
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 3

/1
7/

20
26

 9
:4

5:
39

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Study on ethano
aHigh-Tech Research and Development Cen

Democratic People's Republic of Korea. E-m
bFaculty of Chemistry, Kim Il Sung Univ

Republic of Korea
cDigital Laboratory, Kim Il Sung University,

of Korea

Cite this: RSC Adv., 2023, 13, 448

Received 4th November 2022
Accepted 30th November 2022

DOI: 10.1039/d2ra06989j

rsc.li/rsc-advances

448 | RSC Adv., 2023, 13, 448–455
l electro-oxidation over a carbon-
supported Pt–Cu alloy catalyst by pinhole on-line
electrochemical mass spectrometry

Kyong-Sik Ju, *a In-Ho Jang,b Yong-A. Choe,a Song-Chun Ri,a Hyon-Tae Pakb

and Su-Ok Hongc

A carbon supported Pt–Cu electrocatalyst was synthesized by the microwave-polyol method following

acid-treatment and physically characterized by different techniques including X-ray diffraction (XRD) and

transmission electron microscopy (TEM). Both potentiodynamic and potentiostatic measurements with

pinhole on-line electrochemical mass spectrometry were carried out to study the electrocatalytic activity

and reaction intermediates of Pt/C and Pt–Cu/C electrocatalysts during the ethanol oxidation reaction.

The results of potentiodynamic and potentiostatic measurements showed that the Pt–Cu/C

electrocatalyst has higher ethanol oxidation efficiency and incomplete ethanol oxidation to acetaldehyde

and acetic acid prevails under the given conditions. After calibration of the m/z = 44 mass signal, the

CO2 current efficiencies on Pt/C and PtCu-3/C were ∼7% and ∼12%, respectively, which reveal that the

presence of copper enhances the complete ethanol oxidation to CO2.
1. Introduction

In recent years, direct ethanol fuel cells (DEFCs) have attracted
much attention as alternative power sources for portable elec-
tronic devices due to their unique properties including high
energy density (8.0 kW h kg−1), low operating temperature (60–
100 °C), ease of handling liquid fuel and natural availability
from biomass, as well as low toxicity with respect to other fuels
such as methanol.1–4

Although DEFCs are good alternative power sources, the slow
kinetics of ethanol oxidation reaction (EOR) and the poor
selectivity of ethanol complete oxidation to CO2 diminish the
overall performance of DEFCs, and restrain its
commercialization.5–8 Carbon-supported Pt catalyst is
commonly employed as anode catalyst for ethanol oxidation in
low temperature fuel cells. However, pure Pt is well known to be
easily poisoned on its surface by adsorbed species such as
carbon monoxide (CO) coming from the dissociative adsorption
process of ethanol, hence leading to substantial losses in
operation potentials.9–13 In order to solve this problem and
improve the catalytic activity towards ethanol oxidation, adding
a second metal to Pt is to form Pt alloy catalysts. For example,
transition metals (Ru, Sn, Rh, Ir, Mn, Cu etc.) have been used as
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a second metal for Pt alloying to reduce the cost and enhance
the activity of Pt alloy catalysts. Pt–Sn and Pt–Ru catalysts with
optimized compositions and structures have been already re-
ported to show an enhanced activity compared to other
catalysts.14–24 Rh and Ir metal have performances of C–C bond
breaking and, consequently, Pt–Rh/C and Pt–Ir/C alloy catalysts
showed high selectivity of the ethanol oxidation reaction (EOR)
toward the CO2 formation.25–29 Pt–Mn and Pt–Cu activity
towards EOR is not as high as Pt–Sn and Pt–Ru, but they have
also enhanced catalytic activity compared to pure Pt catalyst.30–36

Ammam et al.33 have formed PtCu/C alloy catalyst and Pt(Cu)/C
core–shell type catalyst, and investigated that PtCu/C displayed
a better activity with respect to Pt(Cu)/C in terms of oxidation
current and onset potential. Magalhães et al.34 have studied that
ternary PtSnCu catalyst show a drastic reduction of the onset
potential in comparison with PtSn and PtCu beyond Pt. Huang
et al.35 have investigated that AC-PtCu-4/C synthesized by the
microwave-polyol technique following acid-treatment can
enhance the C–C bond cleavage of ethanol than that of Pt/C
under the same conditions, because the AC-PtCu-4/C has
high-density atomic steps caused by acid treatment. And
a handful of studies have been reported for alcohol oxidation
using PtCu and these dealt more specically with methanol
oxidation applications, rather than with ethanol oxidation.37–39

However, the investigation on the mechanism of EOR on Pt–Cu
alloy catalysts has hardly ever been reported in previous studies.

