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 ABSTRACT 

The development of active and methanol-tolerant cathode electrocatalysts for 

the oxygen reduction reaction (ORR) is extremely important for accelerating the 

commercial viability of direct methanol fuel cells (DMFCs). In this work, we

present an efficient and template-free route for facile synthesis of cyanide 

(CN−)-functionalized PtNi hollow nanospheres (PtNi@CN HNSs) with a high

alloying degree using a simple cyanogel reduction method at room temperature. 

The physical and electrocatalytic properties of the PtNi@CN HNSs were

investigated by various physical and electrochemical techniques. The PtNi@CN

HNSs exhibited significantly enhanced electrocatalytic activity, durability, and 

particular methanol tolerance for the ORR as compared to commercial Pt black,

and thus they are promising cathode electrocatalysts for DMFCs. 

 
 

1 Introduction 

Direct methanol fuel cells (DMFCs) may be a highly 

promising power source for portable electronic devices 

and automobiles owing to their high energy efficiency, 

convenient storage and transportation, and relatively 

clean utilization [1–8]. However, the development  

of DMFCs suffers from high cost and low oxygen 

reduction reaction (ORR) kinetics of cathode Pt 

electrocatalysts. Recent reports have demonstrated 

that alloying Pt with Ni not only significantly 

enhances the ORR activity owing to the reduction in 

the Pt–Pt bond distance and the shift of the Pt d-band 

center but also improves the utilization of cathode Pt 

electrocatalysts [9–25]. For example, both octahedral 

Pt1Ni1 alloy nanoparticles and hollow Pt5Ni1 alloy 

nanoparticles have exhibited higher mass activity 

and specific activity as compared to Pt/C electrocatalysts 

[24, 25]. However, PtNi alloy nanocrystals are also 

highly active for the methanol oxidation reaction (MOR) 
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because of the bifunctional mechanism [26–34]. As a 

result, because of the methanol crossover problem, the 

competitive reaction between the ORR and the MOR 

at the cathode inevitably decreases the performance 

of DMFCs. Thus, improving the ORR selectivity of 

PtNi alloy nanocrystals is still very necessary. 

Recently, functionalizing noble metal nanocrystals 

with inorganic or organic ligands have become an 

effective strategy for achieving selectivity owing to the 

steric and hydrophilic/hydrophobic effects of ligands 

[35–48]. For example, cyanide (CN−)-modified Pt 

electrocatalysts displayed significantly enhanced ORR 

activity in an H2SO4 solution as compared to the 

naked Pt electrocatalysts by suppressing the adsorption 

of SO4
2− ions [35, 36]. In one study, calix[4]arene self- 

assembled monolayer-modified Pt electrocatalysts 

selectively blocked the ORR but retained their high 

activity for the hydrogen oxidation reaction owing     

to an ensemble effect [37, 38]. In another study, 

polyallylamine-modified Pt nanocrystals displayed 

the particular alcohol tolerance for the ORR by 

preventing the diffusion of alcohol molecules from 

water to the underlying Pt owing to the steric effect 

and alcohol-phobic property of the polyallylamine 

layers [46–48]. 

In this work, we report a facile cyanogel reduction 

strategy [49–53] to synthesize cyanide (CN−)- 

functionalized hollow PtNi nanospheres (PtNi@CN 

HNSs) with a high alloying degree. In brief, PtNi@CN 

HNSs were readily obtained by reducing potassium 

tetrachloroplatinate(II) (K2PtCl4)/potassium tetrac-

yanonicolate(II) (K2Ni(CN)4) cyanogel (Fig. S1 in the 

Electronic Supplementary Material (ESM)) with NaBH4 

solution under strong stirring. The as-prepared 

PtNi@CN HNSs exhibited high activity and particular 

methanol tolerance for the ORR.  

