
Nanoscale

PAPER

Cite this: Nanoscale, 2021, 13, 13896

Received 4th May 2021,
Accepted 10th July 2021

DOI: 10.1039/d1nr02820k

rsc.li/nanoscale

De-alloyed PtCu/C catalysts with enhanced
electrocatalytic performance for the oxygen
reduction reaction†
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Jianhuang Zeng*a,d

In electrochemical reactions, interactions between reaction intermediates and catalytic surfaces control

the catalytic activity, and thereby require to be optimized. Electrochemical de-alloying of mixed-metal

nanoparticles is a promising strategy to modify catalysts’ surface chemistry and/or induce lattice strain to

alter their electronic structure. Perfect design of the electrochemical de-alloying strategy to modify the

catalyst’s d-band center position can yield significant improvement on the catalytic performance of the

oxygen reduction reaction (ORR). Herein, carbon supported PtCu catalysts are prepared by a simple

polyol method followed by an electrochemical de-alloying treatment to form PtCu/C catalysts with a Pt-

enriched porous shell with improved catalytic activity. Although the pristine PtCu/C catalyst exhibits a

mass activity of 0.64 A mg−1Pt, the dissolution of Cu atoms from the catalyst surface after electrochemical

de-alloying cycling leads to a significant enhancement in mass activity (1.19 A mg−1Pt), which is 400%

better than that of state-of-the-art commercial Pt/C (0.24 A mg−1Pt). Furthermore, the de-alloyed PtCu/

C-10 catalyst with a Pt-enriched shell delivers prolonged stability (loss of only 28.6% after 30 000 cycles),

which is much better than that of Pt/C with a loss of 45.8%. By virtue of scanning transmission electron

microscopy and elemental mapping experiments, the morphology and composition evolution of the cat-

alysts could clearly be elucidated. This work helps in drawing a roadmap to design highly active and stable

catalyst platforms for the ORR and relevant proton exchange membrane fuel cell applications.

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) with high
power density, low operating temperature and zero carbon
dioxide emissions have widely been considered as one of the
most efficient clean energy generation systems compared to
conventional internal combustion engines.1 Currently, the
commercialization of this technology is mainly limited by the
prohibitive cost of platinum (Pt), which is used as the electro-
catalyst in the anodes and cathodes.2 Reactions at both the
anode and cathode, especially the oxygen reduction reaction

(ORR) at the cathode, have sluggish kinetics, which has trig-
gered extensive research to improve ORR activity and lower the
cost of electrocatalysts in the past decade.3 One desirable pro-
tocol to reduce the amount of Pt required and address the per-
formance challenge is to alloy Pt with transition metals (e.g.,
Ni, Co, Fe, Cu, and so forth).4–13 Early studies came up with
various key factors that determine the ORR activity of Pt-based
electrocatalysts, including, but not limited to, the geometric
structure,14 the electronic structure15,16 and the adsorption
energy of oxygenated species on the surface Pt atoms.17

Experimental studies18,19 in combination with theoretical
approaches15,20 reported that the ORR activity of alloy nano-
particles was given by the strength of the oxygen–metal bond
interaction, which depends on the position of the Pt d-band
center relative to the Fermi level.21

Interestingly, the shift of the electronic band structure of
alloy nanoparticles and weakening of the chemisorption
energy of oxygenated species can also be achieved by using
electrochemical de-alloying for forming a Pt-rich shell to
exhibit compressive strain, due to the dissolution of non-noble
metal atoms from the alloy surface layer. For instance, Strasser
et al. reported that the de-alloyed PtCu nanoparticles demon-

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
d1nr02820k

aSchool of Chemistry and Chemical Engineering,

South China University of Technology; Guangdong Key Lab for Fuel Cell Technology,

Guangzhou 510641, China. E-mail: cejhzeng@scut.edu.cn
bDepartment of Nuclear Science and Engineering,

Massachusetts Institute of Technology, Massachusetts 02139, USA.

