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We demonstrate fabrication of Ag:BiVO4 with a dendritic 

architecture by template free hydrothermal method. Then, 

symmetric cells based on Ag:BiVO4 electrodes were assembled 

which exhibits an extended voltage window up to 1.6 V with 

excellent energy density of 2.63 mWh/cm
3
 (38.43 Wh/kg) and 

power density of 558 mW/cm
3
 (8.1 kW/Kg).  

 In the recent surge of sustainable energy demand, 

supercapacitors (SCs) occupy a special niche as novel, 

environmentally-friendly, low-cost, and high-performance 

energy storage devices.
1
 Supercapacitors have the ability to 

store charges through double-layer (non-faradaic) and surface 

redox processes (pseudo-capacitor) thereby achieving high 

power density and excellent cycling stability but low energy 

density.
2
 So far, different materials such as pseudo-

capacitive/faradaic materials (transition metal oxides, 

polyoxometalates, conducting polymers etc.) and non-faradaic 

materials (commonly, carbons) are applied as electrode 

materials for supercapacitors.
3 

 

 Increasing the energy density of supercapacitors is a 

challenge of the greatest importance. A common approach to 

enhance the energy density of supercapacitors is the widening 

of their operational voltage window (since, E=0.5 CV
2
). In this 

context, current research is deeply focused on the fabrication 

of asymmetric supercapacitors with pseudo-capacitive or 

faradaic material cathodes and EDLC carbon anodes in 

aqueous electrolytes.
4
 So far carbon-based materials have 

been adopted as negative electrode materials for hybrid 

electrodes including activated carbon // NiCo2O4@MnO2,
5
 

graphene foam / polyvinyl alcohol /formaldehyde//activated 

carbon,
6
 etc. Although, asymmetric capacitors show high 

energy densities and cycling stabilities, the energy density and 

specific capacitances of carbon anodes are still insufficient to 

counter balance the electrochemical performance of positive 

electrode materials. In addition, asymmetric supercapacitors 

involve a complex balancing of charges from the different 

electrochemistries in negative and positive electrodes. On the 

other hand, constructing symmetric capacitors with two 

identical electrodes can effectively solve this problem; 

however, this requires strict criteria on the electrodes to give 

high operation voltage and high-level capacitance with good 

rate capability. Thus, designing electrode materials with 

improved storage properties (both specific and volumetric 

energy and power) to meet the requirements for high-

performance energy storage devices is a great challenge. 

 With this motivation, we have successfully synthesized 

dendrite-like novel Ag incorporated BiVO4 nano-architecture 

by simple hydrothermal method. The detailed experimental 

procedure is given in supporting information S.I. 1. 

Furthermore, we have proposed a rational design of Ag:BiVO4 

based symmetric capacitor which can provide an extended 

voltage window of 1.6 V. Indeed, this symmetric cell exhibits 

excellent electrochemical supercapacitive properties due to 

the incorporation of Ag which further allows fast electron 

transfer during charge/discharge process.  

 Fig. 1a shows the comparative X-Ray diffraction patterns of 

as prepared materials showing crystalline monoclinic phase of 

pure BiVO4 with lattice constants a = 0.5185 nm, b = 1.1713 

nm and c = 0.5102 nm which are in good agreement with 

literature values (JCPDS card no 014-0688). Additionally, the 

existence of weak diffraction peak at (37.5
o
) was also 

observed, which corresponds to Ag nanoparticles with cubic 

crystal structure (JCPDS card no- 04-0783). Fig. 1b depicts the 

Energy dispersive spectrum of Ag:BiVO4 nanostructure sample 

confirming the presence of Bi, V, O and Ag elements. 

