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Platinum-cobalt nanocrystals synthesized under 

different atmosphere for high catalytic 

performance of the methanol electro-oxidation 

Yuchen Qina, Xin Zhanga*, Xiaoping Daia, Hui Suna, YingYanga, Qingxiao Shia, 
Daowei Gaoa, Hai Wangb 

Pt–Co nanocrystals with cube, dendrite and sphere have been 

fabricated in air, hydrogen and nitrogen, respectively, at 

ambient pressure or 1 MPa. The Pt–Co nanocrystals with 

chain-like structure synthesized in nitrogen at 1 MPa 

exhibited superior electrocatalytic activity and stability 

towards methanol oxidation reaction. 

Direct methanol fuel cells (DMFCs) are attracting intense 

attention due to highly converting chemical energy of methanol 

directly into electricity without environmental pollution impact.1,2 

Platinum is an excellent electro-catalyst for methanol electro-

oxidation but the high cost and easily poisoned by the 

intermediates are key obstacles for its broad application in fuel 

cells.3, 4 Bimetallic alloys of platinum and other transition metals 

(Co, Fe, Ni, etc.) are expected to substitute platinum owing to the 

superior catalytic performance and lower cost.5-14 The catalytic 

properties of Pt based bimetallic alloys are sensitive dependent 

on their structures and compositions.15-24 

The hydrothermal method is the most popular method for 

synthesizing bimetallic alloys nanocrystals (NCs).25-28 Much 

attention has been paid on the influence of organic capping 

agents and metallic precursors, whereas, the synthesis 

atmosphere as another significant factor was less reported. In our 

previous studies,29,30 we successfully prepared Pt and Pt–Ni NCs 

bounded by high-index facets (HIFs) using polyvinyl pyrrodine 

(PVP) and glycine as reducing, dispersing and shape controllers. 

These results inspired us to investigate whether it is possible to 

use a similar strategy to synthesize other Pt based binary 

nanostructures. Herein, we demonstrated one-pot synthesis of Pt–

Co alloys with cube, dendrite and sphere in a mixture of H2PtCl6, 

CoCl2, PVP and glycine in air, hydrogen and nitrogen at ambient 

pressure (AP) (samples were denoted Pt–Co (AAP), Pt–Co 

(HAP), Pt–Co (NAP)) respectively. To the best of our knowledge, 

this is the first time to report the synthesis of Pt-Co nanocrystals 

with cube, dendrite and sphere by tuning the atmosphere and 

pressure. The Pt–Co NCs were also prepared in air, hydrogen and 

nitrogen at high pressure (HP) of 1 MPa (samples were denoted 

Pt–Co (AHP), Pt–Co (HHP), Pt–Co (NHP)). It showed that the 

synthesis condition of different atmosphere and pressure had 

significant effect on their structure and composition of Pt–Co 

NCs. Pt–Co NCs with chain-like structure prepared in nitrogen at 

1 MPa exhibited superior electrocatalytic performance towards 

methanol oxidation reaction. 

 

Fig.1 (a) Illustrations of starting and product solutions of Pt–Co NCs. 

XRD patterns of the products synthesized under air, hydrogen and 

nitrogen, at (b) AP and (c) HP. 

Fig. 1a shows the colour change of the precursor and product 

solutions of these Pt–Co NCs (before separated via 

centrifugation). When the synthesis atmosphere was air, the 

colour of the product solution was black at AP and changed to 

brownish red as the pressure increased to 1 MPa. This 

phenomenon revealed that the products synthesized in air at AP 

and HP were different. When the synthesis atmosphere was 

hydrogen, the colours of the product solutions prepared at AP 

and HP were all black. Once using nitrogen instead of hydrogen, 

we found that the colour of the product solution was yellow 
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without much discrepancy compared with the precursor 

solution and the colour was deeper as the pressure increased to 

1 MPa. This may imply metallic precursors were reduced more 

difficultly by the organic reducing agents when synthesized in 

the nitrogen. The XRD patterns of Pt–Co NCs except Pt–Co 

(AHP) show the classic reflection of face-centred cubic (fcc) Pt 

and shift to high angles (Fig. 1b, c).No diffraction signal of Co 

was detected, indicating the formation of Pt–Co bimetallic 

alloys. The observation that the Pt–Co (AAP) yield the highest 

{200} peak intensity, while the Pt–Co (NAP), Pt–Co (HAP), 

Pt–Co (NHP) and Pt–Co (HHP) exhibit the enhanced {111} 

peak intensity. The enhanced {200} peak intensity further 

confirms that the Pt–Co (AAP) have a {100}-dominated cubic 

morphology with very narrow shape distributions.31 It is found 

that Pt–Co (NHP) NCs feature a broadened {111} peak 

compared with Pt–Co (NAP), indicating that the size of Pt–Co 

(NHP) NCs is smaller than that of Pt–Co (NAP) NCs according 

to Debye-Scherer formula. The similar change of {111} peak 

can also be observed on the XRD patterns of Pt–Co (HHP) and 

Pt–Co (HAP). Whereas, the XRD pattern of Pt–Co (AHP) 

