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Because of high electrocatalytic activity, Pt based metal nanospheres (NSs) have attracted a lot of atten-
tion. Hence, multi-particle nano-single crystal coalesced PtCu NSs are designed and successfully synthe-
sized by a cost-effective aqueous solution method. The formed PtCu NS catalyst exhibits a superior
hydrogen evolution reaction (HER) electrocatalytic activity with an ultralow onset potential of 18 mV
at the current density of 2 mA/cm2 and high mass activity of 1.08 A/mgPt (7.2 times higher than that
of commercial Pt/C catalysts). Also, it shows an enhancement of 3.2 and 2.7 times in the mass and specific
activities toward oxygen reduction reaction (ORR) compared to that of Pt/C. Moreover, it possesses an
excellent catalytic durability for both ORR and HER. Even after 10,000 cycles, its ORR mass activity retains
87% of its initial value. The density functional theory (DFT) calculations demonstrate that by introducing
Cu atoms into the Pt lattice, a downshift of the D-band center and favorable hydrogen adsorption free
energy of approaching to zero (DG) occur, indicating the increased electrocatalytic activity of Pt
electrocatalysts.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Water splitting and fuel cells are two important energy conver-
sion ways with high-efficiency and environmentally friendliness.
Among them, hydrogen evolution reaction (HER) and oxygen
reduction reaction (ORR) can influence their work efficiency [1,2].
It is well-known that the noble metal Pt is the best HER and ORR
catalysts. However, the high cost, extreme scarcity and poor dura-
bility of Pt seriously limit its widespread applications [3–5]. Thus,
to maximize the utilization of Pt for energy conversion, it is an
important task to develop novel Pt-based catalysts with both supe-
rior activity and durability [6–8].

To date, for improving the catalytic performance, many
approaches have been developed to prepare different nanostruc-
ture Pt-based catalysts. Among them, introducing transition metal
atoms into the Pt lattice is a common strategy to elevate the uti-
lization efficiency of Pt by improving the mass activity toward both
ORR and HER. When the transition metal atoms (M = Co, Ni, Fe, or
Cu) are embedded into the Pt to form alloys, the compressive strain
and electronic ligand effects imparted can increase [9,10]. When a
certain threshold is reached, the surface activity toward the elec-
trochemical reduction of O2 will be enhanced in comparison with
polycrystalline Pt [11–14]. For instance, PtNi and PtCo alloys exhi-
bit superior electrocatalytic activity and high current densities
[15,16]. Cu as a cheap transition metal can be easily introduced
into Pt to form a Pt-Cu compound. In addition, Pt-Cu alloys are
prominent electrochemical catalysts with a reduced sensitivity
toward CO [17,18].

Another solution to increase the utilization efficiency of Pt is to
prolong the lifespan of Pt-based catalysts. Up to now, most Pt-M
nanocatalysts are based on zero-dimensional (0D) nanocrystals.
However, the catalyst based on the 0D nanoparticle (NP) morphol-
ogy readily agglomerate under high current densities or long-term
tests during HER/ORR processes, resulting in poor stability [19].
However, compared to the commercial Pt, Pt nanocubes, nano-
wires and nanotubes have longer durability [20–24]. In particular,
compared to separated Pt, the durability of the three-dimensional
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(3D) structure comprised of interconnected metallic particles or fil-
aments, can be improved. Therefore, rational design and facile syn-
thesis of 3D Pt-based nanostructure catalysts are critical for
maximizing the Pt utilization and stability [3,25,26].

Subsequently, we present a novel method to synthesize the 3D
Pt-Cu nanospheres (PtCu NSs) by using the CoCuO nanowires
(NWs) as seed, and further investigate the HER performance in a
0.5 M H2SO4 solution and the ORR performance in a 0.1 M HClO4

solution. The novel PtCu NSs show significantly higher catalytic
activity and durability than that of the commercial Pt/C catalyst
for both ORR and HER. Finally, the activity enhancement mecha-
nism of PtCu NSs is elaborated by density functional theory (DFT)
calculations.
2. Experimental section

2.1. Preparation of PtCu NSs

8 mg CuCoO NWs were dissolved in the 20 ml ethylene glycol to
form uniform solutions. The mixture solution was transferred into
the 3 mouth flask. Then, 1 g AA (Ascorbic acid) and 17 ml H2PtCl6-
�6H2O solutions were added into the solutions. The mixture solu-
tion was stirred for 5 h at 50 �C. After cooled down to room
temperature, the black product was collected and washed with
ethanol and DI water several times before drying at 60 �C for over-
night. The detailed preparation process of CoCuO NWs and PtCu
NPs/C are seen in Supplementary Material.

