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Abstract 

The design of porous bimetallic nanocrystals (NCs) is very important for electrochemical energy 

conversions. Herein, we report an aqueous solution method for one-step fabrication of porous PtCu 

NCs assembled by spatially interconnected arms in high yield by a simple ultrasonic treatment of the 

reaction mixture at room temperature. The proposed method, without the need for multi-step synthesis, 

high temperatures, and organic solvents, shows an obvious advantage in its simplicity for the feasible 

synthesis of bimetallic PtCu NCs with a porous structure. As-made porous PtCu NCs are highly active 

and durable catalysts for a methanol oxidation reaction benefited from its porous structure and 

bimetallic composition.  
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1. Introduction 

The direct methanol fuel cell (DMFC) is a very promising renewable energy source due to its high 

energy density.
1-4

 The commercial development of DMFC is hindered by the high cost and low 

abundance of Pt material.
5
 One of the most effective strategies to solve this problem is to alloy Pt with 

non-noble metals such as Co, Ni, Fe, and Rh.
6-9

 This strategy can greatly improve the utilization 

efficiency of the very rare and expensive Pt and greatly enhance its catalytic activity and durability, 

ascribed to the favorable composition effect.
6-9

 

 Among various Pt-based bimetallic materials, PtCu nanocrystals (NCs) are particularly 

interesting catalysts, primarily due to their favorable electronic effect derived from the bimetallic Pt 

and Cu compositions.
10-14

 This favorable electronic effect downshifts the d-band center of Pt, leading to 

the suppression of Pt oxides.
10-15

 In addition to their composition, controlling the structure of PtCu NCs 

can further enhance their catalytic activity. PtCu NCs with different shapes, such as spheres, 

bipyramids, octahedrons, and cubes, have been demonstrated.
10-15

 For example, PtCu nanosheets and 

nanocones are prepared by a two-step method using preformed gel-like material to confine the 

nucleation and subsequent growth of the nanocrystals, and PtCu nanorods are synthesized in a mixed 

solvent containing oleic acid, oleylamine, and 1-octadecene at 225°C for 30 min.
16-18

 The reported 

synthetic approaches usually perform in boiling-point organic solvents at high temperatures.  

Porous PtCu NCs are very promising catalysts due to their higher surface area relative to their 

solid counterparts.
19

 A few porous PtCu NCs, such as cages and frames, have been prepared for 

catalytic applications.
 20-23

 For instance, PtCu nanoframes, which are synthesized by using ethylene 

glycol as a solvent at 140ºC for 90 min, are active catalysts for formic acid oxidation; and PtCu 

nanocages, which are prepared by using oleylamine as a solvent at 170°C for 24 h, are efficient 

catalysts for methanol oxidation reaction (MOR).
24,25

 Despite advances in the synthesis of porous PtCu 

NCs, the reported syntheses generally rely on multi-step procedures, high temperatures, and organic 
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solvents.
10-15, 20-25

 The development of a facile method in aqueous solution at room temperature to 

efficiently prepare porous bimetallic PtCu catalysts remains a great challenge.  

Herein, we propose a one-step solution-phase method for direct synthesis of PtCu NCs with 

porous interiors and exteriors, which is simply performed by ultrasonic treatment of an aqueous 

solution containing K2PtCl4, CuCl2.6H2O, poly(vinylpyrrolidone) (PVP), and ascorbic acid (AA) for 15 

min at room temperature. The developed method greatly simplifies the synthetic procedures, making it 

highly feasible. As-made porous PtCu NCs with spatially and locally separated arms are highly active 

catalysts for MOR. 

2. Experimental section 

Materials. K2PtCl4, CuCl2·6H2O, L-ascorbic acid, poly(vinylpyrrolidone) (MW = 40,000), and 

methanol were purchased from Beijing Chemical Reagent (Beijing, China). A commercial Pt/C catalyst 

was ordered from Alfa Aesar. 

Synthesis of porous PtCu NCs. Porous PtCu NCs were typically synthesized by using 1 mL of 

aqueous solution containing 0.3 mL of 20 mM CuCl2.6H2O, 0.7 mL of 20 mM K2PtCl4, and 0.01 g of 

PVP in which 1 mL of 0.1 M AA was quickly added, and then the mixture was sonicated for 15 min at 

room temperature. The product was collected by centrifugation at 10,000 rpm for 20 min, followed by 

three consecutive washing/centrifugation cycles with water, and then kept for further characterization.   