2 Experimental 

2.1 Reagents and chemicals 

Analytical reagent-grade K2PtCl4, K2Ni(CN)4, sodium 

borohydride (NaBH4), methanol (CH3OH), perchloric 

acid (HClO4), and sulfuric acid (H2SO4) were purchased 

from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, 

China). Commercial Pt black was purchased from 

Johnson Matthey Corporation (Ravenna, OH, USA).  

2.2 Preparation of PtNi@CN HNSs  

In a typical synthesis, 4 mL of 0.15 M K2PtCl4 and 2 mL 

of 0.15 M K2Ni(CN)4 aqueous solutions were mixed 

and stirred for 10 min. Then, the mixture was heated 

at 95 °C for 24 h to generate the pale green K2PtCl4/ 

K2Ni(CN)4 cyanogel (Fig. S1 in the ESM). After cooling 

to room temperature, 10 mL of a 0.1 g·mL−1 NaBH4 

solution was added to the pale green K2PtCl4/K2Ni(CN)4 

cyanogel under strong stirring. Then, PtNi@CN HNSs 

were collected by centrifugation at 10,000 rpm for  

25 min, washed with 0.1 M HClO4 solution and 

Millipore water successively, and then dried at 60 °C 

in a vacuum dryer for 12 h. 

2.3 Physical characterization 

Transmission electron microscopy (TEM) measurements 

were carried out using a JEOL JEM-2100F TEM system. 

Energy dispersive X-ray (EDX) maps were carried out 

using a JEOL JSM-7600F scanning electron microscope. 

EDX analysis was performed using a JSM-2010 field- 

emission scanning electron microscope. X-ray diffraction 

(XRD) patterns were obtained with a Model D/max-rC 

X-ray diffractometer using a Cu Kα radiation source. 

High-resolution X-ray photoelectron spectroscopy (XPS) 

measurements were carried out using a Thermo VG 

Scientific ESCALAB 250 spectrometer. The binding 

energy was calibrated by means of the C 1s peak 

energy of 284.6 eV. Fourier transform infrared (FT-IR) 

analysis was performed using a Bruker Tensor 27 

spectrometer. Dynamic light scattering (DLS) measure-

ments were performed using a Malvern Zetasizer 

Nano ZS90 system. 

2.4 Electrochemical measurements 

All electrochemical experiments were performed in 

an all-Teflon three-electrode cell by using a CHI 660 C 

electrochemical analyzer (CH Instruments, Shanghai, 

Chenghua Co.) with a Gamry RDE710 rotating disk 

electrode at 30 ± 1 °C. A platinum wire acted as the 

auxiliary electrode, a saturated calomel electrode 

(SCE) acted as the reference electrode, and a catalyst- 

modified glassy carbon electrode worked as the 

working electrode. All potentials in this study are 
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reported with respect to the reversible hydrogen 

electrode (RHE). Working electrodes were prepared 

according to the previously reported procedure [54]. 

Typically, the electrocatalyst ink was obtained by 

ultrasonic mixing of 10 mg of electrocatalyst and 5 mL 

of isopropanol/Nafion® solution (20% isopropanol and 

0.02% Nafion®) for 60 min. Then, 20 μL of the elec-

trocatalyst ink was drop coated onto a polished glassy 

carbon electrode and dried at room temperature.  

3 Results and discussion 

3.1 Sample characterization 

EDX measurements were conducted to detect the bulk 

chemical composition of the PtNi@CN HNSs (Fig. 1(a)). 

The Pt/Ni atomic ratio (70:30) in the PtNi@CN HNSs 

was slightly greater than the Pt/Ni stoichiometric ratio 

in the K2PtCl4/K2Ni(CN)4 cyanogel (2:1), which may 

have been the result of the dissolution of un-alloyed 

Ni during HClO4 washing of the products. XPS was 

performed to investigate the surface chemical com-

position of the PtNi@CN HNSs (Fig. S2 in the ESM). 

