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1. Experimental Sections 

1.1 Materials 

All the reagents were purchased from Sinopharm Chemical Reagent Co., Ltd. (China) and used as 

received. Carbon cloth and graphite foil were purchased from Fuel Cell Earth (United States) and SGL 

group (Germany), respectively. 

1.2 Fabrication of tungsten bronze on carbon cloth 

The synthesis was carried out in a three-electrode electrochemical cell, using saturated calomel 

electrode (SCE) as the reference electrode and graphite foil as the counter electrode. Tungsten oxide 

was electrodeposited on carbon cloth (1×1 cm2) by a constant potential hold at −1.0 V for 1 h in the 

aqueous mixture of 0.01 M sodium tungstate, 0.01 M hydrochloric acid and 0.04 M hydrogen peroxide. 

The obtained electrode was further electro-crystallized by cyclic voltammetry (CV) in the potential 

range of −0.5 ~ 0 V at the scan rate of 100 mV s−1 in 1 M H2SO4. The tungsten bronze electrode was 

obtained after 50 k cycles. The loading of tungsten bronze active material was 6 mg cm-2. 

1.3 Assembly of asymmetric supercapacitors 

The ASC device was assembled by using tungsten bronze and reduced exfoliated graphite (REG) 

as the anode and cathode, respectively. The REG cathode was obtained by electrochemical treatments 

of graphite foil (1×1 cm2) in three-electrode systems using platinum plate and SCE as the counter and 

reference electrode, respectively. The graphite foil was treated by CV scans from 0.6 to 1.8 V at 20 mV 

s−1 in the 0.5 M K2CO3 solution for 7 cycles, followed by the constant potential hold at 1.8 V for 2 h in 

0.5 M KOH. The electrical conductivity of the electrode was finally recovered by CV scans from −0.9 

to 1 V for 60 cycles at 50 mV s−1 in 3 M KCl solution. To assemble the ASC device, a piece of 
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separator (NKK separator, Japan) was soaked in the 1 M Na2SO4 + 0.01 M H2SO4 electrolyte and 

sandwiched between the two electrodes. The device was finally sealed by parafilm. 

1.4 Characterization  

The morphologies of electrode materials were investigated by scanning electron microscopy 

(SEM, Ultra Plus, Carl Zeiss, Germany). The crystal structures were characterized by X-ray diffraction 

(XRD, X’Pert Pro, PANalytical B.V., Netherlands). The chemical composites and oxidation states of 

the samples were examined by X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo 

Scientific Escalab, USA). The surface area of the materials was measured by the 

Brunauer–Emmett–Teller (BET) method using an ASAP 2460 (MicroActive, USA). Electrochemical 

measurements were conducted on a multichannel electrochemical analyzer (VMP3, Bio-Logic-Science 

Instruments, France). The mass loading of active materials was measured with a Sartorius BT 25 S 

semi-microbalance with the accuracy of 0.01 mg. 

 



 

S4 

 

2. Calculations 

2.1 Single electrode 

Areal capacitance (Ca) of the single electrode can be calculated from the CV curves using the 

following Equation S1: 

a
Δ Δ

 IdU S
C = =

2v U 2v U
     (Equation S1)  

where v is the scan rate, S is the area of the closed CV curve, ΔU is the potential window. The area of 

the active material was controlled to be 1 cm2. 

2.2 Device 

Volumetric capacitance (Cv) of ASC device is calculated from the galvanostatic charge-discharge 

profiles by the following Equation S2: 

v

It
C =

VU
         (Equation S2) 

Where I is the discharge current, t is the discharge time, V is the volume and U is the voltage window 

of the ASC. The volume of the device was 0.055 cm3. 

Volumetric energy density and power density are calculated according to Equation S3 and S4: 

  

2

v
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E =         (Equation S3) 

  v

v

3600E
P =

t
   (Equation S4) 

where Ev is volumetric energy densities, Pv is the volumetric power densities, Cv is the volumetric 

capacitance, t is the discharge time and U is the voltage window of the device. 
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2.3 Discussion on the charge storage mechanism 

The charge storage mechanisms of the tungsten bronze electrode were studied. The scan rate v and 

current density i in CV obey the relationship below: 

bi = av                      (Equation S5) 

where a and b are variable values. The b value is obtained from the slope of the log(i) versus log(v) plot. 