 Fig. 2 shows FESEM images of BiVO4 and Ag:BiVO4 samples 

with corresponding mappings. From Fig. 2a and b, randomly 

distributed platelet-like particles are observed for BiVO4 

sample. Conversely, unique dendrites with leaf-like 

morphology were observed for Ag:BiVO4 (Fig. 2c and d). 
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Dendritic electrode microstructures are the focus of many 

researchers due to the remarkable connectivity between the 

crystals, that enables the construction of high performance 

electrodes.
7,8

 Moreover, the substantial inter-leaf spacing in 

this particular 3D dendritic structure will provide an easy 

access for electrolyte ions and hence more electroactive sites 

as well as small branches will reduce internal resistance.
8, 9

 

 
Fig. 1 (a) XRD patterns of BiVO4 and Ag:BiVO4 samples (b) EDAX spectrum of Ag-
BiVO4 sample.  

Taking a closer look at FESEM image reveals the different 

features of internal structures to account for formation of 

dendrite morphology (Fig. 2d). The typical dendrites are 

formed from two symmetric branches with support of an 

adequate backbone. The average length of whole single 

dendrites is around ~ 4-5 μm with widths ranging between 0.5 

and 1.5 μm (smaller at the ending side of the dendrite). Every 

individual branch is further composed of several subunits of 

different sizes with recognizable boundaries having lengths 

ranging from 400-600 nm and widths in the range of 100-200 

nm attached perpendicular to the backbone to form 3D doubly 

branched dendrites. The detail reaction and growth 

mechanism for the evolution of well-defined dendrite 

morphology via hydrothermal route is given in S.I.2. The 

additional SEM images have been provided in the supporting 

information Fig. S.I. 3. 

 

Fig. 2 FESEM micrographs of (a, b) BiVO4 and (c, d) Ag:BiVO4 hybrid microstructures 

with corresponding elemental mapping images (mapping corresponds to Fig. 2 (c)) 

 The elemental mapping of Ag:BiVO4 dendritic structures 

shown in Fig. 2 unambiguously confirms the presence of 

constituent elements Bi, V, Ag and O in the sample. 

 Further to determine the crystallographic structure and the 

particle sizes of Ag:BiVO4, FETEM analysis was acquired (Fig. 3). 

FETEM reveals that the typical dendrites are formed by 

connecting several submicrons sized subunits on both the 

sides of single backbone (please also see Fig. S.I. 4). Also, the 

Ag nanoparticles of size 15-25 nm are in intimate contact with 

BiVO4. The interface between Ag and BiVO4 is represented by 

dotted line in TEM images (Fig. 3 (c)). High resolution TEM 

(HRTEM) image of Ag:BiVO4 (Figure 3c, d) clearly showed two 

distinct sets of lattice fringes. The uniform lattice fringes with 

an interplanar spacing of 0.23 nm correspond to the (111) 

crystallographic plane of Ag while the interplanar spacing of 

0.32 nm correspond to (121) crystallographic plane of BiVO4 

indicating formation of Ag:BiVO4 hybrid architecture. Inset of 

Fig. 3c and d depicts the corresponding fast-Fourier-transform 

(FFT) images.  

 

Fig. 3 (a, b) FETEM images of Ag:BiVO4 and (c, d) HRTEM images of Ag and BiVO4 

respectively 

 The obtained Ag:BiVO4 dendritic structure holds several 

key features such as interlinked connectivity through branched 

surfaces, propound effect of Ag nanocrystals, improved 

surface properties and stability. The incorporation of Ag into 

BiVO4 structure leads to improved charge transfer kinetics on 

the surface and also facilitates the surface chemical reactions, 

which is expected to improve specific capacitance through 

establishing fast electron transfer channels during charge 

discharge process.
10,11

 All these properties are extremely 

favorable for supercapacitor application.  