E-mail: ali_m@mit.edu
cDepartment of Materials Science and Engineering,

Massachusetts Institute of Technology, Massachusetts 02139, USA
dZhongke of Hydrogen Power Co. Ltd, Nansha District, Guangzhou 511458, China

13896 | Nanoscale, 2021, 13, 13896–13904 This journal is © The Royal Society of Chemistry 2021

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 8

/6
/2

02
4 

12
:1

6:
49

 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

www.rsc.li/nanoscale
http://orcid.org/0000-0001-7917-8255
http://orcid.org/0000-0003-4270-6258
http://crossmark.crossref.org/dialog/?doi=10.1039/d1nr02820k&domain=pdf&date_stamp=2021-08-14
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1nr02820k
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR013032


strated higher ORR activity originating from the controllable
compressive strain formed in Pt-enriched surface layers via
potential cycling.17 Stimulated by this finding, numerous
studies have been dedicated to developing de-alloyed Pt-based
nanoparticles, especially PtCu nanoparticles,22–25 in which
Cu is removed from the alloy surface layers, forming a Pt-rich
shell and a PtCu core structure with enhanced ORR activity
compared with pure Pt nanoparticles. Generally, the electronic
structure of a Pt-rich surface can be perturbed by a PtCu alloy
core with differing composition or structure, which can further
affect the adsorption energy of oxygenated species.26 Although,
immense efforts have been previously devoted to improving
the ORR performance of de-alloyed PtCu nanoparticles, the
structural and componential observation, especially the
change of lattice strain in the process of electrochemical de-
alloying and accelerated durability test (i.e. ADT), is not per-
fectly clear to the best of our knowledge. Thus, the correlation
among the lattice strain, composition and enhanced catalytic
activity of the de-alloyed PtCu catalyst was investigated after
different potential cycling in perchloric acid electrolyte.

Herein, we report the synthesis of de-alloyed PtCu/C cata-
lysts with high electrocatalytic performance and low Pt-
loading, which can be prepared via a simple polyol method fol-
lowed by an electrochemical de-alloying treatment for improv-
ing the ORR activity. The de-alloyed PtCu/C-10 catalyst demon-
strated enhanced ORR performance (1.19 A mg−1Pt) with
28.6% loss after 30 000 cycles at 30 °C, surpassing the DOE
2020 target in both Pt mass activity and durability, compared
with the Pt/C-10 catalyst (0.24 A mg−1Pt) with 45.8% loss. For
PtCu/C catalysts, the compositional and morphological evol-
ution was determined after potential cycling. A Pt-rich shell is
formed and covers the PtCu alloy core. Moreover, it was found
that the de-alloying treatment results in structural and lattice
parameter changes which can be observed in the shift of the
diffraction peak in the X-ray powder diffraction patterns. This
study provides visual and valuable insight into the rational
design of de-alloyed Pt-based electrocatalysts with a modified
electronic structure.

2. Experimental section
2.1. Chemicals and materials

Copper sulfate pentahydrate (CuSO4 5H2O) and potassium
hydroxide (KOH) were purchased from Damao Chemical
Reagent Factory (Tianjin, China). Chloroplatinic acid hexa-
hydrate (H2PtCl6 6H2O) was purchased from Jinke Chemical
Reagent Co., Ltd (Shenyang, China). Trisodium citrate dihy-
drate (C6H5Na3O7 2H2O), ethylene glycol (EG), perchloric acid
(HClO4) and isopropanol were all supplied by Guangzhou
Chemical Reagent Factory (Guangzhou, China). Nafion solu-
tion (5.0 wt%, D520) was provided by DuPont. The abovemen-
tioned reagents were of analysis grade (A.R.) and used without
further purification. Commercial Pt/C (Hispec-3000, 20 wt%
loading) was purchased from Johnson Matthey. Deionized
water (18.2 MΩ cm) was used for preparing the solutions.