A b-value close to 1 suggests a capacitive nature while b close to 0.5 indicates a diffusion-controlled 

process. The b-values of the tungsten bronze electrode were calculated at different potentials and all 

show larger than 0.8 values (Fig. S6a), demonstrating a high capacitive contribution for charge storage. 

The detailed capacitive and diffusion controlled contributions were obtained according to the following 

equation： 

1/ 2

1 2
+i = k v k v

              (Equation S6) 

with k1 and k2 representing capacitive and diffusion controlled coefficients, respectively. The obtained 

percentages are summarized in Fig. S6b. The percent of capacitive contribution increases with scan 

rates, from 56% at 1 mV s− to 90% at 20 mV s−1. The high capacitive contribution is ascribed to the 

short ion diffusion path and rapid electron transfer in the interconnected nano-sheets, which is also 

essential for the excellent rate capability of the tungsten bronze electrode. 
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3. Supplementary figures 

 

 

Fig. S1 SEM image of carbon cloth. 

 

 

 

Fig. S2 Schematic diagram of the synthesis process of tungsten bronze on carbon cloth. 
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Fig. S3. (a) XRD patterns of the as-prepared tungsten oxide, electro-crystallized tungsten bronze and 

carbon cloth. (b) W 4f XPS fitting and (c) SEM images of the as-prepared tungsten oxide (the inset 

shows the high-magnification image). (d) N2 adsorption−desorption isotherms for the as-prepared 

tungsten oxide and electro-crystallized tungsten bronze electrodes (the inset shows the pore size 

distributions). 
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Fig. S4 CV curve of the tungsten bronze electrode in 1 M H2SO4 at the scan rate of 5 mV s−1. 
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Fig. S5 (a) CV curves of tungsten bronze in 1 M Na2SO4 and various amount of H2SO4. (b) Cycling 

performance of tungsten bronze in the mixed electrolyte of 1 M Na2SO4 + 0.005 M H2SO4.  

 

Among various electrolyte compositions, the 1 M Na2SO4 + 0.01 M H2SO4 electrolyte shows 

optimal performance. It provides a stable potential window of −0.9 V to 0 V (vs. SCE) for the tungsten 

bronze electrode, while hydrogen evolution reaction (HER) starts at around −0.85 V in the case of 1 M 

Na2SO4 + 0.05 M H2SO4 (Fig. S5a). Further increase of H2SO4 concentration results in even earlier 

HER and thus smaller potential window. On the other hand, when decreasing the H2SO4 concentration 

to 0.005 M, the −0.9 V to 0 V potential window is preserved. However, the tungsten bronze electrode 

delivers smaller capacitance and much poorer cycling life. Only 67% capacitance is retained after 2000 

cycles (Fig. S5b), in direct contrast to the ultra-stable cycle life in 1 M Na2SO4 + 0.01 M H2SO4 for 

over 30 000 cycles (Fig. 2c). It is presumably due to the ineffective inhibition of phase transformation 

of tungsten bronze with not enough proton addition. 
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Fig. S6 (a) b values at selected potentials (the inset shows the plot of log(i) vs. log(v) at −0.3 V). (b) 

Percentage of capacitance contribution at different scan rates. 
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Fig. S7 (a) SEM image of REG. (b) CV of REG at 100 mV s−1. (c) Galvanostatic charge-discharge 

curves of the REG electrode. (d) Areal capacitance of REG at different current densities. 

 

Fig. S7a shows the SEM image of the REG. The nanosheet morphology provides abundant open 

space. The electrochemical performance of the REG electrode was investigated in three electrode 

systems. Fig. S7b and c shows the CV and galvanostatic charge-discharge curves of the electrode in the 

1 M Na2SO4 + 0.01 M H2SO4 mixed electrolytes. REG delivers an areal capacitance of 690 mF cm−2 at 

5 mA cm−2, and 60% capacitance is retained when the current density increases to 100 mA cm−2 (Fig. 

