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tetradecahedrons as an efficient electrocatalyst
toward methanol oxidation†

Ruopeng Zhao,‡ab Gengtao Fu, ‡d Zhijing Chen,a Yawen Tang, *c
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Various bimetallic hollow structures have been widely reported in literature for their excellent catalytic per-

formance. However, researchers still face challenges in tailoring the structures by an efficient and econom-

ical method. Herein, we reported a novel, facile and efficient synthetic strategy to synthesize platinum–

copper alloy tetradecahedrons (Pt–Cu TNs) with hollow structures by using tetradecahedral Cu2O as a

starting template; we also controlled the thickness of the shell and Pt/Cu ratio. The structure and the for-

mation mechanism of Pt–Cu TNs were investigated in detail. Such Pt–Cu TNs exhibited significantly en-

hanced activity, stability and CO tolerance ability for the methanol oxidation reaction (MOR) compared with

a commercial Pt black catalyst. This can be attributed to their higher specific surface area, easy access for

reactants to the catalyst surface, rough surfaces, and the synergistic effect between Pt and Cu.

Introduction

To meet the energy demands in the future, fuel cells, espe-
cially direct methanol fuel cells (DMFCs), have received exten-
sive attention in recent decades owing to their significant ad-
vantages of high energy conversion efficiency, convenient fuel
storage, fuel safety, low operation and low pollutant
emissions.1–8 The efficiency of DMFCs greatly depends on the
electrocatalyst of the anode that operates the methanol oxida-
tion reaction (MOR).9,10 Even though platinum (Pt) is the
most common electrocatalyst employed for MOR, its scarcity,
high cost and poor anti-CO poisoning limit its wide applica-
tions. Therefore, it is important to develop high-performance
and cost-effective alternatives for the anode catalyst for MOR.

A large number of literatures have reported that Pt alloyed
with a nonprecious metal not only decreases the usage of Pt
but also significantly enhances its catalytic activity through the

electronic effect and the synergistic effect between different
components.11–17 In addition to composition, the control of
morphology and structure also provides an important route to
tailor the catalytic properties.18–23 Among various well-defined
Pt-based materials, Pt-based nanocrystals with hollow features
such as cages and frames have attracted considerable attention
due to their high specific surface area, good stability and supe-
rior connectivity.24–27 More specifically, a hollow structure can
reduce the usage of precious Pt and resistance to form close-
packed structures. The collision frequency between active
species and reaction sites can be increased for its superior
connectivity, leading to enhanced catalytic performance.28

Inspired by such advantages, various strategies including
chemical etching, galvanic displacement and Kirkendall ef-
fect have been employed for the design and synthesis of hol-
low Pt-based nanostructures. For instance, Xia and co-
workers synthesized hollow Pt–Ag alloy nanocages through a
galvanic replacement reaction using Ag as the template.29

Shen and co-workers prepared concave Pt–Cu octopod nano-
frames by the stirring-assisted solvothermal method with
cetyltrimethylammonium bromide as a surfactant and a
structure-directing agent at a high temperature.30 Huang and
co-workers achieved Pt–Ni nanoframes in an organic solution
system at a high temperature.31 Linic and co-workers applied
a light-mediated method to synthesize hollow Ag–Pt alloy
structures.32 However, the above catalysts were prepared in
extreme conditions such as high temperatures, high-energy
gamma radiation or organic solution systems for the intrinsic
immiscibility of metals, which are neither environmentally
friendly nor cost-effective. Therefore, the development of a
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facile synthetic method to produce Pt-based alloys with well-
defined hollow/porous structures is still highly desired.

Herein, we reported a novel strategy for the fabrication of
Pt–Cu alloy tetradecahedrons (Pt–Cu TNs) with a hollow inte-
rior and a porous surface structure. More specifically, Cu2O
particles with a regular shape were used as the foundation
template. As H+ species were introduced into the solution,
Cu2O particles rapidly produced Cu atoms for the dispropor-
tionation reaction. Meanwhile, the Pt precursor was instanta-
neously reduced by Cu atoms. Owing to the quick reduction,
the morphology was retained well. The novelty of our ap-
proach is described as follows: (I) our catalyst is produced in
an aqueous solution and at an ambient temperature, which
are environmentally friendly and meet the economical re-
quirements in the actual production. (II) The shape of the sac-
rificial template (Cu2O) provides controllability over the size
and the shape of final hollow products; Cu2O with various
shapes and sizes can be easily synthesized. (III) No additional
reducing agent is introduced. (IV) The thickness of the shell
and the component ratio in Pt–Cu TNs can be conveniently
regulated (more details have been shown in the Results and
discussion section). (V) This versatile strategy may open the
avenue to the rational design of bimetallic Cu–M (M: Pd, Au,
Co, etc.) hollow structures for various applications.