2.2. Synthesis of PtCu/C catalysts

Carbon-supported PtCu/C catalysts were prepared by using a
polyol method, in which EG served as the reducing agent and
solvent. Initially, 360.0 mg of C6H5Na3O7 2H2O was dispersed
in 150 mL of EG solution in a 250 mL flask container with
three necks. After ultrasonic agitation for 30 min, 4.00 mL of
0.038 M H2PtCl6/EG solution and 50.0 mg of CuSO4 5H2O were
added into the above dispersion and stirred for 2 h to obtain a
pale green solution. Sequentially, 120.0 mg of Vulcan XC-72R
carbon was dispersed in the above solution under stirring con-
dition for 30 min, followed by another 30 min of ultrasonic
dispersion. The pH of the final mixture was adjusted to be 10
with 1.0 M KOH/EG solution. The final mixture was heated up
to 120 °C and maintained for 3 h under stirring conditions,
before it was cooled to room temperature. After that, the
sample was filtered, washed with deionized water and dried in
a vacuum oven at 50 °C for 12 h. The synthesis yielded PtCu/C
catalysts. The as-prepared PtCu/C catalysts were further electro-
chemical de-alloyed between 0.05 to 1.10 V (vs. RHE) in a N2-
purged 0.1 M HClO4 solution at a scan rate of 50 mV s−1.
Based on different voltammetric cycles, the de-alloyed catalysts
are hereafter referred to as PtCu/C-x (x represented as the vol-
tammetric cycles). For comparison, the Pt/C catalysts were
treated under the same electrochemical conditions.

2.3. Physical characterization

X-ray diffraction (XRD) patterns were collected on a TD-3500
power diffractometer (Tongda, China) with Cu Kα radiation
(λ = 1.5406 Å) in the scan range from 20° to 90°, operated at
40 kV and 30 mA. Transmission electron microscopy (TEM)
images were obtained with JEM-2100F operated at 200 kV.
Scanning transmission electron microscopy (STEM), high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and energy-dispersive X-ray spec-
troscopy (EDS) were carried out on a TALOS F200 field emis-
sion transmission electron microscope (FEI) operating at 200
kV. Amorphous carbon-coated nickel grids were used during
all the EDS experiments. The composition of the catalysts was
determined by inductively coupled plasma-optical emission
spectroscopy (ICP-OES, Agilent 730, Japan). X-ray photo-
electron spectroscopy (XPS) was performed on a LAB250 ESCA
system (Thermo Fisher, America) with Al Kα radiation (1486.6
eV). The binding energy (BE) was calibrated by referencing the
major C 1s peak at 284.8 eV.

2.4. Electrochemistry test of catalysts

All electrochemical characteristics were performed in a conven-
tional three-electrode cell system at 30 °C on a potentiostat/gal-
vanostat (Autolab PGSTNT302N). A glassy carbon rotating disk
electrode (RDE, 5 mm in diameter, 0.196 cm2, Pine Research
Instrumentation, AFE5T050GC), reversible hydrogen electrode
(RHE, Hong Kong Phychemi Co. Ltd) and platinum gauze were
used as the working electrode (WE), reference electrode (RE)
and counter electrode (CE), respectively. The catalyst ink was
prepared by mixing 5.0 mg of the catalyst and 5.00 mL of a
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mixture which consisted of 1.00 mL of H2O, 4.00 mL of isopro-
panol and 10 μL of Nafion solution. 8 μL of homogeneous ink
was dropped onto a RDE using a micropipette and dried to
form the catalyst layer at room temperature. The commercial
Pt/C catalyst served as a benchmark to compare the catalytic
activity of PtCu/C catalysts. Cyclic voltammetry (CV) curves
were recorded in a N2-purged 0.1 M HClO4 solution from 0.05
to 1.10 V (vs. RHE) at a scan rate of 50 mV s−1. Accelerated
durability tests (ADTs) were performed by applying 5000,
15 000 and 30 000 potential cycles between 0.60 to 1.00 V (vs.
RHE) at a sweep rate of 100 mV s−1 in an O2-purged 0.1 M
HClO4 solution. CO-stripping cyclic voltammograms were
recorded in a CO-saturated 0.1 M HClO4 electrolyte at a scan
rate of 50 mV s−1. The catalytic ORR performance was evalu-
ated using linear sweep voltammetry (LSV) from 0.15 to 1.05 V
(vs. RHE) in an O2-saturated 0.1 M HClO4 solution with a
rotation rate of 1600 rpm at a sweep rate of 10 mV s−1.

