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Abstract: Bi(OH)3 nanoflakes are prepared by a facile one-step 

solvothermal approach. The product has a porous structure 

built up of many interconnected nanoflakes with a thickness of 

approximately 20 nm. The Bi(OH)3 nanoflakes deliver a specific 

capacitance of 888 F g-1 at current densities of 1 A g-1. 

Electrochemical capacitors (ECs) have attracted much research 

interests in recent years because of their high power density, 

excellent reversibility, and long-cycle life.1 Electrochemical 

capacitors are based on two principal types of capacitive behavior: 

one associated with an electrochemical double layer (EDL) at 

electrode-electrolyte interfaces and another associated with 

pseudocapacitance. Carbon materials with high specific surface areas 

and good electrical conductivity are usually used as electrodes in 

electrochemical double layer capacitors (EDLCs).2, 3 However, the 

specific capacitance of EDLCs is limited and far from satisfactory in 

accordance with the ever-growing need for practical usages. In 

pseudocapacitors, on the other hand, energy is stored through a 

reversible adsorption of small-size ions and redox reactions 

occurring on the surface as well as in the bulk materials. These two 

contributions result in higher capacitance and energy density 

compared to EDLCs.4 Among the variety of pseudocapacitive 

materials, transition metal oxides are some of the most studied 

electrodes materials, due to ther high theoretical capacity, 

environmental stability and interesting electroactivity. For example, 

electrodes composed of hydrous RuO2 nanotubular array exhibit 

unexpectedly ultrahigh power characteristics.5 However, their high 

cost has impeded their usage in practical applications. A number of 

transition metal oxides have been studied as alternative electrodes 

such as MnO2,
6, 7 Co3O4,

8, 9 Fe2O3,
10 NiO,11, 12 and CuO13 in aqueous 

or non-aqueous solutions.  
In recent years, due to its high electrochemical stability, high 

redox reversibility, and relatively high power and capacity, bismuth 

oxides have received significant attention as electrode material.14-16 

For example, Gujar et al.17 reported Bi2O3 as a supercapacitor 

electrode material with pseudo-capacitance, but the specific 

capacitance of a Bi2O3 thin film prepared by electro-deposition was 

only 98 F g-1. Xia et al.16 synthesized worm-like mesoporous 

carbon@Bi2O3 composites by an efficient and fast microwave 

method. The composites exhibited excellent capacitance 

performance with a maximum specific capacitance of 386 F g-1, 

three times more than that of the pure worm-like mesoporous 

carbon. Hu et al.18 demonstrated a novel and facile route for 

preparing graphene-based composites comprising metal oxide 

nanoparticles and graphene. Bismuth oxide-loaded graphene 

achieves a specific capacitance as high as 825 F g-1 at 1 A g-1. In the 

present work we report for the first time, to the best of our 

knowledge, the pseudocapacitive behavior of a Bi(OH)3-based 

electrode. 

In our work, the preparation of Bi(OH)3 nanoflakes was 

conducted by a facile one-step solvothermal  method. As can be 

clearly seen in scanning electron microscopy (SEM) images (Fig. 1a 

and 1b), Bi(OH)3 exhibits a nanoflake-like structure with a flake 

thickness of about 20 nm. It is noteworthy that the product 

morphology, which consists of interconnected irregular nanoflakes, 

may be potentially significant for the electrochemical performance 

of the material. For further investigation of the inner structure, 

transmission electron microscopy (TEM) was employed. TEM 

images of Bi(OH)3 in Fig. 1c and 1d clearly display the ultrathin 

flake structure of the materials, also showing a nanoflake thickness 

of about 20 nm, in good agreement with the results from the SEM 

images. The crystal phase and structure information of the samples 

was obtained by powder X-ray diffractions (PXRD) measurement. 

Fig. 2 shows the XRD pattern of the Bi(OH)3, which coincides with 

the standard pattern for Bi(OH)3 (JCPDS: 01-0898). The BET 

surface area and the porosity properties of the electrode materials are 
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important parameters governing the pseudocapacitor performance. 

The sorption isotherm of the Bi(OH)3 flakes (Fig. 3) shows type IV 

characteristics with a narrow hysteresis for Bi(OH)3. The sample 

exhibits a BET surface area of 27.2 m2 g-1 and a pore volume of 

0.149 cm3 g-1. The pore size distribution is centered around 2 nm, as 

calculated from desorption data using the BJH model. 