Experimental
Reagents and chemicals

CopperĲII) chloride dehydrate (CuCl2·2H2O), chloroplatinic acid
hexahydrate (H2PtCl6·6H2O), potassium hexachloroplatinate
(K2PtCl6), and sodium hydroxide (NaOH) were purchased from
Shanghai McLean Biochemical Technology Co., Ltd. Poly-
vinylpyrrolidone (PVP, K29-32) and ascorbic acid (AA) were pur-
chased from Aladdin Reagent Co., Ltd. Pt black was purchased
from Johnson Matthey Chemicals Ltd. Other reagents were of
analytical grade and used without further purification.

Preparation of Cu2O tetradecahedrons

Cu2O tetradecahedrons were synthesized according to a previ-
ously reported procedure.33 Briefly, one mmol of CuCl2·2H2O
and 4.5 g of PVP were dissolved into 100 mL of deionized wa-
ter. Then, 10 mL aqueous solution containing 20 mmol NaOH
was added dropwise into the above solution with continuous
stirring. After 0.5 h, 10 mL aqueous solution containing 6
mmol of AA was further added into the mixed solution. Finally,
the solution was aged for at least 3 h. The whole procedure was
carried out in a water bath at 55 °C. The resulting products
were washed with deionized water by centrifuging repeatedly to
remove the residual ions and polymer and then dried in vac-
uum at 50 °C for further use (for 5 h).

Preparation of hollow platinum–copper tetradecahedrons
(Pt–Cu TNs)

To prepare Pt–Cu TNs, 0.17 mmol of Cu2O tetradecahedrons
was dispersed in 250 mL of deionized water with 0.05 g PVP by

ultrasonic vibration for 30 min. Then, 0.5 mL of 50 mM
H2PtCl6 was sequentially dropped into the above solution. The
colour of the solution turned from orange to dark black in 5
minutes, indicating the formation of Pt–Cu TNs. Finally, the
resulting products were centrifuged and washed with deionized
water several times. Finally, the products were dried in vacuum
at 50 °C for further use and characterization (for 5 h).

Physical characterization

The morphology and the surface structure of the products
were characterized by a JEOL JEM-2100F transmission
electron microscope (TEM) and a JSM-2010 scanning electron
microscope (SEM). High-resolution TEM (HRTEM), high an-
gle annular dark-field scanning transmission electron micros-
copy (HAADF-STEM), and energy dispersive X-ray (EDX) ele-
mental mapping were performed on a JEOL JSM-7600F
microscope equipped with an EDAX X-ray detector. The sam-
ples were prepared by dropping the catalyst dispersion in de-
ionized water on a carbon film coated on a molybdenum grid
(300 mesh). The composition and the crystal structure of the
products were investigated by a Leeman inductively coupled
plasma atomic emission spectrometer (ICP-AES), a model D/
max-rC X-ray diffractometer (XRD) and an AXIS ULTRA DLD
X-ray photoelectron spectroscope (XPS). Nitrogen adsorption–
desorption isotherm (BET) experiment was performed on a
Micromeritics ASAP 2020 instrument.