Single cell tests were performed on a fuel-cell test system
(Scribner Associates Inc., Model 850e). The catalyst ink (2 mg
mL−1) was prepared by blending the catalyst, Nafion solution,
H2O and isopropanol at an ionomer/carbone weight ratio of
0.5/1 and an isopropanol/H2O volume ratio of 1/4, and then
sprayed on a Nafion 211 membrane.27 The active area was
25 cm2. The anode catalyst was 20 wt% Pt/C-Pristine and the
cathode catalyst was Pt/C-10 or PtCu/C-10. The Pt loading of
the anode and the cathode was fixed at 0.10 mgPt cm

−2 and
0.20 mgPt cm

−2, respectively. The single cell electrochemical
characterization was analyzed at a cell temperature of 80 °C,
H2/Air (Stoichiometric of 1.2/2.5) with 100% relative humidity
(RH) and 150 kPa of back pressure. The accelerated durability
tests (ADTsc) of single cells were conducted in the potential
range of 0.6–1.1 V with the sweep rate of 100 mV s−1 for 10 000
cycles at a condition of cathode feed of fully humidified N2.

3. Results and discussion

Carbon supported PtCu nanoparticles were successfully syn-
thesized via a simple polyol method. Fig. 1a shows the XRD
spectra of PtCu nanoparticles synthesized under different reac-
tion conditions in comparison to monometallic Pt nano-
particles. The broad and weak diffraction peaks at ca. 25° were
ascribed to the (002) plane of the carbon support.28 XRD
spectra of PtCu nanoparticles showed no Cu–Cu signal. The
absence of any Cu peaks implied the complete diffusion of Cu
atoms into the Pt lattice, forming PtCu alloy.29 In addition, the
characteristic Pt peak at 40° was shifted to higher angles for all
PtCu samples, compared to pure Pt nanoparticles. This further
confirmed the formation of PtCu alloy, where Pt lattice
contraction was observed when Cu with shorter atomic radii
was present within the platinum lattice. Furthermore, XRD
spectra suggested that PtCu nanoparticles maintained a face-
centered cubic (fcc) crystal orientation. The electrochemical
de-alloying effect was confirmed by a gradual shift of the Pt
peak to lower angles, with Cu dissolution out of the PtCu
lattice, which in return relieved the lattice compression on
PtCu nanoparticles.

TEM images (Fig. S1†) revealed that the PtCu/C nano-
particles were well dispersed on the carbon supports, similar
to the commercial Pt/C catalyst. EDX elemental mapping
showed a high entropic alloying of PtCu nanoparticles, where
both Pt and Cu dispersion were even across the whole nano-
particle. This further indicated that Cu atoms were infused
within the Pt lattice to form a uniform PtCu alloy, which
agrees with XRD results as discussed earlier. Fig. 1b and c
show atomic resolution STEM images of PtCu/C and Pt/C
nanoparticles, where the lattice parameter exhibits lattice
fringes of 0.220 and 0.221 nm, where the lattice parameter of