 

Fig. 1. SEM (a and b) and TEM (c and d) micrographs of Bi(OH)3. 

 

Fig. 2. XRD patterns of the Bi(OH)3 nanoflakes. 

It can be seen that a pair of redox peaks are visible in each cyclic 

voltammetry (CV) curve, suggesting that the measured capacitance 

is mainly based on the redox mechanism, confirming the 

pseudocapacitive behavior of the Bi(OH)3. Based on previous 

reports, the charge transfer mechanism following this 

electrochemical process can be described by the chemical reactions 

below. In the cathodic scan, peak C (Fig. 4a) is ascribed to the 

following reaction in a KOH electrolyte19, 20: 

 

 

Fig. 3. Nitrogen adsorption and desorption isotherms and pore-size 

distribution curves (inset) of the Bi(OH)3 nanoflakes. 

 

Fig. 4. (a) The cyclic voltammetry curves of Bi(OH)3-based 

electrodes at an increasing voltage scanning rate of 3, 5, 10, 15 and 

20 mV s-1;  the potential is given vs. a saturated calomel electrode 

(SCE) (b) Specific capacitance of Bi(OH)3-based electrodes at 

different scan rates. (c) Discharge curves of Bi(OH)3-based 

electrodes at different current densities of 1, 2, 3 and 5 A g-1; (d) 

Specific capacitance of Bi(OH)3-based electrodes at various 

discharge current densities. 
Bi(OH) + OH → 	BiO + 	2H2O	   

BiO + 2H2O + 3e → 	Bi + 4OH 	   
In the anodic step, peak A1 (Fig. 4a) has been attributed to the 

oxidation of cathodically formed Bi 21, Bi + 4OH 	→ BiO + 2H O + 3e 	 
whereas peak A2 (Fig. 4a) has previously been assigned to the 

oxidation: Bi + 3OH 	→ Bi(OH) + 3e  
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From the CV, the specific capacitance can be estimated as 

follows22: 

� = 12 ×� × ∆� × ∆� �d� 

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). The 

average specific capacitance of the Bi(OH)3 composite was 

calculated to be 816, 808, 793, 760 and 710 F g-1 at scan rates of 3, 

5, 10, 15 and 20 mV s−1 (Fig. 4b), respectively. The ultrathin 

nanoflakes of Bi(OH)3 provide the high activity, which helps to 

improve the specific capacitance. In addition, the peaks of CVs are 

almost symmetrical throughout the whole range of scan rates (Fig. 

4a), which suggest the reversibility of the oxidation and reduction 

steps. Furthermore, the high reversibility in processes is also 

beneficial to the cycling stability of Bi(OH)3 electrode. However, the 

specific capacitance of the composite electrode decreased with 

increasing scan rate. At lower scan rates, the diffusion of ions from 

the electrolyte can enter almost all the effective pores of the 

electrode. With higher scan rates, the effective interaction between 

the ions and the electrode is greatly reduced, which led to a lower 

specific capacitance. At these higher rates, the active material at the 

inner surface may not be fully involved in the electrochemical 

process due to the limited ion diffusion.7, 23  

 

Fig. 5. (a) Impedance spectra of Bi(OH)3 (inset is the magnification 

of the Nyquist curve); Z' is real impedance. Z" is imaginary 

impedance. (b) Cycling performance of Bi(OH)3 at a scan rate of 10 

m V-1.  

Galvanostatic charge-discharge measurement was also used to 

evaluate the capacitance behavior of Bi(OH)3. Fig.4(c) describes the 

galvanostatic discharge of the Bi(OH)3 in 6 M KOH solution over 

the potential range from −1.1 V to -0.2 V at different current 

densities of 1, 2, 3 and 5 A g-1.The nonlinear behavior of the voltage-

time curves in Fig.4(c) is expected for pseudocapacitive electrodes. 

The specific capacitance can be calculated from the galvanostatic 

charge-discharge curve according to equation24: 

� = � × ∆�∆� × ∆� 

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

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

is mass of the electroactive material (g). The specific capacitance of 

the Bi(OH)3 nanoflakes reached 888 F g-1 at 1 A g-1. At a current 

density of 5 A g-1, 92% of this specific capacitance is retained, 

indicating the high-rate capabilities of the Bi(OH)3 nanoflakes. From 

Fig. 4(b) and 4(d), we conclude that the morphology of the Bi(OH)3 

electrode material is favorable for fast ion diffusion and electron 

transfer reaction especially at high current density.  