2.2. Preparation of PtCu NSs/C

5 mg PtCu nanospheres and 10 mg XC-72 carbon were dis-
persed in a certain amount of ethanol, mixed and ultrasound for
around 2 h to prepare PtCu NSs/C. The sample was collected by
centrifugation and washed with ethanol for several times. At last,
the product was dried under the vacuum condition. The related
material characterization and computational details are present
in Supplementary Material.

2.3. Electrochemical measurements

Electrochemical measurements were carried out with a three-
electrode system on an electrochemical workstation (CHI 660E).
The working electrode was a rotating disk electrode (RDE) (diam-
eter: 5 mm, area: 0.196 cm2).The platinum wire or graphite road
was used as the counter electrode for ORR or HER, and the satu-
rated calomel electrode (SCE) was used as the reference electrode.
The catalyst ink was prepared by ultrasonically mixing a certain
amount of catalyst with 900ul isopropyl alcohol, 100ul water and
20 ul 5 wt% Nafion solutions for 30 min. Then the suspension
was deposited on a glassy carbon electrode. The Pt loading of PtCu
NSs/C, PtCu NPs/C and Pt/C(JM) were 18.9 lg/cm2, and 20.4 lg/
cm2, 20.9 lg/cm2, respectively. The absolute amount of catalysts
and Pt are shown in the Supplementary Material.

The catalysts were first subject to cyclic voltammetry (CV) scans
between 0 and 1.2 V at 100 mV/s in N2-saturated 0.1 M HClO4 until
a stable CV obtained (typically 200 cycles) before measuring the
oxygen reduction reaction (ORR). ORR measurements were con-
ducted in a 0.1 M HClO4 solution filled with oxygen during the
measurement. The sweep rate for ORR measurement was 50 mV/
s. The ORR polarization curves were recorded by LSV at the scan
rate of 10 mV/s in a O2-saturated 0.1 M HClO4 solution with the
GC-RDE rotating at 1600 rpm. The accelerated durability tests
(ADTs) of catalysis were performed in a O2-staturated 0.1 M HClO4

solution by applying cyclic potential sweeps between 0.6 and 1.0 V
at 100 mV/s for 10,000 cycles. Both the calculation equations for
electrochemically active surface area (ECSA) and the mass activity
of Pt are present in the Supplementary Material.

HER polarization curves were recorded by LSV at a sweep rate of
5 mV/s in 0.5 M H2SO4 solution. The durability of catalysts for HER
was conducted by cycling the potential between �0.1 and 0.2 V at
100 mV/s for 5000 cycles. All polarization curves were iR-
compensated. The iR-compensated potential was obtained after
the correction of solution resistance measured following the equa-
tion: Ecorr = E–iR, where E is the original potential, R is the solution
resistance (7.9X in 0.5 M H2SO4), i is the corresponding current,
and E corr is the iR-compensated potential. The detailed iR-
compensated process is shown in the Supplementary Material.
The double layer capacitance (Cdl) was measured by cyclic voltam-
metry curves with sweep rates of 20, 40, 60, 80, 100 and 120 mV/s.
3. Results and discussion