 Considering the unique dendrite structures of the present 

samples, we investigated the electrochemical performance of 

BiVO4 and Ag:BiVO4 in 6 M KOH electrolyte. The deviation in a 

cyclic voltammetry (CV) curve from ideal rectangular shape 

confirms pseudo-capacitive behavior of both materials as seen 

in Fig. 4a. It is further interesting to note that, for Ag:BiVO4, 

the CV curve exhibits relatively high current density with well-

defined redox peak, which is attributed to the improved 
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conductivity of Ag:BiVO4 leading to better ionic and electronic 

conduction. For the BiVO4 or Ag:BiVO4 electrode, the 

capacitance mainly arises from the pseudocapacitance due to 

reversible redox transitions involving the insertion/extraction 

of protons and/or K
+
 ions as well as the transitions between 

different valence state of V.
12

 The possible reaction 

mechanism is expressed as follows: 

 
+

−

−+
↔++

y

yxy2xx MOVyeyMBiVO
       (M

+
= K

+
 or H

+
)        (1) 

 

Fig.4 (a) CV curves and (b) Chronopotentiometry curves of BiVO4 and Ag:BiVO4 

electrodes at scan rate of 40 mV/s and current density of 15 mA/cm
2
, respectively (c) 

Variation of Areal capacitance of BiVO4 and Ag:BiVO4 nanostructures as a function of 

scan rates (d) Variation of specific capacitance as a function of scan rates  

 The CV curves at different scan rates for BiVO4 and 

Ag:BiVO4 are measured (see Fig. S.I.5). It is worth noting that 

as scan rate increases the area under the curve increases 

retaining redox peaks even at high scan rates suggesting 

excellent rate capability of this material. Fig. 4b shows 

galvanostatic charge/discharge (CD) curves of BiVO4 and 

Ag:BiVO4 samples at 15 mA/cm
2
. Ag:BiVO4 exhibits higher 

discharge time than BiVO4 due to low internal resistance of 

Ag:BiVO4, indicating improved conductivity of Ag:BiVO4 (Fig. 

S.I.6). The CD curves for BiVO4 and Ag:BiVO4 samples at 

different current densities from 15 to 40 mA/cm
2
 are provided 

in Fig. S.I.5. The CD curves show symmetrical nature even at 

high current densities, which further confirms high rate 

capability of Ag:BiVO4 electrode. The preferable capacitor 

performance can be attributed to the improved electronic 

conductivity of the Ag:BiVO4 derived from Ag coating. The 

above capacitor performance demonstrates that the BiVO4 

dendrites coated with Ag nanoparticles exhibit remarkable 

electrochemical performance for supercapacitor electrodes. 

The similar kind of improved electrochemical performance 

owing to improved conductivity of metals oxides coated with 

polypyrrole (PPy) polymers has been reported earlier.
13, 14

 The 

improved conductivity of Ag:BiVO4 is confirmed by 

electrochemical impedance measurements (see S.I.6).  

 For the quantitative analysis of the electrochemical 

performance, the specific capacitances were derived from the 

CV measurements. The areal and specific capacitances of 

BiVO4 and Ag:BiVO4 electrodes at different scan rate are 

shown in Fig. 4c and d, respectively. The maximum 

capacitances obtained for BiVO4 and Ag:BiVO4 are 0.75 F/cm
2
 

(116.3 F/g) and 1.12. F/cm
2
 (170 F/g) respectively, at a scan 

rate of 5 mV/s. The high values of capacitance for Ag:BiVO4 

electrode can be attributed to the incorporation of Ag into 

BiVO4 (improved conductivity) with unique 3D dendrite-like 

morphology. It is further interesting to note that, the 

capacitance retention is increased from 26 % to 32 % for 

Ag:BiVO4 after the increase in scan rate from 5 mV/s to 100 

mV/s. Further, the electrochemical stability of BiVO4 and 

Ag:BiVO4 is measured by charge/discharge cycles at 40 

mA/cm
2
 as presented in Fig. S.I.6. Both the BiVO4 and Ag:BiVO4 

electrodes exhibit capacity retention in the range between 86-

88 % after 4000 cycles. All of these results highlight the fact 

that the addition of Ag to BiVO4 results in enhanced 

performance by facilitating the faradaic reactions.  

