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Abstract: The nanoparticles of amorphous Nickel-Cobalt-Boron 

alloy powder, prepared by chemical reduction, show superior 

specific capacitance when used as pseudocapacitor material. The 

amorphous Nickel-Cobalt-Boron alloy exhibits a noticeable 

pseudocapacitance with 1310 F g-1 at 1.5 A g-1 in the electrolyte 

of 6 M KOH.  

Electrochemical capacitors (ECs) are mainly classified as electrical 

double layer capacitors (EDLCs) and pseudocapacitors1, 2. Currently, 

commercial EDLC devices are mainly electric double layer 

capacitors (EDLCs) using two symmetric high surface-area activated 

carbon (AC) electrodes in organic electrolytes. The specific 

capacitance for high surface area activated-carbon is about 100 F g-

1
 in aqueous electrolytes. However, to create a viable energy storage 

device for a hybrid vehicle, it is important to increase the energy 

storage capacity of existing double layer capacitors. This may be 

achieved by a concept called pseudocapacitance3 that not only 

develops the typical double layer capacitance, but also exhibits 

pseudocapacitance due to surface redox couples providing net charge 

transfer. Transition metal oxides and hydroxides, such as RuO2 (720 

F g-1), Fe3O4 (135 F g-1), Co3O4( 358 F g-1) , MnO2 (120 F g-1), 

Ni(OH)2 (400 F g−1) etc.4-8, are promising pseudocapacitive 

materials because they possess a variety of reversible oxidation 

states for highly efficient redox charge transfer. However, the 

exploration of electrode materials with higher power performance 

and low cost for pseudo capacitors is still of great importance. 

Amorphous alloys are metastable and, as prepared, they usually 

exhibit a high degree of compositional as well as topological 

disorder. Indeed, the occurrence of very large concentrations of 

compositional disorder may be possible in certain alloy systems only 

when they are put in an amorphous state. Up to now, a large number 

of M-B amorphous alloys have been synthesized by varying the 

metal ions (Ni, Co, Fe, Ru etc.), mainly by direct chemical reduction 

of metallic ions with borohydride9-11. They have been widely studied 

in catalytic reaction owing to their higher activity, and better 

selectivity12. However, we rarely discover this material applied in 

pseudo capacitors. In the previous report, we had research the 

nanoparticles of amorphous Ni–B and Ni–Mn–B alloys as 

electrochemical pseudocapacitor materials for potential energy 

storage applications13. The specific capacitance of Ni–B and Ni–

Mn–B electrodes are observed to be 562 and 768 F g−1, respectively.  

The capacitance of amorphous Ni-B alloy is higher than the 

crystalline Ni (416.6 F g-1), which is prepared successfully through 

reducing nickel chloride by hydrazine hydrate14. We also find that 

Wang et al.15 reported that the ultrafine amorphous alloy powders 

(UAAP) of Fe-B and Co-B were synthesized and tested for possible 

use as electroactive anodic materials. The experimental results 
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demonstrated that the Co−B particles so prepared show excellent 

electrochemical reversibility and considerably high 

charge−discharge capacity. Liu et al.16 had prepared a series of CoxB 

(x = 1, 2, 3) alloys by arc melting. The electrochemical experimental 

results demonstrated that the CoxB (x = 1, 2, 3) series alloys showed 

excellent cycling stability. Through previous researches, we tried to 

take the nature advantages of amorphous alloy and apply the 

materials for pseudocapacitors, hoping to break through in the 

special capacitance. 

In this paper, amorphous Nickel-Cobalt-Boron alloy powder was 

evaluated as a possible candidate electrode material for 

pseudocapacitor using different techniques including cyclic 

voltammetry, electrochemical impedance spectroscopy and 

galvanostatic charge and discharge. The high specific capacitance 

and remarkable rate capability are promising for applications in 

pseudocapacitors with both high energy and power densities. 

The chemical composition of the sample, analyzed by an 

inductively coupled plasma (ICP) method, was found to be 

Ni47.5Co20.4B32.1. It is almost the same as the initial Ni/Co ratio of 7: 

3 in the chemical preparation. Chen17 suggested that the following 

reactions would occur to formx Ni-Co-B during the reduction by 

NaBH4: 