Fig. 1 X-ray diffraction patterns of all catalysts (a). Below are peak positions of standard pure metallic Pt and Cu. HR-STEM images of PtCu/
C-Pristine (b) and PtCu/C-10 (c). XPS spectra of Pt 4f, Cu 2p and Cu LM2 for PtCu/C-Pristine (d–f ) and D-PtCu/C (g–i).
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PtCu is further compressed by 0.45% compared to the mono-
metallic Pt/C catalyst.30,31

The chemical states of the surface component were deter-
mined by XPS to observe changes in the d-band center posi-
tion, as an indication on strain induced on Pt atoms.32–34

Fig. 1d shows that the Pt 4f7/2 peak shifts towards a higher
binding energy (71.5 eV) compared with pure Pt (71.3 eV),35,36

revealing the downshift in the center of the d-band for PtCu/
C-Pristine catalysts. As shown in Fig. 1e, the obvious satellite
peak located at the higher binding energy of 942.1 eV corres-
ponding to that of Cu 2p3/2 peaks, suggesting the presence of
Cu(II) species.37 In addition, the Cu 2p peaks can be fitted by
two peaks with a close binding energy, which are assigned to
Cu(I) or Cu(0).38 Therefore, the Auger Cu LMM spectra were
used to confirm the presence of Cu(0), Cu(I) or Cu(II) in the
pristine PtCu/C-Pristine catalyst.39 Fig. 1f shows the Auger
spectrum of Cu LMM, where the peak deconvolution resulted
in three sub-peaks at 913.4, 917.3 and 918.0 eV, corresponding
to Cu(II), Cu(I) and Cu(0) states. Auger analysis indicated the
co-existence of metallic and oxide Cu states. Cu oxide is
believed to form naturally due to oxidation under ambient con-
ditions, when Cu atoms at the surface were exposed to air.
Thus, the thickness of the native Cu oxide layer was too thin to
be detected by XRD.40 Based on different electrochemical deal-
loying conditions (i.e., no# cycles), we found that PtCu/C-10
showed the highest electrocatalytic activity, as displayed in
Fig. S2 and Table S1.† Thus, the characterization data shown
in the manuscript hereon will be dedicated to PtCu/C-10, as a
representative sample for dealloyed catalysts. Fig. 1g shows Pt
4f duplets, where Pt 4f7/2 peaks shift towards a higher binding
energy (71.7 eV) compared to that of the pristine PtCu/
C-Pristine catalyst, implying an improvement in ORR perform-
ance due to the downshift of the Pt d-band center.41

Meanwhile, Cu 2p peak intensities became significantly weak,
owing to the dissolution of Cu surface atoms under electro-
chemical de-alloying conditions. It is worth noting that the
absence of satellite peaks and the Auger peak of Cu(II) and
Cu(I) species indicates the formation of a Pt-rich shell, imply-
ing the dissolution of Cu at the surface under electrochemical
de-alloying conditions. Electrochemical dealloying treatment
did not affect the particles’ size or morphology, as can be seen
in Fig. S1.†

In addition, Fig. 2 displays the HAADF-STEM image and the
corresponding elemental mapping of the PtCu/C-10 catalyst.
Imaging clearly revealed the formation of core–shell nano-
structures with a Pt-rich shell and a PtCu alloy core. Compared
with PtCu/C-Pristine, the composition of PtCu/C-10 was
further determined by EDS spectra. As displayed in Fig. S3,†
the results of the molar ratio in both Pt and Cu indicate that
the Pt composition concentered at the surface of metallic
nanoparticles, suggesting the presence of a Pt-rich shell.

The catalytic performance of PtCu/C-Pristine for the ORR
was investigated in an O2-saturated 0.1 M HClO4 solution.