In this work, we reported the electrocatalytic mechanism of
the EOR on carbon supported Pt and Pt–Cu alloy catalysts in
acid medium at room temperature by Pinhole on-line electro-
chemical mass spectrometry (POEMS). Pt–Cu/C electrocatalyst
© 2023 The Author(s). Published by the Royal Society of Chemistry
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was synthesized by the microwave-polyol method following
acid-treatment, and their physical properties were evaluated
using X-ray diffraction (XRD), inductively coupled plasma
optical emission spectroscopy (ICP-OES), and transmission
electron microscopy (TEM). The microwave-polyol method
following acid-treatment (chemical dealloying) can synthesize
small dealloyed Pt–Cu alloy nanoparticles with uniform
dispersion and sharp size distribution and avoid aggregation.
The product yields were measured by POEMS and a quantica-
tion of the CO2 current efficiency (CCE) was carried out aer
calibration of the signal m/z = 44.
2. Experimental
2.1 Catalyst synthesis

All materials are purchased from the indicated suppliers and
used as received without further purication. All the solutions
were prepared with ultrapure water (Millipore, 18.2 MU cm−1).
Vulcan XC-72R carbon black (Cabot Corp.) served as support
material for all catalysts.

PtCu-3/C electrocatalyst was synthesized by microwave-
polyol method following acid-treatment in ethylene glycol (EG,
Aladdin, 98%) solution with H2PtCl6$6H2O (Alfa Aesar, 98%)
and Cu(CH3COO)2$H2O (Aladdin, 98%) as precursor salts.
Initially, the precursor salts were added to achieve Pt to Cu
molar ratio of 1 : 3 and a total metal loading of 20%. Briey,
40 mg of Vulcan XC-72R carbon black was dispersed into the
mixed solution of 60 mL containing isopropyl alcohol (Aladdin,
98%) and EG (V/V = 1 : 4) in 100 mL beaker under ultrasonic
treatment for 1 h to form uniform carbon ink. 0.67 mL of H2-
PtCl6$6H2O solution (0.03914 mol L−1) and 15.52 mg of
Cu(CH3COO)2$H2O were added into the uniform carbon ink
with urgent agitation for 2 h. The pH value of the ink was
adjusted to 11.0 by adding dropwise 1 mol L−1 NaOH–EG
solution. The beaker was placed the center of a microwave oven
(2450 MHz, 800 W) and argon gas was fed into the ink for
20 min to expel oxygen, and then the ink was heated up to
boiling point by microwave and reuxed for 5 min so that the
Pt4+ and Cu2+ ions were reduced completely. The mixture was
allowed to cool down to room temperature with continuous
stirring and 0.1 mol L−1 HNO3 solution was added drop by drop
into the cooledmixture to adjust its pH value to∼3. Themixture
was kept stirring for 8 h and then the suspension was washed
and ltered thoroughly with ultrapure water. The ltered cake
was dried at 80 °C for 6 h in a vacuum oven. Then the ltered
cake was ground and dispersed in 20 mL ethanol under ultra-
sonic treatment for 30 min to form ink. 50 mL of 3 mol L−1

H2SO4 solution was mixed with ink and the mixture was kept for
24 h. Finally the mixture was ltered and washed by ultrapure
water, and the lter cake was dried in a vacuum oven at 25 °C for
8 h. Pt/C (20 wt%) electrocatalyst was only prepared by the
microwave-polyol method.
2.2 Characterization of physical properties