shows two diffraction peaks at 2 theta of 22.3
o
 and 42.1

o
, 

featuring reflections of PtO2 and CoO (JCPDS-ICDD cards: 38-

1355, 43-1004), respectively. Clearly, the metallic Pt–Co alloy 

had not been obtained in the 1 MPa of air. 

 

Fig.2 Representative TEM images (and size-distribution histograms) of 

Pt-Co NCs were prepared at atmospheric pressure of (a) air, (e) 

hydrogen, (i) nitrogen. (b), (f) and (j) HAADF-STEM images. (c), (d), (g), 

(h), (k) and (l) EDS-mapping images. (m) The schematic model sketch 

for the products synthesized under atmosphere at AP. 

Fig. 2 shows the representative transmission electron 

microscopy (TEM) images of Pt–Co alloy NCs under air, 

hydrogen and nitrogen at AP. The high selectivity (>90%) of 

nanocubic Pt–Co alloy NCs were observed in air at AP (Fig. 

2a).The cubic NCs were attached with much small particles. 

The average edge length of the Pt–Co nanocubes was 84±4 nm. 

The products synthesized in hydrogen at AP were dendritic 

shape with high selectivity (>95%) (Fig. 2e). It seemed that the 

dendritic Pt–Co (HAP) NCs were formed with small spherical 

particles. The average size of Pt–Co (HAP) dendritic NCs was 

determined as the largest distance between two points on a single 

dendritic particle and was found to be 32 ± 2 nm. Specifically, the 

diameter of the small spherical-like particle is 4 nm. Once using 

nitrogen instead of hydrogen, the morphology of as-prepared 

products changed from dendrites to spheres. The average diameter of 

each spherical Pt–Co (NAP) NCs is 78 ± 2 nm (Fig. 2i). The high-

resolution TEM (HRTEM) images reveal the lattice spacing of Pt–

Co (HAP) and Pt–Co (NAP) is 0.223 nm and 0.222 nm respectively, 

which is smaller than 0.227 nm corresponding to the {111} facet of 

fcc Pt, confirming that the formation of Pt–Co NCs (See Fig. S1). 

These morphologies of Pt–Co NCs were demonstrated by high-angle 

annular dark-field scanning TEM (HAADF-STEM) (Fig. 2b, f and j). 

Nanoscale elemental mapping revealed that Pt and Co were 

distributed uniformly throughout the cubes, dendrites and spheres 

(Fig. 2c, d and g, h and k, l). The synthetic strategy was illustrated in 

Fig. 2m. 

Hydrothermal synthesis under air is a typical synthetic 

condition. Glycine was reported to play the vital role of tuning 

the nucleation and growth rates of Pt–Co NCs and PVP was a 

polymeric capping agent whose oxygen atoms bind most 

strongly to the {100} facets resulting in shape-controlled 

function corporately.32,33 As well known, Hydrogen is a strong 

reducing atmosphere. When using hydrogen instead of air and 

maintaining other reaction conditions unchanged, it was 

reasonable that the reduction rate of Pt(IV) and Co(II) 

precursors and the nucleation rates of Pt–Co NCs became faster. 

A large number of small particles with average size of 4 nm 

formed under the dispersion of PVP. Finally, the dendritic Pt–

Co NCs could be formed through the reaction-limited 

aggregation (RLA) of spherical nanoparticles.34 When nitrogen 

was brought in the synthesis system, the process of reduction 

was more difficult and the nucleation rate was slower because 

of the inert environment. Due to no oxygen was added, multiply 

twinned seeds would be formed and evolved into spherical 

particles through anisotropic growth finally.35 

Fig. 3a shows TEM images of Pt–Co NCs obtained under air at 

1MPa. Clearly, the spindle flake-like morphology of Pt–Co (AHP) 