42 As
can be seen in Fig. 2b, the MA of Pt/C-Pristine is 0.23 A mg−1Pt
which is three times lower than the MA of PtCu/C-Pristine
(0.64 A mg−1Pt). Tafel slopes represented in Fig. 2c are −62 and
−96 mV per decade in low and high overpotential regions,
respectively, which implies that the charge transfer and
removal of oxygenated intermediates are the rate-limiting
steps.43,44 As shown in Fig. S2a,† under different de-alloying
conditions, the CV scans of PtCu/C-5, recorded in a N2-purged
0.1 M HClO4 solution, displayed a weaker hydrogen under
potential deposition wave (Hupd), compared with that of PtCu/
C-10. This indicated the formation of a Pt-rich shell in PtCu/
C-10 due to the dissolution of Cu atoms on the surface. The
electrochemical surface area (ECSA) of all catalysts, calculated

Fig. 2 HAADF-STEM overview images and EDS-HAADF-STEM element mapping images of PtCu/C-10 (a). ORR polarization curves in O2-saturated
0.1 M HClO4 at a rotation rate of 1600 rpm and a scan rate of 10 mV s−1 for Pt/C-Pristine and PtCu/C-Pristine (b). Inset: Pt mass activities at 0.90 V
(vs. RHE). Tafel plots for these pristine catalysts (c). Cyclic voltammograms in deoxygenated 0.1 M HClO4 for Pt/C-10 and PtCu/C-10 in tenth cycles
at a scan rate of 50 mV s−1 (d). ORR polarization curves and Tafel plots for Pt/C-10 and PtCu/C-10 (e–f ).
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by integrating the area of Hupd peaks, is listed in Table 1.
Furthermore, the calculated ratio of ECSACO : ECSAHupd

(Fig. S3†), a descriptor of surface structure in the case of the Pt
alloy, is 1.47 on the de-alloyed PtCu/C-10, implying the nature
of the Pt-rich shell structure.45 As is evident from Fig. 2e, the
ORR activity of PtCu/C-10 manifests higher than that of Pt/
C-10 (1.19 versus 0.24 A mg−1Pt). However, the MA of Pt/C
before and after de-alloying, almost, remained intact. The
de-alloyed PtCu/C-10 catalyst delivers a higher SA of 1.69
mA cm−2, with a 6.5-fold enhancement relative to the Pt/C-10
catalyst (0.26 mA cm−2). Furthermore, the ORR polarization
curves of PtCu/C-10 demonstrated the half-wave potential (E1/2)
at 30 mV more positive compared to Pt/C-10. In Fig. 2f, the
higher kinetic current on the de-alloyed PtCu/C-10 catalyst
indicated that the PtCu/C-10 catalyst maintains a higher ORR

performance across a wide range of potentials.46 Such an
enhanced electrocatalytic activity is attributed to the modified
electronic structure of the Pt-rich shell and the optimal lattice
compression. Both effects would affect the bonding strength
between Pt and oxygenated species.47,48 Compared with PtCu/
C-Pristine and PtCu/C-5, a large number of active sites were
formed on the surface of PtCu/C-10 (higher ECSA) after
cycling. However, gradual cycling resulted in the further loss
of Cu, so that the lattice parameter of PtCu was similar to that
of Pt/C, indicating the degradation of catalytic performance.
To further understand the effects of morphological changes
on ORR activity, the loss ratio of Cu of PtCu alloy nanoparticles
was investigated after different voltage cycles. ICP-OES experi-
ments were conducted to determine the atomic ratio of Cu, as
shown in Table S2.† At the 5th voltage cycle, the Cu fraction in
PtCu/C dropped significantly from 58.2% to 37.2% due to the
dissolution of outer layer’s Cu atoms, in agreement with the
XRD and XPS analyses. After further electrochemical de-alloy-
ing and stability tests, a slight decay in Cu atomic% was
observed, indicating that interior Cu atoms can be greatly pre-
served intact from dissolution.