To study the crystallographic information of the electro-
catalysts, XRD analysis was carried out by D/max-RB X-ray
© 2023 The Author(s). Published by the Royal Society of Chemistry
diffractometer with the Cu Ka X-ray source at 40 kV and 100
mA. The morphology and microstructure of the electrocatalysts
were further studied by TEM (TECNAI G2 F30). Quantitative
determination of the composition of electrocatalyst was
conrmed by ICP-OES (iCAP 6300 Thermo).
2.3 Electrode preparation and electrochemical
measurements

2.3.1 Electrode preparation. A piece of Pt foil (1 cm2) and
reversible hydrogen electrode (RHE) were used as counter and
reference electrodes, respectively. All of the potential values
were versus RHE in this paper. The glassy carbon electrode with
4 mm of diameter was used as a working electrode. Working
electrode was prepared as follows; the ink was prepared by
ultrasonically dispersion a mixture including of 10.0 mg of
electrocatalyst, 2.0 mL compound of ethanol and water (V/V =

1 : 1) for 30 min. Next, 7.5 mL of this ink was transferred onto
a polished glassy carbon disk, and onto which 10 mL of a 5 wt%
Naon® solution (5 wt% solution in a mixture of lower aliphatic
alcohols and DuPont water) in order to form a homogeneous
thin catalyst layer (39.8 mgmetal cm

−2). For the sake of compar-
ison, the electrochemical results expressed hereaer are
normalized by the Pt mass at the working electrode.

2.3.2 Electrochemical measurements. The electrochemical
measurements were carried out in a conventional three-
electrode cell by using CHI760E electrochemical workstation
at 25 °C. The activation of the electrocatalyst was performed in
0.1 M HClO4 supporting electrolyte and the EOR was studied in
0.1 M HClO4 + 0.1 M EtOH.

Before the CO-stripping experiments, the working electrode
was treated by continuous cycling at a scan rate of 50 mV s−1 for
20 min in Ar-purged 0.1 M HClO4 to activate and clean catalyst
surface (from 0.05 to 1.2 V). CO was feed into 0.1 M HClO4

solution for 15 min to saturate the surface of the electrocatalyst
with CO when the working electrode was kept at 0.10 V. Then
remaining dissolved CO in the electrolyte was removed by N2

bubbling for 30 min. CO-stripping and ethanol oxidation reac-
tion were carried out with scan rate 10 mV s−1. Potentiostatic
experiments were performed on Pt/C and PtCu-3/C electro-
catalysts at xed potential to quantify the products formed in
the EOR. The process of the experiments was as follows; at rst,
working electrode was cleaned and electrolyte was exchanged
from the supporting electrolyte (0.1 M HClO4 solution) to the
electrolyte containing ethanol (0.1 M HClO4 + 0.1 M EtOH
solution), keeping the electrode potential of 0.05 V for 15 min.
And then, the electrode potential was stepped to the respective
adsorption/reaction potential for 3 min to obtain steady-state
currents, recording the faradaic current and the mass spectro-
metric ion currents simultaneously.
2.4 Calibration of the electrochemical MS setup

Pinhole on-line electrochemical mass spectrometry (POEMS)
was rst reported by Gao.40 POEMS setup employed in our
experiment consists of a Qulee BGM-202 mass spectrometer,
vacuum system, micron-sized pinhole which use as inlet of
RSC Adv., 2023, 13, 448–455 | 449
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Fig. 1 Drawing of pinhole on-line electrochemical MS setup.
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mass spectrometer, homemade micro-controlled system,
camera and electrochemical cell (Fig. 1).

The working electrode was installed above PTFE membrane
and the distance between working electrode and pinhole inlet
for MS was adjusted about 15 mm by micro-controlled system.
The micro-controlled system not only allows being short the
responsive time of mass spectra but also decreasing the effect of
concentration polarization.