 
 Fig. 5 (a) CV curves of Ag-BiVO4 based symmetric cell at different scanning rates, 
(b) Galvanostatic charge/discharge (CD) curves of Ag:BiVO4 based symmetric cell 
at different current densities (c) representative charge discharge cycle at 5.1 A/g 
for Ag:BIVO4 symmetric cell (d) Variation of specific capacitance and volumetric 
capacitance at different current densities. 

 Strikingly, Ag:BiVO4 electrode can work in wider potential 

window from -1.0 to 0.6 V (vs Ag/AgCl) as shown in Fig 4a and 

b). Taking advantage of wider potential window, we have 

assembled a symmetric cell based on Ag:BiVO4 electrodes by 

sandwiching KOH-soaked separator in between. Thus, the 

Ag:BiVO4 electrode can be used as both positive as well as 

negative electrode. Fig. 5a shows cyclic polarization curves of 

Ag:BiVO4 symmetric cell at various scanning rates. 

Impressively, the cell can extend voltage window up to 1.6 V, 

beyond thermodynamic limit of water (1.23 V). It is further 

interesting to note that the CV curves retain rectangular shape 

even at high scan rates suggesting good rate capability of 

electrode materials. Furthermore, the galvanostatic 

charge/discharge (CD) curves were recorded at various current 

densities from 3.1 A/g to 10.2 A/g for Ag:BIVO4 symmetric cell 

(Fig. 5b). It is worth noting that the Ag:BIVO4 symmetric cell 

shows large voltage window of 1.6 V, which leads to an 

increased energy density. Fig. 5c shows a representative 

charge discharge cycle at 5.1 A/g for Ag:BIVO4 symmetric cell. 
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Each electrode potential limit is also shown (black and blue 

curves on right Y axis). As expected charging and discharging 

branches are not straight lines due to the pseudocapacitive 

contribution. The positive and negative electrodes work in the 

voltage range: +1.35 to +1.6 V and +1.35V to +0.0 V. Therefore 

the voltage swing from the negative electrode is much larger 

than for the positive electrode.  

 Further, for the quantitative analysis of the electrochemical 

performance of Ag:BiVO4 symmetric cell, the specific 

capacitance and volumetric capacitance of Ag:BiVO4 symmetric 

cell were derived from the CV measurements (S.I.7). Fig. 5d 

shows the variation of specific capacitance and volumetric 

capacitance of Ag:BiVO4 symmetric cell as a function of current 

densities. The Ag:BiVO4 symmetric cell provides a high 

volumetric capacitance of 7.39 F/cm
3
 (108.1 F/g for total mass 

of active material in both electrodes 4.9 mg/cm
2
) at current 

density of 3.1 A/g. As expected, the capacitance decreases 

with increase in current density because of diffusion limitation 

caused by ionic motion of electrolyte. However, the volumetric 

capacitance at high current density of 7.1 A/g is still 

considerably high 5.44 F/cm
3 

(79.5 F/g). It is noteworthy that 

the obtained volumetric capacitances are comparatively higher 

than that of some of the previously reported symmetric as well 

as asymmetric supercapacitors (see Table S2).
15-17,18 

The areal 

capacitance at different current densities was also calculated 

and given in Fig. S.I.8. The maximum areal capacitance of 0.73 

F/cm
2 

was observed at current density of 20 mA/cm
2
. The 

areal capacitance further decreases with increase in current 

density, consistent with that of volumetric capacitance. 