BH�� � 2H�O		 ⟶ BO�		�	 � 4H�																																																	�1� 

2Ni�� � BH�� � 2H�O		 ⟶ 2Ni � BO�		�	 � 4H� 	� 2H�							�2� 

2Co�� � BH�� � 2H�O		 ⟶ 2Co � BO�		�	 � 4H� 	� 2H�							�3� 

BH�� �H�O		 ⟶ B � OH� � 2.5H�																																										�4� 

These reactions include the reduction of nickel and cobalt ions 

((2) and (3)), the reduction of borohydride ion (4) and the hydrolysis 

of borohydride (1). The relative rates of the reduction reactions of 

(2), (3) and (4) would manipulate the formation of Ni-Co-B and 

influence their electrochemical propertise. As it is shown in Fig. 1a, 

the SEM morphology of Ni-Co-B demonstrates short-range 

ordering, which is in good agreement with the literature report18. The 

disordered amorphous Ni-Co-B alloy constructed a great deal of 

cavities or microstructures. Its unique porous structure gave more 

electrochemical capacitance.The specific surface area of the powders 

was determined by the BET method. The base Ni-Co-B has a surface 

area of 27.4 m2 g−1, which is almost the same as that of reported Ni-

Co-B19, 20. It can be seen from the TEM image (Fig. 1b) of the Ni-

Co-B particles prepared in this work. It can be clearly visualized that 

the Ni-Co-B powers consisting of small grains of 60-80 nm size and 

each grain is composed of very fine particles. The amorphous 

characteristics of the Ni-Co-B could be further confirmed by 

selected area electron diffraction (SAED), which shows a broad and 

featureless diffraction ring, suggesting a amorphous structure of the 

powders. A single broad peak around 2θ= 45ºin the pattern indicates 

the amorphous phase of the prepared sample (Fig. 2), consistent in 

literature20, 21. 

 

 

Fig. 1 (a). SEM morphology of the Ni-Co-B . (b) The TEM 

micrograph and SAED of Ni-Co-B. 
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Fig. 2. XRD patterns of the Ni-Co-B. 

Figure 3a shows the cyclic voltammetry (CV) curves of Ni-Co-B 

in 6 M KOH solution at a scanning rate of 5,10,20,30 and 40mV/s, 

respectively. A pair of well-defined redox peaks at 0 V and 0.25 V 

can be clearly observed in the CV curves, particularly at the low 

scan rate (see the inset of Figure 3a). With the scan rate increasing, 

the oxidation peaks shift to right while the reduction peaks shift to 

left, suggesting that the redox reversibility of the hybrid electrode is 

kinetically associated with a rate-controlling process22, 23. 

 

Fig. 3. (a) The cyclic voltammetry curves of Ni-Co-B (3.0 mg) at an 

increasing voltage scanning rate of 5, 10, 20,30 and 40 mV s-1; (b) 

The specific capacitance of Ni-Co-B at different scan rates; (c) The 

charge-discharge curves of Ni-Co-B at a different current density. 

 (d) The specific capacitance of Ni-Co-B at various discharge current     

densities. 

From the CV, the specific capacitance can be estimated as 

follows24: 

� = 1
2 × � × ∆� × ∆�� �  � 

Where C is the specific capacitance (F g-1), v is the scan rate 

(V/s), ∆m is the mass of the active material (g), ∆V is the potential 

window (V) and I dV represents the area under CV curve (Q).  All 

specific capacitance data with various scan rates are collected in Fig. 

3b. It is noteworthy that the Ni-Co-B as high as 1070 F g-1 has been 

obtained at a scan rate of 5 mV s-1 and the Ni-Co-B of 827 F g-1 was 

obtained even at a high scan rate of 40 mV s-1.The specific 

capacitance is decreased with increase in the scan rate. It indicates 

that the active material at the inner surface does not get fully 

involved in the electrochemical process, which is due to the limited 

ion diffusion 25.On the other hand, the ions from electrolyte can 

access to almost all  available  sites  of  the  electrode at a low scan 

rate,  leading  to  a  complete  insertion reaction,  and  thus  resulting  

in  a  higher  specific  capacitance. 

Galvanostatic charge/discharge measurement of Ni-Co-B 

electrode was carried out in a 6 M KOH solution between -0.2 and 

0.45 V at a current density of 1.5 A g-1. As illustrated in Fig. 3c, the 

nonlinear charging/discharging profile indicate a significant 

contribution of pseudocapacitance from amorphous Ni-Co-B alloy. 

The specific capacitance can be calculated from the galvanostatic 

charge-discharge curve according to equation26: 

� = � × ∆!
∆� × ∆� 

where C is the specific capacitance (F g-1), I is the current (A), 

∆t is the discharge time(sec), ∆V is the potential window (V) and ∆m 

is mass of the electroactive material(g). As shown in Fig. 3d, the 

specific capacitance calculated from these galvanostatic 

charge/discharge curves is 1310 F g-1 at current densities of 1.5 A g-

1, which is also 
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the highest capacitance among the other stoichiometry samples of 

Ni-Co-B. The results also show the decrease of specific 

capacitance with the increment of current density. However, the 

pseudocapacitors exhibit high rate capability due to the specific 

capacitance at current density of 20 A g-1 maintaining 47% retention 

of that measured at initial current density of 1.5 A g-1, which is 

attributed to high rate performance of Ni-Co-B. 

 

Fig. 4. (a) Nyquist curve of Ni-Co-B ( inset is the magnification of 

Nyquist curve); (b) The normalized capacitance of Ni-Co-B (3.3mg) 

taken from cyclic voltammetry curves. Z' is real impedance. Z" is 

imaginary impedance. 