In general, electrochemical MS can detect volatile products
such as CO2 and CH3CHO in EOR, but not CH3COOH. The m/z
= 44 mass signal is the main peak of true CO2 fragment, cor-
responding to [CO2

+]. However, the acetaldehyde molecular
species [CH3CHO+] also contributes to them/z = 44 mass signal
as well as CO2 molecular species [CO2

+]. In order to estimate the
true CO2 production, the ion current for m/z = 44 has to be
corrected by subtracting the contribution of the interfering
fragment of acetaldehyde. This can be achieved through the
experimental determination of the relative intensity of the
[CH3CHO+] fragment (m/z = 44) with respect to the main acet-
aldehyde peak [CHO+] (m/z = 29) using pure acetaldehyde.32,41

The current efficiency for the reaction product CO2 formation
Aq(CO2) was calculated using the following equation:

AqðCO2Þ ¼
6
�
Qi44 � K44=29$Qi29

�

K*
44$Qf

(1)
450 | RSC Adv., 2023, 13, 448–455
where Qf is the faradaic charge during ethanol oxidation, and,
Qi44 and Qi29 are the corresponding mass spectrometric charges
ofm/z = 44 andm/z = 29 during ethanol oxidation, respectively.
K44/29 is the ion charge ratio of [CH3CHO+] and [CHO+] calcu-
lated using pure acetaldehyde. The factor 6 refers to the number
of electrons needed for formation of one CO2 molecule from
ethanol. K*

44 is the calibration constant form/z = 44 determined
from the CO-stripping experiment on a Pt/C catalyst by the
following equation:

K*
44 ¼

2$Qi44

Qf

(2)

where Qf and Qi44 are the faradaic charge and corresponding
mass spectrometric charge of m/z = 44 during COad oxidation.
The factor 2 is the number of electrons needed for formation of
one CO2 molecule from COad.

Similarly, the current efficiency for acetaldehyde formation
Aq(CH3CHO) was calculated using the following equation:

AqðCH3CHOÞ ¼ 2$Qi29

K*
29$Qf

(3)

where Qf and Qi29 are the faradaic charge and corresponding
mass spectrometric charge of m/z = 29 during ethanol oxida-
tion. K*

29 was determined from the selective oxidation of ethanol
(the concentration of 1 M) to acetaldehyde on a Au electrode at
1.70 V.41 Here, we have used the experimental result that the
current efficiency of acetaldehyde formation on a Au electrode
under these conditions is about 90%:42

K*
29 ¼

2$Ii
I*f $0:9

(4)

Because acetic acid formation could not be directly detected
due to its low vapor pressure, acetic acid yields were determined
indirectly, calculating the difference between the measured
faradaic current and the partial currents for ethanol oxidation
to CO2 and acetaldehyde, which were determined from the
corresponding ion currents as described above. Here, it was
assumed that only CO2, CH3CHO and CH3COOH are formed as
the main products during EOR. The current efficiency for acetic
acid formation Aq(CH3COOH) was calculated using the
following equation:

Aq(CH3COOH) = 1 − Aq(CO2) − Aq(CH3CHO) (5)
3. Results and discussion
3.1 Physical characterization

Fig. 2 shows X-ray diffraction (XRD) patterns of the Pt/C and
PtCu-3/C electrocatalysts. The diffraction peak at about 2q= 25°
observed in the XRD patterns of the catalysts is due to the (002)
of Vulcan XC-72R carbon support. Four characteristic peaks
corresponding to (111), (200), (220) and (311) planes of the face-
centered cubic (fcc) crystalline Pt are observed at 2q = 39.9°,
46.6°, 67.5° and 81.8° in XRD patterns, respectively.32,35 The
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD patterns of the synthesized Pt/C and PtCu-3/C
electrocatalysts.

Fig. 3 TEM and HRTEM images of (a and c) Pt/C, (b and d) PtCu-3/C an

© 2023 The Author(s). Published by the Royal Society of Chemistry
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typical fcc Pt diffraction peaks in the PtCu-3/C electrocatalyst
seem to be broadened and there are no noticeable peaks for
phase separated structures such as a pure Cu or its oxides/
hydroxides in XRD pattern, indicating a common degree of
alloying between Pt and Cu.