Electrochemical measurements

All electrochemical experiments were performed in an all-
Teflon three-electrode cell by using a CHI 660 E electro-
chemical analyser (CH Instruments, Shanghai, Chenhua Co.).
In particular, a catalyst-modified glassy carbon electrode (3
mm diameter, 0.07 cm2) was used as the working electrode, a
platinum wire was used as the auxiliary electrode and an Ag/
AgCl electrode was used as the reference electrode. The work-
ing electrodes were prepared as follows: the catalyst ink was
prepared by sonicating the catalyst powder in deionized water
at 2 mg mL−1 for at least 30 min. Then, the catalyst ink was
irradiated with UV irradiation (185 and 254 nm) in air for 4 h
to remove the capping agents (i.e., PVP). Then, 6 μL of the
resulting suspension was dropped onto the surface of the
glassy carbon electrode. After drying, 2 μL of the Nafion solu-
tion (5 wt%) was laid on the surface of the modified electrode
and dried again. Cyclic voltammetry (CV) measurements were
carried out in an N2-saturated 0.5 M H2SO4 aqueous solution.
The methanol oxidation reaction (MOR) experiments were
performed in an N2-saturated 0.5 M H2SO4 solution with 1 M
CH3OH.

Results and discussion
Characterization of hollow Pt–Cu alloy tetradecahedrons

For the synthesis of hollow Pt–Cu TNs, the starting template
Cu2O was initially synthesized by an aqueous reduction
method reported in literature.33 The transmission electron
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microscopy (TEM, Fig. 1a) and scanning electron micros-
copy (SEM, Fig. 1b) images of the as-prepared Cu2O present
uniform tetradecahedral morphology with an average size of
∼400 nm. In Fig. 1a, two different shapes (quadrate and
hexagon) are observed owing to different visual angles. TEM
observation reveals a solid internal structure. SEM image
shows Cu2O templates with smooth surfaces (Fig. 1b). The
X-ray diffraction (XRD) pattern confirmed the formation of
the Cu2O phase (Fig. 1c). Subsequently, the obtained Cu2O
tetradecahedrons were ultrasonically dispersed in aqueous
solutions. Then, an H2PtCl6 solution was added dropwise
into the above Cu2O solution. The products could be
quickly generated in five minutes. According to the XRD
pattern, Pt–Cu TNs display the characteristics of an fcc
structure (Fig. 1d). The diffraction peaks of Pt–Cu TNs were
located between those of fcc Cu (JCPDS no. 04-0836) and
fcc Pt (JCPDS no. 04-0802). Moreover, no other characteristic
peaks such as the peaks of pure Pt, Cu or their oxides were
observed, indicating the formation of the Pt–Cu alloy. To
study the surface electronic state, X-ray photoelectron
spectroscopy (XPS) was performed. As shown in Fig. S1,† the
Pt 4f binding energy (4f5/2 = 72.83 eV; 4f7/2 = 69.2 eV) of Pt–
Cu TNs negatively shifts as compared to that of the stan-
dard bulk Pt (4f5/2 = 73.46 eV; 4f7/2 = 70.15 eV).34 The nega-
tive shift of the Pt 4f binding energy was due to the differ-
ent electronegativities of Pt (2.28) and Cu (1.90), which
resulted in the electron withdrawal from Cu to Pt atoms in
their alloy. The abundant electrons of Pt in Pt–Cu TNs may
hinder the electron donation from CO and therefore may
improve the anti-CO adsorption and the stability in
MOR.35,36 N2 adsorption–desorption analysis showed that
Pt–Cu TNs have a high surface area of 69 m2 g−1. The iso-
therm exhibited type IV behaviors, indicating the presence
of a porous structure in Pt–Cu TNs (Fig. S2†).37,38

The morphology and structure of Pt–Cu TNs were further
characterized by SEM and TEM. As indicated by the SEM im-
age in Fig. 2a, Pt–Cu TNs have uniform size distribution. The
inset image shows that Pt–Cu TNs have a hollow core. The

TEM image of the products displays rough surfaces with a
significantly hollow core of about 375 nm and a thin shell of
about 25 nm. These factors may facilitate the mass transfer
of reactants between their inner space and the surrounding
medium. Please note that various shapes were observed ow-
ing to different viewing angles, as indicated in Fig. 2b. A
hexagon-shaped structure can be observed from the side
view, while a quadrate shape is observed from the top view.
Fig. 2c and d show the high-resolution TEM (HRTEM) images
of Pt–Cu TNs. As observed, the rough surfaces display numer-
ous atomic steps, edges and corner atoms marked by the red
line, which can endow Pt–Cu TNs with more exposed active
sites. A continuous lattice fringe pattern is also observed with
a fringe interval of ca. 0.216 nm. It should be noted that the
fringe interval was slightly smaller than that of the (111) facet
of the face-centered cubic (fcc) Pt crystal (0.226 nm). The re-
sult not only confirmed that Pt–Cu TNs have dominant (111)
facets but also indicated the formation of the Pt–Cu alloy.39