S7d). 
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Fig. S8 Volumetric capacitance of the ASC device at different current densities.  
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4. Supplementary table 

Table S1. Electrochemical performance comparison of tungsten-based pseudocapacitive electrodes. 

Material Potential 

Window 

Electrolyte Capacitance Cycling Stability 

NFL-WO3
S1 −0.5 ~ 0 V 

(Ag/AgCl) 

1 M H2SO4 658 mF/cm2 

@6 mA/cm2 

196 F/g@10 mV/s 

85% after 5000 cycles 

WO3
S2 −0.35 ~ 0.2 V 

(SCE) 

2 M H2SO4 797.05 F/g@0.5 A/g 

872.73 F/g@10 mV/s 

100.47% after 2000 cycles 

WO3
S3 −0.6 ~ 0 V 

(Ag/AgCl) 

1 M H2SO4 403.5 F/g@5 mV/s N/A 

h-WO3
S4 −0.5 ~ 0 V 

(SCE) 

0.5 M H2SO4 417.8 F/g@2 mV/s 

421.8 F/g@0.5 A/g 

100% after 1000 cycles 

WO3
S5 −0.6 ~ 0 V 

(Ag/AgCl) 

1 M H2SO4 102.4 mF/cm2 

@10 mV/s 

N/A 

WO3–WO3·0.5H2OS6 −0.6 ~ 0.2 V 

(Ag/AgCl) 

0.5 M H2SO4 290 F/g@25 mV/s N/A 

WO3
S7 −0.6 ~ 0 V 

(Ag/AgCl) 

1 M H2SO4 53 mF/cm2 

@1 mA/cm2 

81% after 4000 cycles 

WO3
S8 −0.6 ~ 0 V 

(Ag/AgCl) 

1 M H2SO4 13.6 mF/cm2 

@10 mV/s 

72.6% after 5000 cycles 

WO3
S9 −0.65 ~ 0.2 V 

(SCE) 

1 M H2SO4 385 F/g@0.5 A/g N/A 

WO3
S10 −0.7 ~ 0 V 

(Ag/AgCl) 

0.5 M H2SO4 2575.3 F/cm2 

@3 mA/cm2 

643.9 F/g@0.75 A/g 

85.1% after 6000 cycles 
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Table S1. Electrochemical performance comparison of tungsten-based pseudocapacitive electrodes 

(continued). 

Material Potential 

Window 

Electrolyte Capacitance Cycling Stability 

W18O49
S11 −0.6 ~ 0.2 V 

(Ag/AgCl) 

1 M H2SO4 440 F/g@2 A/g N/A 

WO3
S12 −0.5 ~ 0 V 

(SCE) 

1 M H2SO4 694 F/g@0.35 A/g 

404 F/g@5 mV/s 

87% after 2000 cycles 

LC-WO3
S13 −0.5 ~ 0.2 V 

(SCE) 

1M H2SO4 200 mF/cm2@0.1 A/g N/A 

h-WO3/SWCNTS14 −0.5 ~ 0.3 V 

(Ag/AgCl) 

1 M H2SO4 510 F/g@2 mV/s 87% after 5000 cycles 

h-WO3·nH2O/CNTS15 −0.6 ~ 0.3 V 

(Ag/AgCl) 

0.2 M H2SO4 498 F/g@5 mV/s 100% after 50 000 cycles 

WO3/WNCCS16 −0.6 ~ 0.3 V 

(Ag/AgCl) 

2 M H2SO4 680 F/g@0.5 A/g 100% after 2000 cycles 

graphene-WO3
S17 −0.4 ~ 0.6 V 

(SCE) 

0.1 M H2SO4 465 F/g@1 A/g 

980 F/g@1 mV/s 

97.7% after 2000 cycles 

WO3 NRs/rGOS18 −0.6 ~ 0.1 V 

(Ag/AgCl) 