In particular, the diffraction peaks were slightly shied to
the high 2q values in the PtCu-3/C electrocatalyst as compared
to those of the Pt/C electrocatalyst, in agreement with Vegard's
law.43 The metal particle sizes for Pt/C and PtCu-3/C calculated
from the Scherrer's equation44,45 using the full width at half
maximum (FWHM) of the respective (220) diffraction peak were
3.12 and 2.91 nm, respectively.

Before and aer the acid-treatment, the composition of Pt–
Cu electrocatalyst was measured by ICP-OES. The results
showed the presence of 10.03 wt% Pt and 10.06 wt% Cu
(Pt1Cu3.08/C) before the acid-treatment, and 10.71 wt% Pt and
3.91 wt% Cu (Pt1Cu1.12/C) aer the acid-treatment.
d histograms of particle size distribution (e and f).

RSC Adv., 2023, 13, 448–455 | 451
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TEM images, HRTEM images and histograms of particle size
distribution for the synthesized electrocatalysts are shown in
Fig. 3. The metal nanoparticles are uniformly distributed on the
carbon support, and the average sizes of nanoparticles in the Pt/
C and PtCu-3/C were 3.04 and 2.85 nm, respectively, which are
Fig. 4 CV in 0.1 M HClO4 on Pt/C and PtCu-3/C; scan rate = 10 mV
s−1, t = 25 °C.

Fig. 5 CO-stripping CVs (a) in 0.1 M HClO4 and corresponding MSCVs (b
10 mV s−1, t = 25 °C.

Fig. 6 Simultaneously recorded CVs and MSCVs for m/z = 29, 44 for th
EtOH solution; scan rate = 10 mV s−1.

452 | RSC Adv., 2023, 13, 448–455
in good agreement with the XRD results. HRTEM image indi-
cates that the d-spacing of PtCu-3/C was ∼0.228 nm, showing
this result match the (111) plane of the fcc Pt–Cu alloy.

3.2 CV of the base electrolyte and CO-stripping

The cyclic voltammetry curves of Pt/C and PtCu-3/C performed
at 10 mV s−1 in 0.1 M HClO4 are shown in Fig. 4. The usual
features of the so-called hydrogen and oxygen regions can be
observed.46 The hydrogen adsorption/desorption region as well
as the oxide region on Pt/C electrocatalyst is clearly higher than
on PtCu-3/C because of the decrease in the amount of Pt which
has better hydrogen atom adsorption/desorption ability. The
presence of clearly resolved hydrogen adsorption/desorption
peaks at low potential suggests that any surface copper oxide
layer was been removed, revealing the Pt–Cu alloy surface. The
ECSAs of the electrocatalysts are determined by H-adsorption.
The calculated ECSAs of Pt/C and PtCu-3/C were 76.2 and 91.3
m2 gPt

−1, respectively.
The CO-stripping voltammetry curves and the corresponding

MSCVs for the m/z = 44 mass signals recorded on Pt/C and
PtCu-3/C at 10 mV s−1 are shown in Fig. 5. The onset potentials
of Pt/C and PtCu-3/C for CO stripping are 0.61 and 0.49 V,
respectively, and the peak potential of CO stripping on PtCu-3/C
) for m/z = 44 of the CO stripping on Pt/C and PtCu-3/C; scan rate =

e oxidation of ethanol on Pt/C and PtCu-3/C in 0.1 M HClO4 + 0.1 M

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Average current efficiencies for CO2, CH3CHO, and CH3-
COOH formation over a half full potential cycle on Pt/C and PtCu-3/C
(0.1 M HClO4 + 0.1 M EtOH solution)

Catalysts
Aq(CO2)
(%)

Aq(CH3CHO)
(%)

Aq(CH3COOH)
(%)

Pt/C 7.2 27.3 65.5
PtCu-3/C 11.7 13.6 74.7

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 3

/1
7/

20
26

 9
:4

5:
39

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
was shied negatively by 43.7 mV compared to Pt/C. This
phenomenon implies that the PtCu-3/C electrocatalyst is less
susceptible to self-poisoning (because of intermediate species
such as CO generated during EOR) compared with Pt/C. Faster
kinetics for CO stripping on Pt–Cu bimetallic alloy can be
deduced that surface effects produced by chemical dealloying of
Pt–Cu alloy increase OH adsorption due to surface defects.47

Thus, the PtCu-3/C electrocatalyst shows enhanced interme-
diate species tolerance.