The Pt/Ni atomic ratio in the PtNi@CN HNSs was 

measured to be 68:32, which was in good agreement 

with the EDX data (70:30) and therefore indicative  

of the PtNi alloy formation. The detailed Ni 2p XPS 

spectrum showed the Ni 2p3/2 peak at 856.00 eV   

and the Ni 2p1/2 peak at 873.65 eV (Fig. 1(b)), which 

corresponds to metallic Ni0 in the alloy [55]. The Pt 4f 

XPS spectrum (Fig. 1(c)) contained two components. 

As observed, the Pt species were predominantly in the 

metallic state, which effectively provided more active 

sites for the electrochemical reaction. Meanwhile, the 

Pt 4f7/2 binding energy in the PtNi@CN HNSs had a 

negative shift of approximately 0.12 V as compared 

to the standard value of bulk Pt, which is ascribed to 

the electron donation induced by Ni with a smaller 

electronegativity (Pt: 2.28; Ni: 1.91) [49, 56, 57]. The 

shift in binding energy also implies the formation of 

a Pt–Ni alloy.  

XRD measurements were performed to investigate 

the crystalline structure of the PtNi@CN HNSs   

(Fig. 1(d)). The diffraction peaks of the PtNi@CN 

HNSs shifted to higher angles than those of pure   

Pt (JCPDS no. 04-0802), indicating lattice contraction  

 

Figure 1 (a) EDX, (b) Ni 2p and (c) Pt 4f XPS, and (d) XRD of 
PtNi@CN HNSs. The vertical black dotted line in (c) represents 
the standard value of Pt 4f7/2. 

owing to the substitution of Pt with Ni, which has   

a smaller atomic radius (Ni = 1.24 Å; Pt = 1.39 Å). The 

lattice constant of the PtNi alloy nanocrystals with 

different compositions obeys well Vegard’s law (i.e., 

the linear decrease of the lattice constant with 

increasing Ni in the Pt matrix) [58]. The alloying Ni 

content in the PtNi@CN HNSs according to Vegard’s 

law was calculated to be 32 at.% from the (111) peak 

position of the PtNi@CN HNSs. The atomic fraction 

of alloyed Ni (32 at.%) was very close to the bulk 

composition from the EDX measurement (Ni: 30 at.%), 

which indicates that all Ni atoms entered into the Pt 

lattice to form a PtNi alloy and demonstrates that the 

PtNi@CN HNSs had a very high alloying degree. The 

uniform distribution of PtII and NiII species on the 

cyanogel backbone on the atomic scale facilitated the 

interaction of the generated Pt and Ni crystal nuclei. 

Meanwhile, the solid property of the cyanogel effec-

tively restricted the Brownian motion of the generated 

Pt and Ni crystal nuclei. These two factors were res-

ponsible for the high alloying degree of the PtNi@CN 

HNSs [49–53]. For comparison, PtNi nanoparticles 

were also synthesized by the NaBH4 reduction method 

using K2PtCl4 and NiCl2 as the reaction precursors. 

The alloying Ni content in the PtNi nanoparticles was 

calculated to be only 9.0 at.% according to the XRD 

data (Fig. S3 in the ESM), which in turn confirms the 
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fact that the K2PtCl4/K2Ni(CN)4 cyanogel facilitated 

the formation of the PtNi alloy.  

The morphology and structure of the PtNi@CN 

HNSs were investigated by TEM (Figs. 2(a) and 2(b)). 