3.1. Electrocatalyst characterizations

As shown in Fig. 1A, PtCu NSs can be synthesized in two steps:
first, CoCuO nanowires (NWs) form hydrothermally in the pres-
ence of Co, Cu precursors and urea. Second, the mixing solution
of CoCuO NWs, ascorbic acid and H2PtCl6�6H2O is vigorously stirred
for 5 h at 50 �C to generate PtCu NSs. The mechanism of the trans-
formation from 1D NWs to 3D NSs can be described as follows: at
the beginning of the reaction, chloroplatinic acid reacts with the as
prepared CoCuO NWs to form Co2+ and Cu2+ ions. It is well-known
that the redox potential of Cu2+ and PtCl42� (PtCl62� + 2e? PtCl42�+2-
Cl�) is + 0.342 V and + 0.758 V, respectively, which is much higher
than that of Co2+ (-0.28 V). For this reason, Cu2+ and Pt2+ are more
reductive than Co2+. So Cu2+ and Pt2+ ions can be reduced by ascor-
bic acid (AA) at 50 �C and cohere to form PtCu alloy NSs, while the
Co2� ions cannot be reduced in the same synthesis process, and
then are removed after washing. Here, it is worth noting that
CuCoO nanowires play a double role during the reaction. First, it
supplies the Cu source for the PtCu alloy. Second, based on the col-
our change as shown in Fig. S1, the Cu ions in Cu(NO3)2 cannot be
reduced at 50 �C. Thus, it slowly controls the kinetics of Cu ion
reduction in 5 h reaction time. Hence, we chose CuCoO nanowires
as the Cu source.

X-ray diffraction (XRD) patterns of Pt/C, PtCu NSs and PtCu NPs
are present in Fig. 1B and Fig. S2. By comparison with the standard
Pt pattern, the peaks located at 39.8�, 46.3 �C, 67.7�, 81.6� can be
assigned to the (1 1 1), (2 0 0), (2 2 0) and (3 1 1) planes of Pt,
respectively. In the case of PtCu NSs, the Pt (1 1 1) diffraction peak
appears at 40.2� with a positive shift compared with Pt/C (39.8�);
no peaks are related to pure Cu or its oxides in Fig. 1B, indicating
a contraction of the lattice by incorporation of Cu atoms into the
fcc structure of Pt due to the formation of alloys [27]. It also proves
that the as prepared sample is PtCu alloy, not a mixture of Pt and
PtCu alloy.

X-ray photoelectron spectroscopy (XPS) was used to examine
the composition and valence state of the alloyed PtCu NSs/C. As
presented in Fig. 1C and Fig. S3, the peaks at 71.49 eV, 284.7 eV,
533.02 eV and 932.5 eV are attributed to the Pt 4f, C1s, O1s and
Cu 2p signal, respectively, demonstrating the presence of Pt, Cu,
C and O atoms. According to the XPS data, the atom ratio of Pt to
Cu on the surface of PtCu NSs is about 76:24. But from inductively
coupled plasma optical emission spectrometry (ICP) measure-
ments over a large area, it reveals an atomic ratio of Pt and Cu
69:31. This indicates that the alloyed PtCu NSs have a Pt-rich outer
surface [18]. Among them, the C and O elements could predomi-
nantly come from the XC-72 carbon as the support. The chemical
state of Pt in PtCu NSs is shown in Fig. 1D. The asymmetric Pt 4f
core shell (CL) spectrum can be deconvoluted into two pairs of



Fig. 1. (A) Schematic presentation of the formation process of PtCu nanospheres (NSs). (B) X-ray diffraction patterns of Pt/C, PtCu NSs/C. (C) XPS survey-scan of spectrum of
PtCu NSs/C. (D) XPS spectrum of Pt 4f and (E) Cu 2p for PtCu NSs/C.
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doublets due to the presence of Pt (0) and Pt (II). The Cu 2p spec-
trum (Fig. 1E) exhibits that although most of Cu atoms are in the
form of metallic Cu (0) (932.3 eV), a weak signal from Cu (II)
(934.78 eV) is also detected. A Pt 4f spectrum of Pt/C and PtCu
NPs is further presented in Fig. S4. It is clearly seen that the Pt
4f7/2 peaks (Pt0) of the PtCu NS catalysts shift to a lower binding
energy compared to that of the Pt/C and PtCu NP catalysts. After
alloyed with Cu atoms, the negative shift of the Pt 4f CL binding
energy in PtCu NSs (Table S1) indicates a downshift of the d-
band center, leading to a decreased electron back-donation from
the Pt 5d orbital and consequently accelerated ORR [28–31].