3.3 Potentiodynamic ethanol oxidation

Simultaneously recorded CVs, and m/z = 29 and 44 MSCVs for
the ethanol oxidation on Pt/C and PtCu-3/C catalysts in 0.1 M
Fig. 7 Simultaneously recorded faradaic and ion current (m/z= 29, 44) tr
+ 0.1 M EtOH solution at constant electrode potentials, recorded upon s

© 2023 The Author(s). Published by the Royal Society of Chemistry
HClO4 + 0.1 M EtOH solution are shown in Fig. 6. The faradaic
signal on EOR has subtracted the background signal in 0.1 M
HClO4 to obtain complete EOR current (Fig. 6a and b). Themass
signals of m/z = 29 and 44 represent acetaldehyde and CO2,
respectively. By the way, since the signal of m/z = 44 corre-
sponds to the ion current for [CO2

+] and [CH3CHO+], a pure
[CO2

+] signal was obtained by eliminating the interference of
[CH3CHO+] fragment signal from the initial signal of m/z = 44
(Fig. 6c and d). The faradaic current for EOR on the Pt/C is
slightly higher compared to that on the PtCu-3/C, and the peak
potential for EOR on PtCu-3/C is slightly lower than that on Pt/
C. Fig. 6e and f show a simultaneous increase of the Faraday
and ion currents of m/z = 29 which correspond to the defrag-
mentation of acetaldehyde molecule in [CHO+], indicating that
the acetaldehyde is one of the main products during EOR.
Fig. 6c and d display that the CO2 yield on PtCu-3/C during EOR
is obviously higher than that on Pt/C, implying the signicant
effect of Cu for the breaking of C–C bond.35

Acetic acid, one of the main products during EOR is deter-
mined by calculating the difference between the measured
faradaic current and the acquired partial currents for ethanol
oxidation to CO2 and CH3CHO. As already mentioned, this
ansients for the oxidation of ethanol on Pt/C, PtCu-3/C in 0.1 M HClO4

tepping the potential from 0.05 V to the respective reaction potential.

RSC Adv., 2023, 13, 448–455 | 453
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calculation is based on the assumption that CO2, acetaldehyde,
and acetic acid are the main production during EOR. Table 1
shows the current efficiencies of CO2, acetaldehyde, and acetic
acid calculated by using the eqn (1), (3) and (5), respectively. As
shown in Table 1, the Pt/C has lower average current efficiencies
for CO2 and CH3COOH and higher average current efficiency for
CH3CHO compared with PtCu-3/C. The superior faradaic
current on Pt/C can be attributed to higher productions of
CH3CHO and CH3COOH. Here, the current efficiency of CO2 on
Pt/C is somewhat different from the previous study,32 because of
the difference of the catalyst synthesis method. The fact that the
current efficiency of CO2 on the PtCu-3/C is remarkably higher
than Pt/C demonstrated that the presence of Cu lead to higher
CO2 current efficiency, indicating PtCu-3/C with high-density of
surface defects caused by acid treatment can signicantly
enhances the C–C bond cleavage of ethanol than Pt/C.35

3.4 Potentiostatic ethanol oxidation

More direct information on the EOR activity of Pt/C and PtCu-3/
C catalysts comes from quantitative potentiostatic electro-
chemical measurements, evaluating the EOR activity of these
catalysts in 0.1 M ethanol solution. Fig. 7 shows faradaic and
ion current transients, following CO2 formation (m/z = 44) and
CH3CHO formation (m/z = 29) in 0.1 M HClO4 + 0.1 M EtOH
solution aer a potential step from 0.05 V to the respective
reaction potential. The investigated reaction potentials include
0.6, 0.7, and 0.8 V at room temperature. The steady-state fara-
daic current density increases with increasing the reaction
potential on Pt/C and PtCu-3/C catalysts. The faradaic current
on Pt/C is higher than on PtCu-3/C at all reaction potentials
because of the faster dehydrogenation of ethanol on Pt/C that
has higher Pt contents.