Characterizations. The particle size and morphology were investigated using a Hitachi H-8100 EM 

transmission electron microscope (TEM) with an accelerating voltage of 100 kV, and a JEM-2010 

operating at 200 kV equipped with energy dispersive spectrometer (EDS) analyses. X-ray diffraction 

(XRD) was recorded on a D8 ADVANCE (Bruker AXS, Germany) diffractometer equipped with Cu 

Kα radiation. The nitrogen physisorption isotherms were measured on a Quantachrome Autosorb 3.01 

instrument, and samples were degassed for 24 h at 50ºC under vacuum before the measurements. The 

inductively coupled plasma optical emission spectrometry (ICP-OES) analysis was conducted using a 
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Thermo Scientific iCAP6300 (Thermo Fisher Scientific, US). X-ray photoelectron spectroscopy (XPS) 

analysis was performed using an ESCALAB MK II spectrometer (VG Scientific, UK) with Al Kα X-

ray radiation for excitation.  

Electrochemical investigations. Cyclic voltammogram (CV) experiments were performed using a 

CHI 832C electrochemical analyzer (Chenhua Co., Shanghai, China). A conventional three-electrode 

cell was used, including a Ag/AgCl (saturated KCl) electrode as a reference electrode, a Pt wire as a 

counter electrode, and a working electrode. The working electrode was a modified glassy carbon 

electrode (GCE) (3 mm in diameter) coated with different catalysts with the same loading amount of 10 

µg and dried at room temperature. Then 3 µL of Nafion (0.05%) was coated on the surface of the 

modified GCE and dried before electrochemical experiments. MOR measurements were performed in a 

0.1 M N2-saturated HClO4 solution containing 1 M methanol at a scan rate of 50 mV s
-1

. MOR 

durability tests were performed at 0.6 V with a scan rate of 50 mV s
-1

 with cycles from 0 to 2,000. 

Current densities were normalized in reference to the geometric area of the working electrode, and 

specific and mass activities were normalized in reference to the electrochemical surface areas (ECSAs) 

and loading amount of Pt, respectively. The ECSAs were calculated by the following equation: ECSA = 

QH / m × 210, where QH is the charge for Hupd adsorption determined using QH = 0.5 × Q (where Q is 

the charge in the Hupd adsorption–desorption area obtained after the double layer correction region 

between 0 and 0.37 V), m is the Pt loading amount on the electrode, and 210 µC cm
-2

 is the charge 

required for the monolayer adsorption of hydrogen on the Pt surface.  

3. Results and discussion 

Porous PtCu NCs are prepared by a one-step solution-phase reaction without the need for high 

temperature and organic solvent. Figure 1a reveals that the PtCu NCs are well-dispersed nanoparticles 

with a narrow size distribution ranging from 12 to 20 nm in a high yield. The average diameter is 

around 15 nm (Figure S1a). The PtCu NCs are assembled by spatially interconnected arms, with an 
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average diameter of 3 nm, that make pores in the exteriors and interiors of each nanoparticle (Figure 

1b). XPS analysis of the NCs shows the presence of Pt and Cu elements (Figure S2). Elemental 

mapping images and cross-sectional compositional line profiles reveal that the PtCu NCs are alloyed 

structures (Figure 2 and Figure S3 a,b). The atomic ratio of Pt/Cu is 3/1, which is confirmed by ICP-

OES and EDS analysis. Formation of the PtCu NC alloyed structure is further confirmed by XRD 

analysis (Figure S4). The characteristic peaks in the XRD pattern of the porous PtCu NCs are indexed 

as a typical metallic face-centered cubic (fcc) structure. There are no peaks for a single component of Pt 

or Cu in the XRD pattern, suggesting the purity of the single-phase PtCu alloy. This XRD pattern is 

consistent with those of previously reported alloyed PtCu nanoframes, PtCu nanocages, and PtCu 

nanocubes.
22–25

 The lattice fringes of the porous PtCu NCs are extended across the arms without 

obvious phase segregation, indicating the well mixing of Pt and Cu atoms (Figure 3a). This implies 

that the formation of porous PtCu NCs is from nucleation and subsequent growth rather than from 

random particle aggregation. Fourier filtered lattice fringe images of one nanoparticle are mainly 

assignable to {111}, {110}, and {100} facets for the core area and {200}, {220}, and {311} facets for 

the shell region (Figure 3b, c).  