To get more information on conductive performance of the 

sample Ni-Co-B electrode, electrochemical impedance spectroscopy 

(EIS) measurements were performed. As shown in Fig. 4a, Nyquist 

plot exhibits a single semi-circle in the high-frequency region and a 

straight line in the low-frequency region. The semicircle should be 

attributed to the charge transfer process at electrode/electrolyte 

interface, and the straight line should be ascribed to the diffusion 

process in the solid. The slope close to 45º along the imaginary axis 

(Z") at low frequencies is due to a Warburg impedance (a limiting 

diffusion process), and is not useful for charge storage. The electrode 

resistance was observed for Ni-Co-B, which was close to 0.6 Ω. This 

shows that the electrode in the present study was of a highly 

conducting nature. In order to investigate the cycling performance, 

the cyclic voltammetry test was carried out up to 500 cycles at a scan 

rate of 10 mV s-1 and the calculated specific capacitance is given in 

Fig. 4b. The specific capacitance gradually increased up to 50 cycles 

and then it started to decrease until the steady trend. The gradual 

increase in specific capacitance during the initial cycling may be 

ascribed to activation of the electrode, as electrolytes in general 

require a certain period of time to penetrate the entire inner space of 

an active electrode material27. However, it still retains a capacity of 

650 F g-1 after 500 cycles, reflecting the good long-term cyclability 

of Ni-Co-B.  

In summary, nanoparticles of amorphous Ni-Co-B alloy were 

prepared by chemical reduction. Characterization by XRD and TEM 

showed that it has a typical amorphous alloy structure with the 

particle size from 60 to 80 nm. The electrochemical tests show that 

the pseudocapacitor exhibits good electrochemical capacitance 

performance, excellent discharge rate, highly conducting nature and 

good stability. The specific capacitance value of Ni-Co-B is 1310 F 

g-1 in 6 M KOH at a current density of 1.5 A g-1. The amorphous Ni-

Co-B (molar ratio nickel sulfate: cobalt chloride = 7:3) alloy is the 

most significant part in our work. The other amorphous Ni-Co-B 

alloy of different molar ratio will be discussed and published in full 

text. Combined with the advantages of low cost, easy operation and 

environmentally friendly nature, this amorphous Ni-Co-B alloy 

electrode shows great promise for applications in commercial high-

capacity pseudocapacitors. 

Experimental  

Material Synthesis 

A typical experimental procedure is as follows: 50 mL of sodium 

borohydride solution (0.18 mol L-1) was first prepared and adjusted 

to pH 12 with sodium hydroxide to prevent violent hydrolysis. The 3 

mmol of metallic salt (molar ratio nickel sulfate: cobalt 

chloride = 7:3) was dissolved in 5ml of deionized water and then 

cooled in an ice bath. The chemical reduction reaction was carried 

out by adding borohydride solution dropwise into metal salt solution 

while being stirred. When the addition was complete, the solution 

bath was continually stirred for about 1h to release the hydrogen and 

to prevent burning of the precipitate following filtration and all the 

reaction was performed under N2 atmosphere. After that, the 

precipitate was washed with distilled water three times, followed by 

ethanol three times. Finally, the sample was stored in absolute 

ethanol until the time of use (denoted as Ni-Co-B). 
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All the reagents were of analytical grade and used as received 

without further purification (Shanghai Chemical Reagent Company).  

 Electrochemical measurements  

The working electrode was prepared by mixing Ni-Co-B material, 

acetylene black and poly tetrafluoroethylene (PTFE) binder with the 

weight percent ratio of 75:20:5 with small amount of ethanol. When 

it was dispersed in alcohol and the mixtures was pressed onto nickel 

foams, which was then dried at 90°C in vacuum. The geometric 

surface area of the prepared working electrode is 1 cm2, and then the 

electrodes were pressed at a pressure of 12 MPa. Nickel foam (1.6 

mm thick, 95% purity, Goodfellow) was used as a current collector.  

Electrochemical properties and capacitance measurements were 

performed by the three-electrode configuration. The testing system 

consists of a working electrode, a platinum sheet as a counter 

electrode and an Ag/AgCl electrode as the reference electrode in a 6 

M KOH solution. Cyclic voltammetry, constant current 

charge/discharge and impedance were performed on a CHI660D 

instrument in the potential range of -0.3-0.6 V with varied scan rates 

from 5 to 40 mV s-1. All the experiments were done three times to 

ensure accuracy. 

Compositional and Structural Characterization 

The powder X-ray diffractions (PXRD) of the samples were 

performed on a diffraction meter (D/Max-RB) with Cu-Kα radiation 

(λ=1.54056 Å ) and a graphite monochromator at 50 kV, 100 mA. 

The chemical composition of Ni-Co-B alloy powder was analyzed 

by inductively coupled plasma (ICP, Prodigy, Leeman).The size and 

morphological view of the alloy powders were observed by a 

transmission electron microscope (TEM) on Hitachi H-

800 microscope. Scanning  electron  micrographs  (SEM)  analysis  

(HITACHI  S-3400N) was  used  to capture and determine the 

morphologies of the sample. N2 adsorption–desorption isotherms 

were measured using a Micromeritics ASAP2460 analyzer at 77 K; 

The Brunauer-Emmett-Teller  (BET)  method was utilized to 

calculate the specific surface areas. 
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