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Atomically ordered nickel carbide, Ni3C, was synthesized by 

reduction of nickel cyclopentadienyl (NiCp2) with sodium 

naphthalide to form Ni clusters coordinated by Cp (Ni-Cp 

clusters). Ni-Cp clusters were thermally decomposed to Ni3C 

nanoparticles smaller than 10 nm. The Ni3C nanoparticles 

showed better performance than Ni nanoparticles and Au 

nanoparticles in electrooxdiation of sodium borohydride. 

Energy generation by polymer electrolyte membrane fuel cells 

(PEMFCs) has become increasingly critical as an alternative to 

combustion engines.1-3 In particular, PEMFCs using more 

transportable and energetically dense fuels than hydrogen, direct-

methanol fuel cells (DMFCs) and direct-borohydride fuel cells 

(DBFCs), are a focal point of interest.4-6 DBFCs have advantages 

over DMFCs in terms of output voltage because the oxidation 

potential of borohydrides is much lower than that of methanol or 

hydrogen.7-9 DBFCs require metal catalysts on anodes to complete 

the electrooxidation of borohydrides. Precious metals, including Pt, 

Pd and/or Au, are excellent catalysts, but they are expensive.10-13 Ni 

might be an alternative to precious metals because of its low cost and 

corrosion resistance in the alkaline electrolytes used in DBFCs, but it 

has poor catalytic activity. In particular, the high onset potential of 

Ni toward the electrooxidation of borohydrides, which is higher than 

those of the precious metals by +0.4 V or more, diminishes the 

applicability of Ni to DBFCs.14-15 We and our collaborators have 

recently demonstrated that ordered alloys of Pt and electronegative 

elements, such as PtPb and PtBi, are superior anode catalysts to pure 

Pt, especially in terms of the lower onset potentials for the 

electrooxidation of methanol.16-21 The discovery of PtPb and PtBi 

has prompted research for efficient anode catalysts in DBFCs among 

the ordered alloys of Ni and electronegative elements including 

carbon. 

   Here, we report that an atomically ordered nickel carbide, Ni3C, 

can be synthesized in the form of nanoparticles (Nps) smaller than 

10 nm and is expected to be an excellent anode catalyst for DBFCs. 

Nickel carbides have been previously synthesized as bulk materials, 

films or particles through mechanical alloying or the pyrolysis of 

organometallic compounds but have not been applied to catalysis, 

likely due to the large particle size (> 40 nm), resulting in low 

surface areas.22-24 As illustrated in Figure 1, we first reduce nickel 

cyclopentadienyl (NiCp2) with sodium naphthalide (NaNaph) in dry 

tetrahydrofuran (THF) at room temperature to obtain Cp-coordinated 

Ni clusters (Ni-Cp clusters).25-26 Ni-Cp clusters are then heated at 

200 °C in vacuum to yield nanoparticles of Ni3C with an average 

size of 6 nm. The Ni3C Nps exhibit a better catalytic activity than 

synthesized Ni Nps toward the electrooxidation of NaBH4 because 

of the low onset potential close to that of Au Nps. 

   Ultrahigh-vacuum transmission electron microscopes (UHV-TEM) 

showed that the synthesized Ni3C Nps were spherical and ranged in 

size from 3 to 9 nm (Figure 2a, 2b). Ordered lattice fringes were 

observed on the Ni3C Nps, showing that the Nps were atomically 

ordered (Figure 2c). The interval of the lattice fringe, calculated as 

0.201 nm from the Fourier-transformation image (inset of Figure 

2c), was consistent with the d-value of the Ni3C (113) plane (d113 = 

0.201 nm).22,23,27 The synthesized Ni3C Nps were much smaller in 

size than the previously prepared Ni3C materials, most likely 

because Ni-Cp clusters acted as an effective precursor, promoting 

the formation reaction at low temperatures.  

   Ni-Cp clusters were obtained by reduction of NiCp2 with NaNaph 

as a black, air-sensitive powder.25-26 Fourier-transform infrared 

spectroscopy (FTIR) demonstrated that both the C=C- and in-plane 

C-H stretching modes of Cp molecules in the Ni-Cp clusters were 

dispersed in wavenumber and blue-shifted relative to those in NiCp2 

(Figure S1).28 The powder X-ray diffraction (pXRD) profile for the  

Figure 1. Synthetic scheme for Ni3C Nps through chemical 

reduction of NiCp2. 
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Figure 3. (a) Line-scan voltammographs for the electro-oxidation 

of NaBH4 over the Ni3C- and the Ni Nps. (b) Onset potentials of  

the Ni- (blue), Ni3C- (red) and Au (black) Nps toward the 

electrooxidation of NaBH4. (c) Cyclic voltammographs for the 

electrooxidation of methanol and (d) line-scan voltammographs 

for the oxygen reduction reaction (ORR) over the Ni3C- and Ni 

Nps. 