To analyze the EOR product distribution on the Pt/C and
PtCu-3/C catalysts in detail, the current efficiencies for CO2,
CH3CHO and CH3COOH formation in 0.1 M HClO4 + 0.1 M
EtOH solution at different potentials 3 min aer the potential
step were calculated and compiled in Table 2. As seen in Table
2, acetaldehyde and acetic acid are the majority products in the
EOR at the investigated reaction potentials. The current effi-
ciencies for CO2 and CH3CHO formation decrease with
increasing the reaction potential on two catalysts, while that for
acetic acid formation increase correspondingly. Here, the
higher production of acetic acid on the PtCu-3/C catalyst can be
interpreted by increasing of OH adsorption due to surface
effects produced by chemical dealloying of Pt–Cu alloy, making
re-adsorption and further oxidation of acetaldehyde more
Table 2 Current efficiencies for CO2, CH3CHO, and CH3COOH
formation during ethanol oxidation on Pt/C and PtCu-3/C at different
potentials in 0.1 M HClO4 + 0.1 M EtOH solution (data recorded 3 min
after a potential step from 0.05 V to the respective reaction potential)

Pt/C PtCu-3/C

V vs. RHE 0.6 0.7 0.8 0.6 0.7 0.8
Aq(CO2) (%) 8.4 6.3 4.1 18.7 14.2 9.6
Aq(CH3CHO) (%) 38.6 31.6 25.7 32.8 23.1 19.8
Aq(CH3COOH) (%) 51.7 63.4 72.4 48.5 62.7 70.6

454 | RSC Adv., 2023, 13, 448–455
effective on the PtCu-3/C catalyst than on Pt/C. Especially, the
CO2 current efficiency is 8.4% for Pt/C, and 18.7% for PtCu-3/C
at the reaction potential of 0.6 V. In addition, the CO2 current
efficiency on the PtCu-3/C catalyst is much higher than on the
Pt/C catalyst at each of the investigated reaction potentials.
These results above further prove the ability of Cu for the C–C
bond cleavage.

4. Conclusions

Carbon-supported Pt–Cu alloy electrocatalyst was synthesized
by the microwave-polyol method following acid-treatment. The
physical characterization of the electrocatalyst was carried out
by XRD, ICP-OES and TEM. The XRD patterns showed crystal-
line nanostructured material and illustrated that Pt–Cu alloy
was formed. The uniform dispersion of the synthesized catalyst
nanoparticles on the carbon black support together with the
narrow size particle distribution (3.04 and 2.85 nm for Pt/C and
PtCu-3/C, respectively) was testied.

The PtCu-3/C catalyst possesses the obviously higher CO2

current efficiency (11.7%) than the Pt/C catalyst (7.2%) in the
potentiodynamic EOR measurements. The potentiostatic EOR
measurements on the synthesized electrocatalysts exhibited
a higher kinetics in the potential range from 0.6 V to 0.8 V (vs.
RHE) on Pt/C compared to PtCu-3/C because of the faster
dehydrogenation of ethanol on Pt/C. POEMS results showed
that production of CO2 on PtCu-3/C during EOR is higher than
that on Pt/C. Aer calibration of m/z = 44 mass signal, the CO2

current efficiencies for Pt/C and PtCu-3/C up to 8.4% and 18.7%,
respectively. These results suggested that the presence of Cu not
only accelerates the oxidation of CO to CO2 by providing more
OH species due to the surface effects produced by chemical
dealloying of Pt–Cu alloy, but also enhances the C–C bond
cleavage, producing more CO2 for ethanol electrooxidation.
Nonetheless the faradaic current peak on Pt/C was still higher
than on PtCu-3/C because of the higher amount of platinum in
the Pt/C catalyst. Furthermore, the onset and peak potential
during the EOR on PtCu-3/C do not show obvious advantages
than that on Pt/C. However, the addition of co-metal may help
enhancing electrocatalytic performances.
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