To explore the formation mechanism of the porous PtCu NCs, monometallic Pt NCs and Cu 

NCs are prepared under the typical synthetic conditions. The synthetic processes can be visibly 

monitored via the evolution of the reaction solution color, which is time dependent over the course of 

the reaction. In the case of using a single Pt precursor, the color of the reaction solution changes from 

transparent, light brownish yellow to brown, then changes to opaque black within 15 min, and Pt NCs 

with a dendritic shape are obtained (Figure S5a). When a single Cu precursor is used, the reaction 

solution color changes from blue to deep yellow after 4 h, implying that it is difficult for AA to 

completely reduce Cu ions, and only irregular nanoparticles are obtained (Figure S5b). The complete 

reduction of Cu ions should result in a brownish red color. This is ascribed to the difference of  

reductive capability of AA for Pt and Cu precursors based on the reduction potentials of PtCl4
2-

/Pt 
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(0.755 V vs. RHE) and Cu
2+

/Cu (0.340 V vs. RHE).
22

 When both metallic Pt and Cu precursors are 

used in bimetallic synthesis, the solution color immediately changes from yellow to black, indicating 

the more rapid reduction rate of Pt with Cu relative to the single Cu system attributed to the 

autocatalytic effect.
22

 In addition, when the synthesis process is carried out without PVP, the obtained 

PtCu NCs show solid interiors and smooth exteriors without any porous structural feature, indicating 

that PVP plays the dual roles of a capping agent and a structure-directing agent (Figure S6). 

On the basis of these results, it can be speculated that the Pt nuclei are initially and rapidly 

produced, and then the Pt nuclei stimulate reduction of the Cu precursor. This results in the 

simultaneous co-reduction to form PtCu NCs. During the particle growth, PVP molecules adsorb onto 

the particle surfaces with the carbonyl group and pyrrolidone ring.
26

 This causes anisotropic particle 

growth during the addition of atoms, which favors the formation of the branched structure with a 

porous structural feature.
27-31

 Additionally, the ultrasonic irradiation effect plays an important role in 

the formation of porous PtCu NCs. In contrast, the ultrasonic treatment is replaced by a magnetic 

stirring treatment for single metal (Pt and Cu) and bimetal (PtCu) systems. Under a magnetic stirring 

treatment, the reaction solution color changes from transparent light brownish yellow to black after 1 h 

for a single Pt precursor; no reaction color change is observed for a single Cu reagent, even after 24 h; 

and Pt with a Cu precursor reaction solution color changes after 2 h. It is obvious that the reduction rate 

of metallic precursors is dramatically accelerated by the ultrasound radiation in comparison with the 

magnetic stirring treatment. The use of ultrasonic irradiation has been demonstrated to be a powerful 

strategy for the preparation of metallic NCs with porous structures.
32-34

 The ultrasonically induced 

reduction benefits from the effect of acoustic cavitation. Vacuum bubbles are acutely formed and 

implosively collapsed in solution, which generates a transient high temperature and pressure as well as 

strong stirring power.
32–34

 Consequently, the reduction reaction is greatly accelerated. Under the 

magnetic stirring treatment, dendritic PtCu NCs assembled by staggered arms are obtained (Here we 

define PtCu NCs with less porosity as dendritic PtCu NCs.) (Figure 4). The particle size narrowly 
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 8

ranged from 16 to 26 nm, with a dominating diameter of 22 nm (Figure S1b). XPS analysis shows that 

the NCs include Pt and Cu elements (Figure S2). Cross-sectional compositional line profiles show that 

the dendritic PtCu NCs are in an alloyed form (Figure S3c,d). The atomic ratio of Pt/Cu is 9/1 as tested 

by ICP-OES and EDS analysis. Appropriate reducing kinetics is critical for the formation of porous 

PtCu NCs. The attempt to replace AA with sodium borohydride as a reducing agent in the typical 

synthesis leads to a bulk precipitate because of that the reduction process is too fast. 