Apart from excellent ORR activities, the stability of catalysts
is a crucial factor affecting PEMFCs’ lifetime. Consequently,
the accelerated durability tests were performed to evaluate the
stability of the dealloyed PtCu/C-10 and Pt/C-10 catalysts. In
Fig. 3a, CV scans obtained using PtCu/C-10 showed a signifi-
cant loss of ECSA after 30 000 cycles (from 70.5 to 39.9 m2

g−1Pt), likely due to the aggregation of PtCu nanoparticles.49

Nevertheless, no obvious change was observed in LSV polariz-

Table 1 Comparison of ORR performance and ECSA for the catalysts

Samples

ECSA (m2 g−1) ORR at 0.9 V

Hupd

MA
(A mg−1Pt)

MA loss
(%)

SA
(mA cm−2)

Pt/C-10 90.3 0.24 N/A 0.27
Pt/C-10 after 5 K 77.0 0.23 4.2 0.30
Pt/C-10 after 15 K 69.9 0.19 20.8 0.27
Pt/C-10 after 30 K 49.2 0.13 45.8 0.26
PtCu/C-10 70.5 1.19 N/A 1.69
PtCu/C-10 after 5 K 52.0 1.13 5.0 2.17
PtCu/C-10 after 15 K 41.5 1.05 11.8 2.53
PtCu/C-10 after 30 K 39.9 0.85 28.6 2.13

Fig. 3 Cyclic voltammograms and ORR polarization curves for PtCu/C-10 (a–b) and Pt/C-10 (c–d) during ADT. Insert: Pt mass activities and
specific activities at 0.90 V (vs. RHE).
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ation curves (a slight negative shift of E1/2 from 0.90 to 0.89 V),
as displayed in Fig. 3b. It should be noted that after 30 000
cycles, a slight change in the amount of copper was observed
for PtCu/C-10 (from 35.8% to 26.9%), suggesting that a Pt-rich
shell can perhaps protect the interior Cu atoms from leach-
ing.50 After 30 000 cycles, the MA of the Pt/C-10 catalyst
showed a loss of 45.8%, which is much worse than that of
28.6% for the PtCu/C-10 catalyst (listed in Table 1).

TEM analysis was conducted to observe the morphological
and compositional changes to obtain more insight into the
reasons for the electrocatalytic activity loss on the nanoscale.51

It can be observed from Fig. 4 that the morphology of all cata-
lysts after ADT showed obvious aggregation, which agrees with
ECSA analyses discussed earlier. Most remarkably, TEM
images of Pt/C after ADT showed a dramatic increase in
nanoparticles size compared to the PtCu/C-10 catalyst.

Fig. 4 TEM images of PtCu/C-10 after 5 K (a), 15 K (b) and 30 K (c), as well as Pt/C-10 after 5 K (d), 15 K (e) and 30 K (f ), Insert: the corresponding
particle size distribution histogram.

Fig. 5 HAADF-STEM overview images and EDS-HAADF-STEM element mapping images of PtCu/C after 5 K (a–d), 15 K (e–h) and 30 K (i–l).
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Furthermore, the change in the composition of PtCu/C-10 cata-
lysts after ADT is revealed in Fig. 5, and the atomic ratios of Pt
and Cu were also detected and are displayed in Fig. S4.† From
the elemental mapping analysis and EDS spectra, it can be
seen that there is an obvious change in the atomic ratio of Cu.
In Table 2, the atomic concentrations of Pt in the surface com-
position increased after ADT, while the atomic concentration
of Cu decreased. The observation in composition suggests that
the Pt-rich shell gradually thickened during ADT. Fig. 6a
shows a schematic image of the formation of a thicker Pt-rich
shell. Therefore, it can be supposed that the decrease in
electrocatalytic performance of PtCu/C-10 catalysts mainly
resulted from the aggregation and relieved lattice compression
due to the thicker Pt-rich shell.