NCs is dramatically different from the nanocubic shape of Pt–Co 

(AAP) NCs. The average length of Pt–Co (AHP) NCs is 98±2 nm 

and the average width is 62±4 nm. The result of XRD indicated that 

the oxidation state of Pt(IV) precursor and Co(II) precursor were 

remained under 1 MPa of air. Pt–Co dendritic NCs can be remained 

in hydrogen at 1 MPa (Fig. 3b).The average diameter of spherical 

particles is also 4 nm but the average size of the dendritic NCs is 

18±2 nm, which was smaller than that (32 ± 2 nm) of Pt–Co (HAP) 

NCs. Compared with the structure of Pt–Co (HAP), there was a 

tendency that the structure transformed from compact clusters to 

open structure as pressure increased. Remarkably, the structure 

changed from their regular layout of spherical aggregation of Pt–Co 

(NAP) to regular chain-like arrangement of Pt–Co (NHP) as the 

increased pressure of nitrogen. Pt–Co (NHP) NCs was also changed 

to quasi-sphere (Fig. 3c). The average size of these NCs is 34±2 nm, 

which is much smaller than the size of Pt–Co (NAP) NCs. The 
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formation of chain-like structure could be due to the dipole-dipole 

interactions between the Pt–Co (NHP) NCs.36 Compressed nitrogen 

was used as the drive force for formation of the chain-like structure. 

It could break the balance between attractive van der Waals 

potentials and the residual electrostatic repulsions, leading to 

increase the chance of Brownian collisions. Then dipole-dipole 

attraction should play the role of forming linear chains of single Pt–

Co NCs to minimize enthalpy of the system by promoting dipole 

alignment and decrease inter dipole distances, resulting in formation 

of the chain-like structure finally.37 HAADF-STEM shows that there 

are some porous structures existing in each Pt–Co (NHP) NCs (see 

Fig. 3d and Fig. S2). To better resolve the shapes and structure of 

Pt–Co (NHP) NCs, we took HRTEM images. The observed lattice 

spacing of 0.222 nm is smaller than 0.227 nm corresponding to the 

{111} facet of fcc Pt, indicating a contraction of the lattice upon 

substitution of Pt with Co and formation of Pt–Co bimetallic alloys 

(see Fig. 3e).38 In addition, these {111} lattice fringes are not 

continuous, their orientations are different, and the crystal 

boundaries between the quasi-spherical NCs can be clearly observed. 

A lot of crystalline defects including the interfacial dislocation, 

intragranular dislocation, and crystal face defects have been found 

on the chain-like structural Pt–Co (NHP) NCs (see Fig. 3f−3i). The 

Pt atoms on these defects are regarded as highly active sites for 

catalysis, which could make great contributions to excellent 

electrocatalytic activity.11,39 
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Fig.3 Representative TEM images of Pt–Co NCs synthesized at 1 MPa of 

(a) air, (b) hydrogen, (c) nitrogen and (d) HAADF-STEM images and (e) 

HRTEM images of products synthesized in nitrogen at 1 MPa, and (f), 

(g)intragranular dislocation,(h)interfacial dislocation and (i) crystal face 

defects.  

Table 1 The chemical composition of Pt–Co NCs measured by ICP-AES 

It is found that various atmospheres can be used to control the 

composition of Pt–Co alloy NCs without changing the initial 

precursor amount. The composition of Pt–Co alloy NCs determined 

by inductively coupled plasma atomic emission spectroscopy (ICP-

AES) changed from Pt86Co14 of Pt–Co (AAP) to Pt13Co87 of Pt–Co 

(NAP) and Pt44Co56 of Pt–Co (HAP) (shown in Table1). Clearly, the 

order of Pt weight of Pt–Co NCs follows air atmosphere > hydrogen 

atmosphere > nitrogen atmosphere. While, the Pt and Co 

compositions changed very little as the pressure increased under a 

certain atmosphere. The differences of composition are likely 

associated with atmosphere-dependent chemical reduction rates of 

Pt(IV) and Co(II).22 Ultraviolet–visible spectroscopy (UV-Vis) 

reveals Pt(IV) has the strongest coordination interaction with glycine 

under nitrogen when Pt(IV) was added to glycine aqueous solution 

(see Fig. S3a). However, Co(II) has weak coordination interaction 

with glycine under nitrogen (see Fig. S3b). In addition, the colour of 

product solution is yellow indicating a lot of Pt precursors were not 

reduced and remained in the solution. Therefore, we deduce that the 

reduction rate of Pt(IV) is slowest under nitrogen atmosphere, which 

leading to the lowest Pt content in Pt–Co alloy NCs. 