The strong contrast difference between the edge and 

center gave convincing evidence of the hollow interior 

[59, 60]. The average diameter of the PtNi@CN HNSs 

was ca. 20 nm, and the shell thickness was 4−7 nm. For 

the synthesis of hollow nanostructures, self-templating 

synthesis, which is the direct synthesis of hollow 

nanostructures from solid precursors without the 

need for additional templates, is highly efficient  

and economical [61, 62]. In our synthesis, the strong 

stirring played an important role in the formation  

of the PtNi@CN HNSs because it broke the bulk 

K2PtCl4/K2Ni(CN)4 cyanogel (Fig. S1 in the ESM) into 

K2PtCl4/K2Ni(CN)4 cyanogel nanoparticles (Fig. S4 in  

 

Figure 2 (a) and (b) TEM images of PtNi@CN HNSs. (c) HAADF- 
STEM image and EDX mapping patterns of Pt, Ni, and N elements. 
(d) HRTEM image and (e) SAED pattern of PtNi@CN HNSs. 
(f)–(h) The magnified HRTEM images of the regions marked by 
red, yellow, and green squares in (d), respectively. 

the ESM). Thus, inside-out Ostwald ripening may have 

been responsible for the formation of the PtNi@CN 

HNSs. Specifically, the surface layer of the K2PtCl4/ 

K2Ni(CN)4 cyanogel nanoparticles was initially reduced 

by NaBH4 to generate a temporary PtNi alloy shell 

structure. Then, alkaline NaBH4 permeated through the 

PtNi alloy shell for a further reaction. After reduction, 

the generated Pt and Ni atoms preferentially deposited 

on the inner surface of PtNi alloy shell to ultimately 

form hollow PtNi alloy nanospheres. 

To experimentally visualize the element distribution 

of the PtNi@CN HNSs, EDX mapping was performed 

using high-angle annular dark-field scanning TEM 

(HAADF-STEM). Both the Pt and Ni element patterns 

were very similar (Fig. 2(c)), further confirming the 

formation of a PtNi alloy, consistent with the EDX line 

scanning profiles (Fig. S5 in the ESM). In particular, 

N was also detected, and its pattern was highly 

similar to those of Pt and Ni (Fig. 2(c)). Further XPS 

measurements showed the existence of N (Fig. S6 in 

the ESM), and the FT-IR spectrum clearly showed the 

stretching vibration peak of the bridging cyano group 

at ca. 2,184 cm−1 (Fig. S7 in the ESM). Meanwhile, the 

characteristic N 1s signal was also detected in the XPS 

spectrum of the single-component Ni nanoparticles 

(Fig. S8 in the ESM). These experimental results indicate 

the uniform adsorption of CN− groups on the PtNi 

alloy surface. The architecture and surface structure 

of the PtNi@CN HNSs were further investigated   

by high-resolution TEM (HRTEM) and selected area 

electron diffraction (SAED). The HRTEM image  

(Fig. 2(d)) clearly shows that the PtNi@CN HNSs were 

composed of many interconnected nanocrystals 2−4 nm 

in size. Undoubtedly, the small particle size will 

effectively enhance the utilization of expensive Pt 

metal. The SAED pattern displays a successive dotted 

pattern (Fig. 2(e)), thus demonstrating that the PtNi@CN 

HNSs were polycrystalline. The magnified HRTEM 

image shows lattice fringes with a spacing of ca. 

0.222 nm (Figs. 2(f)–2(h)), corresponding to the Pt{111} 

facets.  

3.2 ORR activity 

The electrochemical properties of the PtNi@CN HNSs 

were first investigated in an acid medium by cyclic 
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voltammetry (CV) and compared to those of commercial 

Pt black under the same experimental conditions  

(Fig. 3(a)). According to the area of the hydrogen 

desorption peak [47, 48, 63], the electrochemically 

active surface area (ECSA) of the PtNi@CN HNSs was 

determined to be 36.4 m2·g
−1 

Pt , which is bigger than 

that of commercial Pt black (18.6 m2·g
−1 

Pt ). The hollow 

structure and small Pt nanocrystal subunits of the 

PtNi@CN HNSs are believed to be the key reasons 

for the relatively big ECSA. The higher ECSA for the 

PtNi@CN HNSs indicates higher Pt utilization, which 

effectively decreases the cost of cathodic electrocatalysts.  