 

Ni-Cp clusters had a single peak at 45.0 degrees, which was slight 

larger than the reported 111 reflection angle for FCC-type Ni (Fm3
-

m, a = 0.352 nm), 44.5 degrees (Figure 2d).29  The reflection peak 

shifted toward lower angles when the material was annealed in 

vacuum at 100 °C. Small reflection peaks became visible upon 

annealing at 200 °C at 39.3, 41.8, 58.7 and 71.4 degrees (red curve), 

corresponding to the 006, 110, 116 and 300 reflections of the Ni3C 

Nps (R3
-

c; a = 0.455 nm, c = 1.29 nm), respectively. 22, 23, 27 A broad 

peak was recognized at 51.5 degrees corresponding to the 200 

reflection of an impurity phase, FCC-type Ni. The Ni3C Nps were 

decomposed to FCC-type Ni and carbon when the annealing 

temperature exceeded 500 °C, consistent with reports in the 

literature.30-31   

   Hard X-ray photoemission measurements (HX-PES; photon 

energy = 5.95 keV) were performed on the Ni3C Nps (Figures 2e,2f 

and ).32 The C1s photoemission peak was recognized on the Ni3C 

Nps at 283.7±0.2 eV, in addition to the C 1s- (285.7±0.2 eV) and Sr 

3p1/2 (280.0±0.2 eV) photoemission peaks from the substrates. The 

binding energy of Ni 2p3/2 photoemission peak for the Ni3C Nps was 

0.2 eV larger than those for bulk Ni and Ni Nps (Figure 2f). Both of 

the binding energies of the C 1s- and Ni 2p3/2 peaks for the Ni3C Nps 

were consistent with those reported in the literature.23,34 The 

chemical composition of the Ni3C Nps was calculated as Ni : C = 

1.0 : 0.31±0.03 from a wide-range HX-PES data (S7), indicating that 

the desired, stoichiometric Ni3C Nps were successfully materialized. 

    The electrocatalytic activity of the Ni3C Nps was tested for 

different reactions in PEMFCs. Figure 3a shows line-scan 

voltammograms (LV) for the electrooxidation of NaBH4 over the 

Ni3C Nps and the Ni Nps (average size = 3 nm, see Figures S9-11). 

The mass activity of the Ni Nps started to increase at an onset 

potential of -0.43 V. The Ni3C Nps showed an increase in the LV 

curve at an onset potential of -0.85 sV, which was 0.42 V lower than 

the onset potential of the Ni Nps and close to that of Au Nps, -0.86 

V (Figure 3b, see Figure S12 for details). In addition, the mass 

activity of the Ni3C Nps was, at -0.4 V, 6.5 times larger than that of 

the Ni Nps. The Ni3C Nps were more catalytically active than the Ni 

Nps toward the electrooxidation of NaBH4, in terms of the lower 

onset potential and the larger mass activity.  

   Unlike the case of the electrooxidation of NaBH4, the Ni3C Nps 

were as catalytically active as the Ni Nps toward both the 

electrooxidation of methanol and the oxygen-reduction reaction 

(ORR). Figure 3c shows cyclic voltammograms (CV) for the 

electrooxidation of methanol over the Ni3C- and Ni Nps in a range 

from -0.3 to +0.35 V. The CV curve for the Ni3C Nps was similar to 

that for the Ni Nps over the entire potential range (Figure S11). 

Figure 3d shows LV curves for ORR over the Ni3C- and Ni Nps. 

The Ni3C- and Ni Nps had the same onset potential, -0.3 V, and their 

mass activities at the half-wave potential were virtually the same. 

Moreover, it was demonstrated that the Ni3C Nps can retain their 

chemical composition and crystal structure even when subjected to 

repeated CV cycles in the NaBH4 solution (S8, see the 

corresponding caption for details). Although Ni3C is a thermally 

meta-stable phase30-31, the synthesized Ni3C Nps can work as a 

durable catalyst for the repeated operation of DBFCs. 

The Ni3C- and Ni Nps exhibited the same mass activities toward 

methanol electrooxidation and ORR, which indicates that the 

 

Figure 2. (a) Bright-field TEM image, (b) particle-size 

distribution and (c) high-resolution TEM image of Ni3C Nps. 

Inset shows a Fourier-transformation image of this TEM image. 

(d) pXRD profiles for Ni-Cp clusters and the products obtained by 

annealing Ni-Cp clusters at different temperatures. Structural 

models for Ni3C are presented at the top. The polyhedra 

correspond to Ni6C-octahedra. Simulated pXRD peaks for Ni3C 

and FCC-type Ni are shown by solid markers at the bottom. (e) 

HX-PES profiles in the C 1s region for Ni3C Nps (red) and a 

SrTiO3 substrate (black broken curve). (f) HX-PES profiles in the 

Ni 2p3/2 region for bulk Ni (black), Ni Nps (blue) and Ni3C Nps 
(red). The inset shows HX-PES profiles in the valence region. 
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enhanced NaBH4-electrooxidation activity of the Ni3C Nps may be 

attributed to the inherent electronic property of the Ni3C Nps, not to 

the size or dispersity of the Nps. As shown in Figure S6, the Ni3C 

Nps had a depleted density-of-state (DOS) near the Fermi level (EF) 

due to strong hybridization between the Ni 3d- and C 2p orbitals. It 

is known that ever developed Ni-based alloys are good catalysts for 

the hydrolysis of BH4
- but not for the electrooxidation of fuels 

because of the predominant adsorption of OH- to the Ni surface.35 

The depleted DOS at the EF of the Ni3C Nps can weaken the 

adsorption of OH- to inhibit the formation of insulating Ni(OH)2 

surface layers, resulting in the enhanced electrooxiation activity of 

BH4
- over the Ni3C Nps.  

   In conclusion, we have successfully synthesized the smallest Ni3C 

Nps ever produced through thermal decomposition of Ni-Cp 

clusters. The Ni3C Nps exhibited a catalytic activity superior to that 

of Ni Nps in the electrooxidation of NaBH4, demonstrating their 

applicability to DBFCs. The successful development of an electrode 

catalyst comprising Ni3C Nps will promote the use of catalytic 

carbides in precious-metal-free PEFCs, which will help address the 

energy challenges that we face36,37 
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