N2 adsorption-desorption analysis shows that the porous PtCu NCs have a high surface area of 

54.2 m
2
 g

-1
, and the pore diameters are calculated to be around 2.5 nm, ascribed to their porosity 

throughout the nanoparticles (Figure 1 and Figure 5a,b). Dendritic PtCu NCs exhibit a lower surface 

area of 23.7 m
2
 g

-1
 and obscure pores due to the lack of obvious porosity in their interiors (Figure 4 

and Figure 5c,d). Creating porous cavities in each PtCu NC helps dramatically increase its surface area. 

The ultrasonically induced reduction is highly favorable for the synthesis of porous PtCu NCs with a 

high molecular accessibility, which consequently favors the utilization efficiency of Pt. It is noted that 

the obtained surface area of porous PtCu NCs (54.2 m
2
 g

-1
) is higher than those of the reported PtPd 

nanocages (53 m
2
 g

-1
), mesoporous Pd@Pt NCs (40 m

2
 g

-1
), and Pt nanoballs (23 m

2
 g

-1
).

35-37
 

Methods for the synthesis of PtCu NCs with different shapes have been previously reported.
10-25

 

For example, PtCu nanocubes are made by using 1-octadecene as a solvent containing 

tetraoctylammonium bromide and oleylamine at 230°C for 20 min, which is subsequently quenched by 

injecting toluene.
23

 The previously reported methods are difficult to scale up because they are 

performed at high temperatures in organic solvents.
10-25

 The proposed route is highly feasible for the 

synthesis of porous PtCu NCs with a uniform size and a high surface area (54.2 m
2
 g

-1
) in a high yield 

at room temperature in aqueous solution. These features are highly favorable for the preparation 

catalysts for catalytic applications.  

Inspired by its attractive porous bimetallic architecture, the porous PtCu NCs are tested as 

promising catalyst for MOR, and its electrocatalytic activity is benchmarked against dendritic PtCu 
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NCs and a commercially available Pt/C catalyst. The active ECSA of porous PtCu NCs (54.1 m
2 

g
-1

) is 

1.5 times higher than that of dendritic PtCu NCs (35.2 m
2 

g
-1

) and 1.1 times higher than that of Pt/C 

(50.6 m
2
 g

-1
) due to its richness in pores (Figure S7). Figure 6a shows the CVs of MOR catalyzed by 

the three catalysts measured in a 0.1 M HClO4 aqueous solution with 1 M CH3OH at room temperature. 

The current density of porous PtCu NCs in the positive direction sweep (13.01 mA cm
-2

) is about 1.7 

times higher than that of dendritic PtCu NCs (7.57 mA cm
-2

) and 3.5 times higher than that of Pt/C (3.7 

mA cm
-2

). The ratio of If to Ib (the forward and backward current densities, respectively) is an 

important indicator for evaluation of the poison tolerance of the catalyst.
8
 The If/Ib ratio of porous PtCu 

NCs (2.43) is higher than those of dendritic PtCu NCs (1.7) and Pt/C (1.21), implying its superior CO 

poison tolerance. Figure 6b displays the comparisons of mass activities and specific activities of the 

three tested catalysts. The MOR activity of porous PtCu NCs is better than that of dendritic PtCu NCs 

and Pt/C in terms of both mass activity and specific activity. The mass activity of porous PtCu NCs 

(1.55 mA µg
-1

Pt) is 3.9 times higher than that of dendritic PtCu NCs (0.4 mA µg
-1

Pt) and 10.5 times 

higher than that of Pt/C (0.148 mA µg
-1

Pt). The specific activity for porous PtCu NCs (2.88 mA cm
-2

) is 

also obviously higher than that of the dendritic PtCu NCs (1.14 mA cm
-2

) and Pt/C (0.293 mA cm
-2

). 

The mass activity of the as-made porous PtCu NCs is superior to that of previously reported PdPt 

nanocages (0.58 mA µg
-1

Pt), PtCu nanodendrites (0.35 mA µg
-1

Pt), Au/Cu64Pt36 NCs (0.44 mA µg
-1

Pt), 

and mesoporous PtRu NCs (0.384 mA µg
-1

Pt).
35,22,38,41 

The durability is important for a catalyst in MOR. 