In addition, the selected-area electron diffraction (SAED) im-
age shows that Pt–Cu TNs are polycrystalline (Fig. S3, ESI†).
To study the composition of Pt–Cu TNs, EDX and ICP-AES
techniques were used. According to the EDX results (Fig.
S4†), the Pt : Cu atomic ratio was estimated to be 48.6 : 51.4,
which was in good agreement with the result from ICP-AES
analysis (49.7 : 50.3). The EDX elemental mapping and EDX
line scanning profiles were obtained to get more details of
the elemental distribution in Pt–Cu TNs. The elemental

Fig. 1 (a) TEM and (b) SEM images of Cu2O tetradecahedrons; (c) XRD
pattern of Cu2O tetradecahedrons; (d) XRD pattern of Pt–Cu TNs.

Fig. 2 (a) SEM image of Pt–Cu TNs. Inset: SEM image of an individual
Pt–Cu TN with a broken shell; (b) TEM image and geometric models of
an individual Pt–Cu TN imaged at different visual angles; (c and d)
magnified HRTEM images of Pt–Cu TNs; (e) HAADF-STEM image and
EDX elemental mapping patterns of Pt–Cu TNs.
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mapping results (Fig. 2e) showed that Pt and Cu atoms were
homogenously distributed and highly overlapped, suggesting
a high alloying degree for Pt–Cu TNs. Furthermore, the EDX
line scanning profiles demonstrated that Pt–Cu TNs are Cu-
rich (Fig. S5†), which was consistent with the EDX and ICP-
AES results.

Formation mechanism of hollow Pt–Cu TNs

To investigate the formation mechanism of Pt–Cu TNs, time
sequential evolution experiments were carried out (Fig. 3). A
completely solid nanostructure was observed before the reac-
tion, which transformed into a mesoporous and hollow struc-
ture in 1 min. Meanwhile, the surface of the particle became
more and more rough. After 5 min, an entirely hollow struc-
ture appeared.

In addition, control experiments were carried out to con-
firm the growth mechanism of Pt–Cu TNs. The roles of H+

and PVP species in the reaction were primarily examined.
When H2PtCl6 was replaced by K2PtCl6, no significant reac-
tion was observed. Meanwhile, sediments could be clearly ob-
served without PVP's addition in the reaction process. There-
fore, we expect that H+ and PVP acted as the inductive agent
and the stabilizing agent, respectively.

Cu2O + 2H+ = Cu + Cu2+ + H2O (1)

2Cu + PtCl6
2− = Pt + 2Cu2+ + 6Cl− (2)

3Cu2O + 6H+ + PtCl6
2− = Cu + Pt + 5Cu2+ + 3H2O + 6Cl− (3)

Based on the experimental results, we proposed a possible
mechanism for the formation of Pt–Cu TNs, as shown in
Fig. 4. It is well-known that Cu+ easily exerts a disproportion-
ation reaction at room temperature (eqn (1)). With the addi-
tion of H2PtCl6, the disproportionation reaction was immedi-
ately triggered. Due to the occurrence of the replacement
reaction, Cu atoms were rapidly oxidized by PtCl6

2− in situ

(eqn (2)) because the standard reduction potential of PtCl6
2−/

Pt (0.74 V vs. RHE) is significantly more positive than that of
Cu2+/Cu (0.34 V vs. RHE). In addition, their morphology and
structure were retained owing to the in situ reduction. To un-
derstand the mechanism more easily, the overall reaction
(eqn (3)) is presented based on the reactions given in eqn (1)
and (2). The formation of one Pt atom consumed three Cu2O,
which resulted in redundant vacancies on the surface of Pt–
Cu TNs, as verified by BET. Moreover, one Pt atom was gener-
ated along with one Cu atom, coinciding with EDX and ICP-
AES results. Overall, Cu2O was gradually replaced by H2PtCl6,
forming the Pt–Cu alloy on the surface and generating the
hollow structure.

