH condition, the PtCu/C catalyst also generated more oxidized TTA and OXA products
than the Pt/C catalyst, verifying that the PtCu alloy follows primary alcohol oxidation
pathways more favorably than only Pt. The increased EGOR activity and changed reaction
pathways on the PtCu alloy catalyst in the OH™ group-rich environment may be related to
the improved C-C bond breaking ability of the PtCu alloy and surface CuO species together
with facilitating the adsorption of the OH™ group. This research provides the knowledge
that optimizing and controlling the reaction pH conditions on metal-based catalysts can be
critical factors for designing and developing future EGOR catalysts.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ catal13050892 /s1, Figure S1: LSV curves of the Pt/C and PtCu/C
catalysts in 1 M glycerol (a,b) with 0.5 M H,SOy, (c,d) with 0.1 M NaySOy, and (e,f) with 0.1 M KOH
electrolyte (scan rate: 5 mV s~ ! at room temperature). Figure S1 (a,c,e) represent mass activity and
Figure S1 (b,d,f) show specific activity, respectively; Figure S2: Tafel plot of the Pt/C and PtCu/C
catalysts in 1 M glycerol with (a) 0.5 M H,SOy (acid), (b) 0.1 M NaySO4 (neutral), (c) 0.1 M KOH (alka-
line) and (d) Comparison of the Tafel slope with increasing pH; Table S1: Comparison table of EGOR
performances using Pt-based catalysts. References [53-55] are cited in the supplementary materials.
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