In addition, electrochemical impedance spectroscopy (EIS) 

analysis was conducted in order to better understand the remarkable 

electrochemical behavior. As shown in Fig. 5(a) the Nyquist plot 

contains a semicircle in high frequency region and a nearly vertical 

line in the low frequency region. Generally, the semicircle is 

considered to be the charge transfer resistance at the 

electrode/electrolyte interface,25 indicating the small charge transfer 

resistance. At low frequencies, the electrode has an ideal straight-

line behavior along the imaginary axis, indicating low Warburg 

impedance (W) and low electrolyte diffusion resistance favourable 

for capacitive performance. The resistance of the Bi(OH)3-based 

electrode was close to 0.4 Ω. Good cycling stability is another 

important characteristic for a high performance pseudocapacitor. 

Fig. 5(b) shows that the specific capacitance increased during the 

first 120 cycles, which resulted from an activation process for the 

Bi(OH)3 electrode. After this process, the Bi(OH)3 electrode still 

maintained a capacitance of about 700 F g-1 (about 90 % of the 

initial capacitance) after 1000 cycles.  

These results revealed that these Bi(OH)3 nanoflakes with a 

thickness of sizes about 20 nm prepared by a facile solvothermal 

method are suitable materials for electrochemical pseudocapacitors. 

The obtained Bi(OH)3 exhibited excellent electrochemical capacitive 

performance. A high specific capacitance of 888 F g-1 was achieved 

at a current density of 1 A g-1 and 90% (700 F g-1) of the initial 

specific capacitance remained after 1000 cycles. Taking advantage 

of ther high performance, cycle stability, easy fabrication and low-

cost, it is believed that the prepared Bi(OH)3 nanoflakes demonstrate 

a design for next-generation pseudocapacitor electrode material. 

 

Experimental  

 

Material Synthesis 

A typical experimental procedure is as follows: 0.136 g of 

sodium acetate trihydrate (CH3COONa·3H2O) was dissolved in 

deionized water (10 mL) by ultrasonication (denoted as sample 1). 

Separately, a solution of 0.486 g Bi(NO3)3·5H2O and 25 mL glycol 

was mixed for 10 min. Sample 1 was added to this solution, and the 

mixture was sonicated for another 30 min. The whole mixture was 

then transferred into a polytetrafluoroethylene (PTFE)-lined 

autoclave and maintained at 180 ° C for 12 h. After natural cooling 

to room temperature, the precipitates were collected by 

centrifugation, thoroughly washed 6 times with ethanol, and then 

dried in an oven at 60 ° C for 12 h to obtain white powders of 

Bi(OH)3. 

Electrochemical measurements  
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Electrodes for electrochemical performance were constructed by 

mixing active material, carbon black and poly tetrafluoroethylene 

(PTFE) binder with a weight percent ratio of 75:20:5. The mixture 

was dispersed in ethanol and pressed onto nickel foams under a 

pressure of 12 MPa. The geometric surface area of the prepared 

working electrode was 1 cm2. The electrodes were dried under 

vacuum at 90 °C for 1 h to remove the solvent. Nickel foam (1.6 mm 

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

The electro-chemical measurements were carried out using CHI 

660D electrochemical workstation (Shanghai Chen Hua, Inc.). The 

conventional three-electrode cell was equipped with a Pt plate as the 

counter electrode and a saturated calomel electrode (SCE) as the 

reference electrode. CV tests were performed within the range of -

1.1 and -0.2 V, using scan rates of 5, 10 and 20 mV s-1
。 EIS 

measurements were carried out in the frequency range of 100 kHz to 

0.01 Hz. All experiments were carried out at a room temperature and 

in 6 M KOH solution.  

Compositional and Structural Characterization 

Powder X-ray diffractions (XRD) patterns of the samples were 

performed obtained using a D/Max-RB diffractometer with Cu-Kα 

radiation (λ=1.54056 Å) and a graphite monochromator at 50 kV, 

100 mA. The particle sizes and morphologies of the powders were 

observed by transmission electron microscopy (TEM) on Hitachi H-

800 microscope and scanning electron microscopy (SEM) on JEOL-

6700 microscope operating at 5 kV. N2 adsorption–desorption 

isotherms were measured using a Micromeritics ASAP 2460 

analyzer at 77 K; the Brunauer-Emmett-Teller (BET) method was 

utilized to calculate the specific surface areas and pore size 

distributions were calculated from desorption isotherms using the 

Barett-Joyner-Halenda (BJH) model. 
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