Moreover, we tried to regulate the Pt : Cu ratio in Pt–Cu
TNs. In the experiment, we replaced H2PtCl6 with K2PtCl6 and
then, excess H+ was added to ensure the completion of the re-
action. According to EDX results (Fig. S6†), the Pt proportion
in Pt–Cu TNs increased with continuous addition of K2PtCl6.
Amazingly, we found that the thickness of the shell also in-
creased until the hollow structure disappeared (Fig. 5). This
showed that we could conveniently control the thickness of
Pt–Cu TNs.

Furthermore, when the ratio of K2PtCl6 with Cu2O in the
reaction solution was adjusted to below 1 : 2, the copper
atoms could not be completely consumed. The remaining Cu
atoms alloyed with the Pt atoms in situ with various ratios

Fig. 3 (a) Geometric models, (b) TEM images and (c) SEM images of
Pt–Cu TNs collected at different growth stages: 0 min, 1 min, 2 min, 5
min. Fig. 4 Schematic illustration for the formation of Pt–Cu TNs.
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(Fig. 5a–c). Cu2O in the middle part progressively collapsed
due to the addition of excess H+. Finally, a hollow alloy struc-
ture was formed. However, as the ratio of K2PtCl6 with Cu2O
in the reaction solution reached 1 : 2 (2Cu2O + 4H+ + PtCl6

2+ =
4Cu2+ + Pt + 2H2O + 6Cl−), the product displayed a porous Pt
tetradecahedron (Fig. 5d) because the Cu atoms were
completely consumed in situ during the reaction.

Catalytic activity

The electrochemical properties of Pt–Cu TNs were first inves-
tigated by cyclic voltammetry (CV) in a 0.5 M H2SO4 solution
(Fig. 6a). By measuring the adsorption charge of hydrogen,
ECSA of Pt–Cu TNs was determined to be 42.0 m2 gPt

−1, which
was much higher than the value of Pt black (16.9 m2 g−1); this
may be ascribed to the hollow and porous structure. Then,
the methanol oxidation reaction (MOR) was applied to evalu-
ate the electrocatalytic performance of Pt–Cu TNs and Pt
black. More specifically, the electrocatalytic performance of
these catalysts was investigated by CV in an N2-saturated so-
lution containing 1 M CH3OH and 0.5 M H2SO4 using the
same Pt loading. Compared with the observations for Pt
black, the oxidation peak potential (Fig. 6b) and the onset ox-
idation potential of methanol (left inset pattern in Fig. 6b) on
Pt–Cu TNs negatively shifted ca. 51.8 and 24.0 mV, indicating
improved reaction kinetics. Furthermore, the mass activity
(i.e., the currents are normalized to the metal mass) and the
specific activity (i.e., the current is normalized to ECSA of
electrocatalysts) are generally taken as indexes to evaluate the
activity of electrocatalysts. As shown in Fig. 6b and c, the
peak current densities of mass activity (0.88 A mgPt

−1, Fig. 6b)
and specific activity (2.5 mA cm−2, Fig. 6c) of Pt–Cu TNs are

3.7 and 1.8 times higher than those of Pt black (0.24 A mg−1

and 1.4 mA cm−2, respectively). Significantly, compared with
previously reported catalysts (shown in Table S1†), Pt–Cu TNs
have better activity. Then, as shown by the Tafel plots of the
catalysts in Fig. 6d, both curves exhibit a good linear relation-
ship in the lower current region. Furthermore, Pt–Cu TNs
displayed a higher output current than Pt black under the
same output voltage. These results suggested that MOR oc-
curring at Pt–Cu TNs has a faster kinetic rate. The TOF value,
which gives the moles of methanol molecules converted per
Pt surface site per second, was further calculated according
to the equation TOF = ik/neNs.

40 In Fig. 6e, the TOF results of
Pt–Cu TNs display a higher value than those of Pt black,
which verifies the improved electrocatalytic efficiency of Pt–
Cu TNs. Clearly, the as-prepared Pt–Cu TNs showed competi-
tive electrocatalytic activity for MOR.