Fig. S5 shows a scanning electron microscopy (SEM) image of
CuCoO NWs. The SEM image of as synthesized PtCu NSs in
Fig. S6 confirms the spherical morphology. To further explore the
detailed structure of PtCu NSs, transmission electron microscope
(TEM) and high resolution transmission electron microscope
(HRTEM) observations were performed. The low magnification
high angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) image of Fig. 2A shows some PtCu
NSs with a diameter of 40–100 nm, and the corresponding selected
area electron diffraction (SAED) pattern (Fig. 2B) exhibits high
degree of crystallinity and can be indexed based on a fcc lattice.
Fig. 2C displays a rough surface of NSs. The high resolution
HAADF-STEM image (Fig. 2D) and the corresponding FFT pattern
(Fig. 2D inset) demonstrate that PtCu NSs consist of a large number
of single crystal NPs. Namely, the PtCu NSs are assembled with
small NPs which are connected each other to form a network.
The EDX elemental maps (Fig. 2E–G) exhibit the distribution of
Cu and Pt, suggesting an alloying structure of PtCu NSs. All these
experimental data from XRD, TEM and XPS prove the successful
synthesis of PtCu NSs.
3.2. Hydrogen evolution reaction of PtCu NSs

The electrocatalytic activity of PtCu NSs/C, Pt/C and PtCu NPs/C
catalysts toward HER in 0.5 M H2SO4 solutions was investigated. As
presented in Fig. 3A, PtCu NSs/C shows excellent HER activity with
an ultralow onset potential at 2 mA/cm2 as low as 18 mV (vs. RHE).
At a current density of 10 mA/cm2, its overpotential is only
26.8 mV, while they are as high as 32.0 mV and 35.8 mV for PtCu
NPs/C and commercial Pt/C, respectively, demonstrating that PtCu
NSs/C has outstanding HER electrocatalytic properties, which is
also superior to most Pt based catalysts recently reported
(Table S2). As displayed in Fig. S7, PtCu NSs/C presents a higher
double-layer capacitance (Cdl � 11.7 mF cm2) than PtCu NPs/C
(Cdl � 10.4 mF cm2) and Pt/C (Cdl � 9.8 mF cm2), indicating large
intrinsic electrochemical active surface area.

As displayed in Fig. 3B, the Tafel slope of PtCu NSs/C (28.4 mV/
dec) is lower than that of Pt/C (32.1 mV/dec) and PtCu NPs/C
(30.1 mV/dec). Furthermore, as shown in Fig. 3C, normalized to
the Pt loading, at an overpotential of 0.03 V, the HER mass activity
of PtCu NSs/C is 1.08 A/mgPt, which is 7.2 and 4 times higher than
that of PtCu NPs/C (0.27 A/mgPt) and Pt/C (0.15 A/mgPt),
respectively.

The HER stability of PtCu NSs/C, Pt/C and PtCu NPs/C was also
investigated. For PtCu NPs/C, after continuous CV cycles for 5000
cycles in 0.5 M H2SO4 at a sweep rate of 100 mV/s between
�0.1 V and 0.2 V, it presents an almost unchanged behavior
(Fig. 3D). The time-dependent overpotential curve of PtCu NSs/C
at a static current density of 10 mA/cm2 for 10 h (Inset diagram
in Fig. 3D,) also confirms its excellent stability with the long-
term HER electrochemical processes. On the contrary, for PtCu
NPs/C and Pt/C, the potential cycling causes an obvious negative



Fig. 2. (A) Low magnification HAADF-STEM image. (B) SAED pattern of the whole area in (A). (C) high magnification HAADF-STEM image of the area indicated by the red box
in (A). (D) high resolution HAADF-STEM image of the area indicated by red box in (C) and corresponding FFT pattern of the whole area (inset). (E-G) corresponding EDX
elemental maps of the whole area in (D): Cu (red) and Pt (green).

Fig. 3. HER performances of Pt/C, PtCu NPs/C and PtCu NSs/C catalysts in 0.5 M H2SO4. (A) HER LSV curves of Pt/C, PtCu NPs/C and PtCu NSs/C (Normalized to Pt loading). The
insert diagram is the overpotential of the catalysts. (B) Corresponding Tafel curves obtained from the polarization lines in figure A. (C) Mass activity of Pt/C, PtCu NPs/C and
PtCu NSs/C (Normalized to Pt loading). (D) LSV polarization curves of PtCu NSs/C before and after 5000 cycles (Normalized to Pt loading); the insert diagram is time-
dependent overpotential curve of PtCu NSs/C at a static current density of 10 mA cm�2 for 10 h.
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shift of the potential (3 mV) and (13.1 mV) at 10 mA/cm2 (Fig. S8
and S9). The lower stability of the Pt/C catalysts is due to the weak
interaction between the supported Pt particles and the carbon sub-
strate, resulting in a detachment and/or agglomeration of Pt NPs
[32,33].
3.3. Oxygen reduction reaction of PtCu NSs