After 2,000 cycles, the current densities of the porous PtCu NCs, dendritic PtCu NCs, and Pt/C keep a 

reservation of 95%, 84%, and 65% relative to their initial current densities, respectively, indicating the 

better durability for MOR of porous PtCu NCs than the two referenced materials (Figure 7a-c). The 

excellent durability of the porous PtCu NCs for MOR is attributed to its stable active surface. The 

shape of the porous PtCu NCs is reserved after the durability test (Figure S8). The porous PtCu NCs 

retain 94.5% of their initial ECSA, while dendritic PtCu NCs and Pt/C reserve 82% and 74%, 

respectively, after 2,000 cycle tests (Figure 7d). 
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 10 

Considering their porous and bimetallic structural features, the enhanced activity of porous 

PtCu NCs is attributed to the effect of their structure and composition.
10-14,39-41

 The porous PtCu NC is 

an inherent three-dimensional, self-supported architecture that affords sufficient accessible active sites 

from both interiors and exteriors of the particles and improves the stability of active sites against 

undesirable particle agglomeration.
8,22-25

 The porous structure is much more favorable for a catalyst 

than dendritic structure which only provides active sites from exterior surfaces. The bimetallic 

composition endows the synergy effect on the catalytic property. The Pt electronic binding energy is 

lowered by alloying with Cu due to the strong lattice contracts between Pt and Cu, facilitating cleavage 

of the C-H bond in MOR. The presence of Cu promotes the production of oxygenated species required 

for methanol oxidation to CO2 via HCOO
-
 intermediates instead of CO, making the material not 

susceptible to undesirable CO poison.
10-14,42,43

 The catalytic performance of the porous PtCu NCs with 

an atomic Pt/Cu ratio of 3/1 is higher than that of the dendritic PtCu NCs with an atomic Pt/Cu ratio of 

9/1. Besides its favorable porous structure, the enhanced activity of the porous PtCu NCs is partly 

ascribed to its richer Cu content.
44

 

4. Conclusion 

In summary, we have developed a solution-phase method for the one-step synthesis of porous PtCu 

NCs by an ultrasonic treatment of the aqueous reaction mixture at room temperature. The proposed 

method is much simpler relative to the reported thermal decomposition routes with high-boiling-point 

organic solvents. As-made porous PtCu NCs with spatially interconnected arms are highly active and 

durable catalysts for MOR, benefiting from their porous porous structure and bimetallic composition. 

This efficient approach is highly favorable for the facile synthesis of porous bimetallic electrocatalysts 

for electrochemical applications. 
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Figures and Figure Captions  

 

Figure 1. (a and b) TEM images of the porous PtCu NCs at different magnifications. 
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Figure 2. (a) HAADF-STEM and (b, c, and d) EDS elemental mapping images of the porous PtCu NCs.  
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Figure 3. (a) Highly magnified TEM image of one porous PtCu NC. Fourier filtered lattice fringes in 

the core area (b) and in the shell area (c). The insets in (b) and (c) display the corresponding FFT 

patterns.   
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Figure 4. (a and b) TEM images of the dendritic PtCu NCs at different magnifications. 
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Figure 5. N2 adsorption-desorption isotherms and pore-size distributions for porous PtCu NCs (a and b) 

and dendritic PtCu NCs (c and d).  
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Figure 6. (a) CVs for MOR catalyzed by porous PtCu NCs, dendritic PtCu NCs, and Pt/C in 0.1 M 

HClO4 with 1 M CH3OH at a scan rate of 50 mV s
-1

. (b) Comparisons of the mass and specific 

activities of the three materials.  
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Figure 7. (a, b, and c) CVs for durability tests of the catalysts in 0.1 M HClO4 with 1 M CH3OH at a 

scan rate of 50 mV s
-1

. (d) Comparisons of ECSAs of the catalysts. 
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Graphical Abstract 

Porous bimetallic PtCu nanocrystals, which are highly active catalysts for the methanol oxidation 

reaction, are prepared by a one-step method. 
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