0.5 M H2SO4 343 F/g@0.2 A/g 92.7% after 1000 cycles 

H0.12WO3⋅H2OS19 −0.55 ~ 0.1 V 

(SCE) 

0.5 M H2SO4 5.95 F/cm2 

@2 mA/cm2 

100% after 5000 cycles 

e-WO3
S20 −0.5 ~ 0 V 

(SCE) 

0.5 M H2SO4 10m F/cm2 

@0.05 mA/cm2 

N/A 

m-WO3-x-C-sS21 −0.2 ~ 0.8 V 

(Ag/AgCl) 

2 M H2SO4 103 F/g@1 m V/s N/A 

WO3-x
S22 −0.1 ~ 0.8 V 

(SCE) 

2 M H2SO4 199 F/g@1 mA/cm2 N/A 
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Table S1. Electrochemical performance comparison of tungsten-based pseudocapacitive electrodes 

(continued). 

Material Potential 

Window 

Electrolyte Capacitance Cycling Stability 

WO3/CAS23 −0.3 ~ 0.5 V 

(Ag/AgCl) 

0.5 M H2SO4 700 F/g@25 mV/s 95% after 4000 cycles 

WO3·H2OS24 −0.3 ~ 0.15 V 

(Ag/AgCl) 

0.05 M H2SO4 39.7 F/cm2 

@0.07 mA/cm2 

N/A 

OMC/WO2.83
S25 −0.2 ~ 0.4 V 

(SCE) 

1 M H2SO4 175 F/g@2 mV/s 113% after 1000 cycles 

WO3/CAS26 −0.3 ~ 0.5 V 

(Ag/AgCl) 

2 M H2SO4 609 F/g@5 mV/s 98% after 1000 cycles 

WO3/CS27 −0.4 ~ 0.2 V 

(Ag/AgCl) 

0.5 M H2SO4 508 F/g@1 A/g 97% after 1000 cycles 

WO3
S28 −0.6 ~ 1.0 V 

(Ag/AgCl) 

0.5 M H2SO4 169 F/g@2 A/g N/A 

nc-WO3/CS29 −0.3 ~ 0.2 V 

(Ag/AgCl) 

0.5 M H2SO4 702 F/g@2 mV/s 110.2% after 4000 cycles 

h-WO3
S30 −0.3 ~ 0.6 V 

(Ag/AgCl) 

0.5 M H2SO4 15.6 mF/cm2@5 mV/s N/A 

WO3/ZnOS31 −0.9 ~ 0 V 

(Ag/AgCl) 

1 M LiClO4 15.24 mF/cm2 

@0.14 mA/cm2 

N/A 

C@WO3-x CFS32 −1 ~ 0 V 

(SCE) 

5 M LiCl 786.8 mF/cm2 

@20 mA/cm2 

87.7% after 10 000 cycles 

WO3
S33 −0.7 ~ 0.4 V 

(SCE) 

1 M Na2SO4 21.4 mF/cm2 

@10 mV/s 

N/A 

MoO3–x/WO3–x
S34 −1.1 ~ 0 V 

(Ag/AgCl) 

0.5 M Na2SO4 500 mF/cm2 

@2 mA/cm2 

N/A 
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Table S1. Electrochemical performance comparison of tungsten-based pseudocapacitive electrodes 

(continued). 

Material Potential 

Window 

Electrolyte Capacitance Cycling Stability 

HxWO3-y/NCCS35 −1 ~ 1.0 V 

(SCE) 

5 M LiCl 676 F/g (1352 

mF/cm2) 

@5 mA/cm2 

N/A 

WO3-x/CCS36 −1 ~ 0 V 

(SCE) 

5 M LiCl 1830 mF/cm2 

@1 mA/cm2 

74.8% after 10 000 cycles 

This work −0.9 ~ 0 V 

(SCE) 

1 M Na2SO4 + 

0.01 M H2SO4 

860 mF/cm2 

@5 mA/cm2 

98% after 30 000 cycles 
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