The ORR performance of the catalysts was evaluated in a 0.1 M
HClO4 solution. As exhibited in Fig. 4A, by calculating the charge
formed during the hydrogen adsorption/desorption processes,
PtCu NSs/C and PtCu NPs/C catalysts possess electrochemically
active surface area (ECSA) of 73.9 and 65.9 m2/gPt, respectively,
higher than that of commercial Pt/C (62.4 m2/gPt).

Fig. 4B shows the ORR polarization curves of the catalysts in an
O2-saturated 0.1 M HClO4 solution at a sweep rate of 10 mV/s and a
rotation rate of 1600 rpm. The PtCu NSs/C catalyst displays an ORR
onset potential of 0.978 V, higher than that of Pt/C (0.968 V). The
half-wave potential (DE1/2) of PtCu NSs/C and PtCu NPs/C is
0.893 V and 0.881 V (vs. RHE), respectively, corresponding to
30 mV and 18 mV positive shifts compared with that of commer-
cial Pt/C (0.863 V). To evaluate the intrinsic ORR activity of the cat-
alysts, their mass activity and specific activity at 0.9 V (vs. RHE)
were compared. PtCu NSs/C presents a remarkably high mass
activity of 0.42 A/mgPt at 0.9 V, about 3.2 and 2.1 times higher than
that of Pt/C (0.13 A/mgPt) and PtCu NPs/C (0.20 A/mgPt), respec-
tively. In addition, PtCu NSs/C also exhibits an outstanding specific
activity (0.57 mA/cm2), which is 2.7 times and 1.8 times higher
than that of Pt/C (0.21 mA/cm2) and PtCu NPs/C (0.31 mA/cm2).
Table S3 lists the ORR activity parameters of Pt based ORR catalysts
in acidic media. Interestingly, the 3D PtCu NSs developed in this
study exhibit favorably high activity compared with the most PtCu
catalysts as reported recently. As presented in Fig. S7, the Tafel
slope (79.2 mV/dec) of PtCu NSs/C is lower than that of Pt/C
(83.3 mV/dec) and PtCu NPs/C (88.6 mV/dec), suggesting much fas-
Fig. 4. (A) Cyclic voltammetry curves of PtCu NSs/C, PtCu NPs/C and Pt/C catalysts in N2-
NSs/C, PtCu NPs/C and Pt/C catalysts in O2-saturated 0.1 M HClO4 solutions at sweep rate
and commercial Pt/C (inset) before and after 10,000 cycles. (D) Mass activity of Pt/C and
normalized to Pt loading.
ter electron transfer rate and superior ORR activity compared to Pt/
C.

The stability of the catalysts was explored by accelerated degra-
dation tests (ADT). The ORR polarization curves for PtCu NSs/C and
Pt/C catalysts are shown in Fig. 4C. After 10,000 potential cycles,
only a small decline of DE1/2 can be observed for PtCu NSs/C, com-
pared with 27 mV for commercial Pt/C. The mass activity calcu-
lated from the ORR polarization curves before and after ADT is
also used to characterize the stability of the electrocatalytic activ-
ity: the mass activity of Pt/C and PtCu NSs/C catalysts decreases to
0.07 and 0.37 A/mgPt, corresponding to about 48% and 13% of their
original values (Fig. 4D), respectively. Based on the above results, it
is clearly shown that the PtCu NSs/C catalyst possesses greatly
improved durability.

This remarkable enhancement in ORR activity for PtCu NSs can
be attributed to the following reasons: (1) Due to the Pt-rich outer
surface structure, more active sites of Pt exposed in the sphere
structure facilitate the dissociation of O2, thus leading to dramati-
cally enhanced ORR performance with an increased utilization of
Pt; (2) More Cu is introduced into PtCu NSs, promoting a lattice
contraction and a downshift of the d-band [34]; (3) Compared to
0D nanoparticle, the PtCu NSs in this work are composed of
nanoparticles connected each other with a large number of voids
inside, providing more catalytic active sites and mass transfer pas-
sages [7,35].