The rotating disk electrode (RDE) technique was 

used to study the ORR activities of the PtNi@CN 

HNSs and Pt black by normalizing the current to the 

geometrical area of the working electrode (Fig. 3(b)). 

As shown on the ORR polarization curves, the ORR 

onset (Eonset) and half-wave (E1/2) potentials of the 

PtNi@CN HNSs (Eonset = 0.948 V; E1/2 = 0.86 V) are 

significantly higher than those of commercial Pt 

black (Eonset = 0.918 V; E1/2 = 0.84 V), indicating 

dramatically improved ORR activity. To further 

evaluate the intrinsic ORR act iv i ty  of  the 

electrocatalysts based on the geometrical area of the 

working electrode, the specific kinetic current density 

(ik) of the electrocatalysts for the ORR was calculated 

by using the Koutecky–Levich (K–L) equation [48, 51]. 

At a 0.9 V potential, the PtNi@CN HNSs displayed 

an ik of 1.71 mA·cm−2, which is 1.86 times bigger than 

that of commercial Pt black (0.92 mA·cm−2) . 

Meanwhile, it was found that the ik of the PtNi@CN 

HNSs at 0.9 V (1.71 mA·cm−2) was also higher than 

that of various Pt-based nanostructures, including 

hollow Pt nanostructures (0.529 mA·cm−2) [64], 

porous Pt1Ni1 nanostructures (0.307 mA·cm−2) [65], 

Pt–Cu bimetallic nanocrystals (0.84 mA·cm−2) [66], 

and Pt-on-Pd nanostructures (0.67 mA·cm−2) [64], 

further confirming the high ORR activity of the 

PtNi@CN HNSs. As confirmed by XPS (Fig. 1(c)), 

XRD (Fig. 1(d)), and TEM (Fig. 2(a)), the shift of the 

Pt binding energy (i.e., the change of the d-band 

center), the reduction of the Pt–Pt bond distance, and 

the particular hollow structure are all responsible for 

the improved ORR activity of the PtNi@CN HNSs 

 

Figure 3 (a) CV curves of the PtNi@CN HNSs and commercial Pt black in a N2-saturated 0.5 M H2SO4 solution at a scan rate of 
50 mV·s−1. (b) ORR polarization curves of the PtNi@CN HNSs and commercial Pt black in an O2-saturated 0.5 M H2SO4 solution at a 
scan rate of 5 mV·s−1 and a rotation rate of 1,600 rpm. Inset: specific kinetic current densities for the PtNi@CN HNSs and commercial 
Pt black at 0.90 V. (c) Rotation rate-dependent ORR polarization curves for the PtNi@CN HNSs in O2-saturated 0.5 M H2SO4. Inset: K–L
plots for the PtNi@CN HNSs at different potentials. (d) ORR polarization curves of the PtNi@CN HNSs and Pt black after accelerated 
durability test (ADT). 
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[11–23, 67–69]. Meanwhile, it is observed that the  

ORR activity of the PtNi@CN HNSs was better than 

that of un-functionalized PtNi nanoparticles prepared 

by the conventional NaBH4 reduction method (Fig. S9 

in the ESM). Because CN− groups on a Pt surface  

can effectively suppress the adsorption of SO4
2− ions 

[35, 36], CN− functionalization also contributed to the 

improved ORR activity of the PtNi@CN HNSs. 

To determine the transferred electron number (n) per 

O2 molecule during ORR, the rotation rate-dependent 

ORR polarization curves were recorded (Fig. 3(c)). As 

observed, the limited current density increased with 

increasing rotation rate owing to the enhanced mass 

transfer of O2 molecules. The corresponding n was 

calculated to be 3.86 in the range of 0.60–0.70 V 

according to the K–L plots (inset in Fig. 3(c)), which 

demonstrates that the PtNi@CN HNSs had a high 

electrocatalytic efficiency for the ORR. To investigate 

the ORR stability of the electrocatalysts, an accelerated 

durability test (ADT) was carried out by continuous 

linear potential scans between 0.6 and 1.0 V at 50 mV·s−1 

in an O2-saturated H2SO4 solution [70]. After 3,000 

cycles, the PtNi@CN HNSs and Pt black showed 0.04 

and 0.06 V E1/2 degradation, respectively (Fig. 3(d)). 