Single cell performances of PtCu/C-10 and Pt/C-10 catalysts
before and after durability tests are shown in Fig. 6. In Fig. 6b,
the PtCu/C-10 catalyst provided higher catalytic performance
than Pt/C-10. This suggests that the existence of Cu in the
cathode catalyst layer may enhance the proton conductivity of
the electrode, thus improving the charge transfer performance
of the cell.52 The PtCu/C-10 catalyst exhibited a maximum
power density of 1.00 W cm−2, whereas the Pt/C-10 showed
0.95 W cm−2. At 0.8 V, the current densities were 0.35 and 0.30
A cm−2 for PtCu/C-10 and Pt/C-10 catalysts before ADTsc,

respectively. Consistent with the observation from half-cell
tests, the PtCu/C-10 catalyst delivered higher current density
compared to Pt/C-10. After ADTsc, the current density and
maximum power density were 0.33 A cm−2 and 0.85 W cm−2

for PtCu/C-10, and 0.29 A cm−2 and 0.83 W cm−2 for Pt/C-10.
The loss of the maximum power density for PtCu/C-10 is
15.0%, which is much worse than that of 12.6% for the Pt/
C-10 catalyst. Furthermore, a clear drop in the polarization
curve of the PtCu/C-10 catalyst after ADTsc was observed in the
low current density region. This suggests that the dissolved Cu
ion may reduce the proton conductivity due to contaminating
the membrane,53 thus indicating the necessity of the de-alloy-
ing process. The performance of Pt/C-10 exhibited a sharp
decline in the high current density region, presumably due to
the aggregation of Pt nanoparticles.54 Therefore, de-alloyed
PtCu/C catalysts provide an ideal pretreatment method to
improve the activity and durability of Pt based alloy catalysts
for PEM fuel cell applications.

4. Conclusion

In summary, the de-alloyed PtCu/C catalysts have been well
prepared by a simple polyol synthesis protocol and sub-
sequently electrochemically activated in an acid electrolyte.
The lattice contraction of PtCu nanoparticles was observed
using HRSTEM. XRD demonstrated that the lattice com-
pression on PtCu nanoparticles was relieved with Cu dis-
solution away from the PtCu lattice. XPS experiments showed
that the electronic structure of the PtCu/C-10 catalyst has been
altered by the electrochemical de-alloying treatment. The dis-
solution of Cu atoms from the Pt lattice relieved the lattice
compressive strain, and altered the electronic structure in a
manner which lowered the Pt d-band center. This enhanced
the electrocatalytic activity by ∼400% for the ORR. The mor-
phological and compositional analysis indicated that the
activity loss of PtCu/C catalysts was mainly derived from the

Table 2 Atomic concentration of Pt and Cu in the surface composition
of PtCu/C-Pristine and PtCu/C-10 catalysts measured by XPS before
and after ADT

Samples

Atomic concentration (at%)

Pt Cu

PtCu/C-Pristine 17.2 82.8
PtCu/C-10 58.5 41.5
PtCu/C-10 after 5 K 60.3 39.7
PtCu/C-10 after 15 K 67.5 32.5
PtCu/C-10 after 30 K 67.6 32.4

Fig. 6 (a) Schematic image illustrating the formation of the Pt-rich shell of carbon-supported PtCu alloy catalysts. Black, blue and red spheres rep-
resent carbon, Pt and Cu, respectively. Polarization curves and power density curves of PtCu/C-10 and Pt/C-10 before (b) and after (c) ADTsc.
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aggregation of nanoparticles and relieved lattice contraction
after prolonged AST. Compared with PtCu/C and commercial
Pt/C catalysts, the de-alloyed PtCu/C-10 catalyst with the Pt-
rich shell shows the best electrocatalytic activity (1.19
A mg−1Pt) and stability (28.6% of activity loss after 30 000
cycles) towards the oxygen reduction reaction. ORR activity test
results suggested that dealloyed PtCu catalysts with a Pt-rich
shell structure may be considered as a great replacement cata-
lyst for application in fuel cells due to the optimized surface
catalytic properties.
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