 

Fig.4 TEM and size distribution (insert) images demonstrating the 

course of morphological evolution for Pt–Co alloy NCs synthesized in 

nitrogen at 1 MPa. The reaction time is (a) 20min, (b) 2h, (c) 3h (d) 4h 

and (e) 7h, (f) the schematic model diagram for the assembly process of 

Pt–Co (NHP). 

Sample 
Pt–Co 
(AAP) 

Pt–Co 
 (HAP) 

Pt–Co 
 (HHP) 

Pt–Co 
(NAP) 

Pt–Co 
 (NHP) 

PtxCOy Pt86Co14 Pt44Co56 Pt51Co49 Pt13Co87 Pt15Co85 

Page 3 of 6 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal of Materials Chemistry A 

4 | J. Name., 2012, 00, 1-3 This journal is ©  The Royal Society of Chemistry 2012 

Considering the slower nucleation and growth rate of Pt–Co alloy 

NCs synthesized under nitrogen, it is helpful for investigation of the 

evolution process. The course of morphological evolution of Pt–Co 

alloy NCs synthesized in nitrogen at 1 MPa was illustrated in Fig. 4. 

Large number of tiny spherical NCs with an average size of 3.0 nm 

occurred at 20 min (Fig. 4a). As the time increased to 2 h, most of 

these tiny spherical NCs aggregated together forming the flower-like 

NCs and the average size were 28 nm. Notably, small spherical NCs 

were clearly observed in the flower-like structure (Fig. 4b). As the 

evolution process continued, the tiny NCs aggregated more closely. 

An average size of 43 nm and 40 nm Pt–Co flower-like NCs had 

been produced at 3h and 4h (Fig. 4c, d). The small spherical NCs 

could still be discerned. Finally, Well-defined quasi-spherical Pt–Co 

NCs had been prepared at 7h. The small spherical NCs could hardly 

be observed in these quasi-spheres. Interestingly, the average size of 

the quasi-spherical Pt–Co NCs had decreased to 34 nm (Fig. 4e). 

The time sequential evolution experiment clearly demonstrated that 

the Pt–Co alloy quasi-spheres were formed by a self-assembly 

process (Fig. 4f). The role of glycine played as soft-templates to 

confine the growth of Pt–Co alloy NCs due to the strongest 

interactions between amine and Pt(IV) or Co(II) species under 

nitrogen (Fig. S3) and PVP was known to be a hydrogen bond 

acceptor which induced self-assembly to form quasi-spherical Pt–Co 

NCs synthesized in nitrogen at 1 MPa.30,40,41 The decrease in the 

average size from 40 nm to 34 nm can be ascribed to the formation 

of well-defined Pt–Co alloy quasi-spheres during the self-assembly 

process, which the tiny spherical NCs aggregated too closely to be 

discerned. 

 

Fig.5 (a) Cyclic voltammograms and (b) i-t curves (at 0.6V Vs. RHE) of 

Pt–Co alloy NCs and commercial Pt black in 0.5 M H2SO4+2.0 M 

CH3OH solution at a scan rate of 50mV/s. Cyclic voltammograms of (c) 

Pt–Co(NHP) NCs and (d) commercial Pt black in 0.5 M H2SO4 solution 

at a scan rate of 50mV/s. 