The smaller E1/2 degradation of the PtNi@CN HNSs 

originated from their lower ECSA loss (Fig. S10 in the 

ESM). The hollow and interconnected structures of 

the PtNi@CN HNSs restrained the Ostwald ripening, 

which improved the ORR stability of the PtNi@CN 

HNSs.  

3.3 ORR selectivity 

To evaluate the selectivity of the electrocatalysts, 

ORR polarization measurements were performed in 

an O2-saturated 0.5 M H2SO4 solution with and 

without methanol. The addition of methanol resulted 

in obvious positive deflection of the ORR polarization 

curve for both Pt black (Fig. S11 in the ESM) and the 

un-functionalized PtNi nanoparticles (Fig. 4(a)), in 

which a big methanol oxidation current was observed 

between 0.6 and 0.9 V. In comparison, only a small E1/2 

shift was observed for the ORR polarization curve of 

the PtNi@CN HNSs after the addition of methanol, 

and no obvious methanol oxidation current was 

observed (Fig. 4(b)), indicating that the PtNi@CN 

HNSs were methanol-tolerant electrocatalysts. The 

electrocatalytic activity of electrocatalysts for the MOR 

 

Figure 4 Comparison of ORR polarization curves of (a) un- 

functionalized PtNi nanoparticles and (b) PtNi@CN HNSs  
in O2-saturated 0.5 M H2SO4 with and without the presence of 
0.25 M methanol at a scan rate of 5 mV·s−1 and a rotation rate of 
1,600 rpm. PtNi nanoparticles were obtained by conventional 
NaBH4 reduction, in which K2PtCl4 and NiCl2 were used as 

the reaction precursors. 

was investigated by CV in a 0.5 M H2SO4 solution 

containing 0.25 M methanol. It is well known that 

PtNi alloy electrocatalysts are highly active for the 

MOR owing to the bifunctional mechanism [26–34]. 

However, the specific peak current density of the 

MOR on the PtNi@CN HNSs was much smaller  

than that on Pt black (Fig. S12 in the ESM) or     

the un-functionalized PtNi nanoparticles (Fig. 4(a)), 

confirming the methanol tolerance of the PtNi@CN 

HNSs. Previous reports have demonstrated that three 

adjacent Pt sites are necessary for the MOR [71, 72]. 

As confirmed by the EDX maps (Fig. 3(b)) and XPS 

measurements (Fig. S6 in the ESM), the CN− groups 

were uniformly bound to the PtNi alloy surface. As  

a result, the contiguous Pt atoms were interrupted  

by CN− groups, which restrained the adsorption of 

methanol onto the Pt surface. The present experimental 

results clearly demonstrate that chemical func-

tionalization of Pt nanocrystals is indeed an effective 

approach to improve the methanol tolerance of Pt 

nanocrystals. 

4 Conclusions 

In summary, a facile cyanogel reduction method was 

developed to successfully synthesize PtNi@CN HNSs. 

As compared to commercial Pt black, the PtNi@CN 

HNSs displayed significantly improved electrocatalytic 

activity and durability for the ORR in an acidic medium, 

which is attributed to their alloying properties and 
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hollow interconnected structure. More importantly, 

PtNi@CN HNSs showed good methanol tolerance  

for the ORR, which originated from the chemical 

functionalization of the Pt surface. High activity, 

excellent durability, and particular methanol tolerance 

make PtNi@CN HNSs promising candidates as cathode 

electrocatalysts for DMFCs.  
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