The outstanding enhanced electro-catalytic activity of Pt–
Cu TNs can be ascribed to the following aspects: (1) the hol-
low structure provides a high specific surface area (as verified
by BET) and easy access for reactants.41,42 (2) The rough sur-
faces possess a large number of atomic steps, edges and cor-
ner atoms and offer abundant catalytic sites.34 (3) The alloy
effect (ensemble effect) between Pt and Cu in Pt–Cu bimetal-
lic nanostructures. According to recent experimental and the-
oretical results from Henkelman's and Mullins' groups, the
ensemble effect can significantly change the dehydrogenation
selectivity of alcohol, which in turn changes the final

Fig. 6 (a) CVs in N2-saturated 0.5 M H2SO4 solution; (b) Pt mass-
normalized CVs in 1 M CH3OH and 0.5 M H2SO4; (c) ESCA normalized
CVs in 1 M CH3OH and 0.5 M H2SO4; (d) Tafel plots of log I vs. E for the
MOR in the electrochemical control area; (e) TOF of related catalysts;
(f) CO stripping voltammograms in 0.5 M H2SO4 solution. Scan rate: 50
mV s−1.

Fig. 5 (a–d) TEM images of Pt–Cu TNs tailored by different amounts of
K2PtCl6.
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products of oxidation.43–46 Similarly, the ensemble effect has
significant influence on MOR. It is well-known that MOR in
an acidic solution involves two main steps. First, the
adsorbed methanol molecule undergoes progressive dehydro-
genation on the catalyst surface to produce a CO intermedi-
ate and HCOO− intermediates. Then, the intermediates are fi-
nally oxidized to CO2 (as shown in Scheme 1).47 In Pt–Cu
TNs, significantly, the electron binding energy of Pt was
lowered by alloying with Cu, as verified by XPS, which pro-
moted the cleavage of the C–H bond in MOR.48 The oxygen-
ated species produced by Cu facilitated methanol oxidation
to CO2 via HCOO− intermediates instead of CO, which
protected the materials from CO poisoning.38

In addition, the ratio of the forward oxidation current
peak (If) to the reverse current peak (Ib) for Pt–Cu TNs (1.52)
was found to be much higher than that for Pt black (0.74), in-
dicating better poison tolerance of CO.49,50 To further evalu-
ate the poisoning effect of CO, CO stripping cyclic
voltammetry for Pt–Cu TNs in 0.5 M H2SO4 solution was
performed. In Fig. 6f, we observe that the onset potential and
the peak potential of CO anodic oxidation on Pt–Cu TNs neg-
atively shift ca. 103.9 and 74.2 mV as compared to those of Pt
black. The above results indicated that Pt–Cu TNs have
weaker CO adsorption and better CO tolerance than Pt black,
which may be important reasons for the enhanced electrocat-
alytic stability.

Thus, the stability of Pt–Cu TNs and Pt black towards
MOR was further studied by using chronoamperometry in a
solution containing 0.5 M H2SO4 and 1 M CH3OH at 0.65 V
(Fig. S7†). After 3000 s, the oxidation currents of methanol
on Pt–Cu TNs and Pt black decreased to 16.2% and 4.8% of
their initial values, respectively. This indicated that Pt–Cu
TNs are more stable as an electrocatalyst for MOR. The im-
proved stability can be attributed to the hollow structure, bet-
ter CO tolerance and the electrochemical dealloying effect.
The hollow structure could inhibit aggregation and Ostwald
ripening during the catalytic process. Furthermore, the
dealloying effect appeared after multiple catalytic cycles,
which restructured the Cu atoms on the surfaces of Pt–Cu
TNs to become stable for oxidation.51

Conclusions

In summary, we developed a novel, facile and efficient syn-
thetic strategy to synthesize Pt–Cu TNs with a hollow structure
(∼375 nm) and rough surfaces. The structural parameters of
Pt–Cu TNs, including the size and thickness of the shell, and

the ratio of Pt/Cu could be controlled by altering the experi-
mental conditions. The formation mechanism of such a hollow
structure of Pt–Cu TNs was proposed. Benefiting from the
unique structure and the synergetic effect between Pt and Cu,
Pt–Cu TNs exhibited significantly improved electrocatalytic ac-
tivity and durability towards MOR as compared to a Pt black
catalyst. It is believed that this versatile strategy may open an
avenue for the rational design of bimetallic Cu–M (M: Pd, Au,
Co, etc.) hollow structures for various applications.
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