The as-synthesized Pt–Co alloy NCs have been measured in the 

electro-oxidation of methanol to probe the structure effects on 

electro-catalytic properties. For comparison, commercial Pt black as 

the reference, was tested under the same conductions. Before each 

electrochemical test, the electrode after dipping the Pt–Co alloy NCs 

was illuminated by UV lamp for 12 h to further remove the capping 

agents by UV-ozone (UVO) cleaning as described in our earlier 

work.41 Fig. 5a shows the cyclic voltammograms (CVs) for electro-

oxidation of methanol on Pt–Co alloy NCs and commercial Pt black 

catalysts. The specific current density (Js) was normalized to the 

electro-chemically active surface area (ECSA), which was tested by 

integrating the electric charges on the adsorption/desorption peak of 

hydrogen regions in CVs measured in fresh nitrogen-saturated 0.5 M 

H2SO4 solution (see Fig. S4). The peak current density of methanol 

oxidation in the positive potential scan was 1.27, 0.80, 0.66, 1.34, 

1.60, and 0.76 mA cm–2, respectively, on the Pt–Co (AAP), Pt–Co 

(HAP), Pt–Co (NAP), Pt–Co(HHP), Pt–Co (NHP) and commercial 

Pt black. The oxidation current density on Pt–Co(AAP), Pt–

Co(HAP), Pt–Co(NAP), Pt–Co(HHP), and Pt–Co(NHP) are almost 

1.7, 1.1, 0.87 1.8 and 2.0 times than that of commercial Pt black. It is 

evident that the Pt–Co NCs prepared in nitrogen at 1 MPa exhibited 

the highest specific activity among these catalysts. In addition, the 

specific activity of Pt–Co(NHP) (1.60 mA cm–2 ) is higher than those 

of previous reported Pt–Co alloyed catalysts (1.50 mA cm–2 , 0.1 M 

HClO4+1.0 M CH3OH) 38 and Pt concave nanocubes29 (1.19 mA cm–

2, 0.5 M H2SO4+2.0 M CH3OH). It is also found that the electro-

catalytic activity of Pt–Co NCs prepared under HP is higher than that 

of Pt–Co NCs synthesized at AP. The difference in the specific 

activity of Pt–Co alloy NCs could be due to their differences of 

nanostructures and compositions. Because the structure of Pt–Co 

(HHP) is more open than that of Pt–Co (HAP) and the size of Pt–Co 

(HHP) dendrites is much smaller than Pt–Co (HAP) dendrites. 

Therefore more exposed atoms exist on the structure of Pt–Co (HHP) 

NCs. It makes the great contributions to the superior specific activity. 

For the structure of Pt–Co (NHP), the existence of porous structures 

in the quasi-spherical NCs increased the accessibility and utilization 

of Pt atoms. In addition, there are a lot of crystal defect sites on Pt–

Co (NHP) NCs and Pt atoms on crystal defect site are regarded as 

highly active sites for catalysis.11,43 These unique properties of Pt–Co 

(NHP) resulted in excellent specific activity. The lowest Pt content 

(Pt15Co85) further demonstrated the advantageous of the unique 

structure for methanol electrooxidation. Notably, it was found that 

Pt–Co (HHP) NCs performed superior mass activity compared with 

Pt black (see Fig S5). Compared with mass activity of previous 

reported Pt3Co nanoflowers (0.385A mg-1, 0.1 M HClO4+1.0 M 

CH3OH),44 the mass activity of Pt–Co (HHP) NCs (0.509A mg-1) 

exhibited superior methanol electrooxidation activity. It could be due 

to Pt–Co (HHP) dendritic NCs with open structure, which were 

composed of tiny spherical Pt–Co NCs of 4nm. To further evaluate 

the stability of these Pt–Co alloy NCs, i-t curves were conducted for 

900 s (Fig. 5b). It's seen that these Pt–Co alloy NCs possess superior 

stability during the electrochemical measurements, as compared with 

commercial Pt black catalysts. Furthermore, the CVs of Pt–Co (NHP) 

and commercial Pt black catalysts were carried out in 0.5 mol/L 

H2SO4 solution (Fig. 5c, d). It is observed that the ECSA of Pt–Co 

(NHP) reserved almost 90% of its initial ECSA after a durability test 

of 1000 cycles while the ECSA of commercial Pt black dropped to 

almost 50% under the same conditions. This is an additional 

evidence to support the better stability of Pt–Co alloy NCs than 

commercial Pt black catalyst. 

Conclusions 
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In summary, Pt–Co alloy NCs have been prepared under various 

atmospheres (air, nitrogen and hydrogen) with different pressure. 

The structure of Pt–Co NCs is sensitive to the atmosphere and 

pressure. Pt–Co nanocubes were synthesized in air at atmosphere 

pressure, while flake-like PtO2 and CoO NCs were produced in air at 

1 MPa. Pt–Co dendritic NCs were both prepared in hydrogen at 

atmosphere pressure and 1 MPa of air. But the structure of Pt–Co 

(HHP) is more open than that of Pt–Co (HAP). Pt–Co spherical NCs 

with an average size of 78 nm were aggregated irregularly when 

synthesized in nitrogen at AP but presented regular chain-like 

structure as the pressure of nitrogen increased to 1 MPa. Pt–Co alloy 

NCs prepared under hydrogen of 1 MPa and nitrogen showed 

superior specific activity and stability in comparison with 

commercial Pt black in the electro-oxidation of methanol due to their 

unique nanostructures. 
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Graphic Abstract 

 

 

 

Pt–Co nanocrystals were shape-controlled synthesized with cubes, dendrites and spheres by varying the 

atmosphere and pressure. 
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