The morphology and composition of PtCu NSs were character-
ized after ADT test. As shown in Fig. S11A–D, the NSs still contain
Pt and Cu elements. The line-profile analysis using STEM-EDS along
one PtCu NS (Fig. S11E) further confirms that Cu is concentrated in
the core region with a Pt-rich surface.

As to the origin of the dramatically enhanced lifetime, at least
three main aspects are proposed: (1) the Pt located in surface layer
of the PtCu alloy has a very solid structure, as a result of the surface
compressive strain; (2) At the same time, the Cu dissolution from
the subsurface regions of the nanoshperes is considerably blocked
owing to formation of the Pt surface layer for the PtCu alloy
saturated 0.1 M HClO4 solutions with a sweep rate of 50 mV/s. (B) ORR LSVs of PtCu
of 10 mV/s and rotation rate of 1600 rpm. (C) ORR polarization curves of PtCu NSs/C
PtCu NSs/C catalysts before and after 10,000 cycles for ORR at 0.9 V vs. RHE. All are



Fig. 5. Model of oxygen adsorbed on Pt (1 1 1) (A) and PtCu (1 1 1) (B). (C-D) The possible hydrogen adsorbed structures on the Pt (1 1 1) and (B) PtCu (1 1 1) (E) PDOS of d
orbitals of Pt (1 1 1) and PtCu (1 1 1). The calculated d-band centers are marked with lines. (F) Free energy diagram for hydrogen evolution at Pt(1 1 1) and PtCu(1 1 1).
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[36,37]; (3) Due to the rough sphere structure, the interaction
between NSs and carbon supports is stronger than that of Pt/C, ren-
dering a much high stability [38,39].

3.4. Mechanism analysis toward the high catalytic performance of
PtCu NSs

DFT calculations were carried out to forecast the catalytic activ-
ity for Pt-Cu catalysis. The enhanced O2 adsorption energy and the
weakened OAO bond result in a fast scission of the OAO bond, sub-
sequently enhancing the O2 reduction performance [31,36]. The
high O2 adsorption energy indicates that the O2 coverage on the
surface of catalyst is enhanced [40]. According to the model pre-
sented in Fig. 5A,B, the O2 adsorption energy (DEO2) and the OAO
bond on Pt-Cu (1 1 1) slabs are 1.37 eV and 1.36 Å, respectively,
larger than that of Pt (1 1 1) slabs (1.36 eV, 1.34 Å). Therefore Pt
alloying with Cu can facilitate the ORR performance.

The d-band center is another important parameter for evaluat-
ing the ORR performance. The down-shifted d-band center of Pt
makes the adsorption energies of surface species (such as OHads)
decrease, resulting in a lower coverage of such species on catalyst
surfaces and more available active sites for oxygen dissociation
which increases the ORR activity of Pt [41–44]. As shown in
Fig. 5E, the d-band center of pure Pt (�2.60 eV) downshifts to
�2.62 eV after alloying with Cu.

It is well known that an active HER catalyst would necessarily
have the free energy of hydrogen adsorption GH* as close to 0 as
possible [45]. After calculating GH* on Pt (1 1 1) and PtCu (1 1 1)
planes (Fig. 5C,D), we found that the GH* on a PtCu (1 1 1) surface
(�0.09 V) is much smaller than that on Pt (1 1 1) (�0.12 V), even
closer to 0 than that of Pt(1 1 1) (Fig. 5F). This suggests that the
adsorbed hydrogen energy of PtCu is neither too weak nor too
strong, making it possible possess a high activity for HER [46].
4. Conclusion

3D PtCu nanospheres (NSs) consisting of nano-single crystal
particles were successfully synthesized by a simple, cost-
effective, aqueous solution method. The obtained PtCu NSs with
a Pt-rich surface structure, exhibited a greatly catalytic activity
and durability toward both HER and ORR in acidic media compared
to the commercial Pt/C catalyst (7.2-folds improvement in mass
activity at 30 mV for HER, and 3.2-folds enhancement in mass
activity at 0.9 V for ORR). The unique 3D structure and the alloying
effect account for the significant improvement of the electrocat-
alytic performance of the PtCu NSs. Our work provides a promising
approach to designing highly active and stable next-generation
catalysts with a substantial reduction in Pt amount.
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