 Fig. 6a and b displays the Ragone plots of Ag:BiVO4 

symmetric cell. The maximum volumetric energy density of cell 

is found to be 2.63 mWh/cm
3
 (38.43 Wh/kg) at power density 

of 167 mW/cm
3
 (2.44 kW/kg). More interestingly, even at high 

power density of 558 mW/cm
3
 (8.16 kW/kg), Ag:BiVO4 cell 

exhibits energy density of 1.7 mWh/cm
3
 (25.17 Wh/kg), 

confirming the great potential for application in high 

performance devices. The enhanced energy and power 

densities of Ag:BiVO4 symmetric cell are ascribed to high 

conductivity of Ag:BiVO4 electrode, unique dendrite-like 

architecture which provide extended voltage window. In 

comparison to recent novel sodium ion capacitors
19

 (energy 

density of 98 Wh/kg at power density of 2.43 kW/kg), the 

gravimetric energy density of present Ag:BiVO4 is smaller. 

However, the observed volumetric energy density is much 

higher than those of previous reports on symmetric and 

asymmetric supercapacitors which employed an aqueous 

electrolyte such as H-TiO2@MnO2 //H-TiO2@C (0.30 

mWh/cm
3
, 5M LiCl)

18
, Co9S8//Co3O4@RuO2, (1.21 mWh/cm

3
, 

3M KOH)
21

, VOx//VN (0.61 mWh/cm
3
, 5M LiCl)

22
, laser-scribed 

graphene (LSG)//LSG (0.09 mWh/cm
3
, 1 M H3PO4)

17
 

demonstrating the remarkable capacitive behavior of 

Ag:BiVO4/Ag:BiVO4 in aqueous electrolytes. 

 

Fig. 6 (a, b) volumetric and gravimetric energy/power densities of Ag:BiVO4 symmetric 

cell (c) Cycle performance of Ag:BiVO4 symmetric cell, (d)  Nyquist plots of Ag:BiVO4 

symmetric cell after 4000 cycles (Inset shows plot of phase angle with frequency ) 

 The cycling stability is one of the most important features 

of high performance supercapacitor device. The stability of 

Ag:BiVO4 symmetric cell was measured charge/discharge 

cycles at 10 A/g over 4000 cycles (Fig. 6c). The Ag:BiVO4 

symmetric supercapacitor retains 82 % of its initial capacitance 

after 4000 cycles which is higher than those of earlier reported 

systems composed of BiVO4 asymmetric capacitor (42% after 

200 cycles)
18

 and VO2//VO2 symmetric supercapacitor (78.7 % 

after 4500 cycles)
20

. The improved cycling stability might be 

due to uniquely stable 3D hierarchical dendrite-like structure 

of Ag:BiVO4. Fig. 6d depicts Nyquist plots of Ag:BiVO4 

symmetric cell showing very low ESR value (0.3 ῼ) which 

suggests that the Ag:BiVO4 have very small internal resistance 

with good ion response at high frequency ranges. The above 

results indicate that our Ag:BiVO4 hybrid architecture based 

symmetric supercapacitor exhibits excellent electrochemical 

supercapacitive properties that could be due to a synergetic 

effect between noble metal Ag and nano-architectured BiVO4. 

More importantly, assembling symmetric cells could eliminate 

the use of complex chemistries usually involved in asymmetric 

cells (different electrode materials) as well as complication in 

balancing charge (or mass) of both electrodes. Thus, Ag:BiVO4 

symmetric cell outclasses the high-voltage asymmetric 

counterparts under the same power and represents a 

noteworthy advance towards high energy density 

supercapacitors. 

 In conclusion, a novel Ag:BiVO4 symmetric cell has been 

successfully fabricated for the first time demonstrating 

excellent supercapacitive properties. The cell offers an 

extended voltage window of 1.6 V which further leads to an 

excellent energy density of 2.63 mWh/cm
3
 (38.63 Wh/kg) with 

high power density of 558 mW/cm
3
 (8.1 kW/kg). In addition, 

notably, this symmetric cell exhibits significantly high 

volumetric capacitance of 7.39 F/cm
3
 and good cycling stability  

(82 % retention after 4000 cycles). This successful strategy 

could be applied to the design of new symmetric 
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supercapacitors using noble metals for doping a variety of 

high-performing supercapacitor electrode materials. 
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Hydrothermally synthesized Ag:BiVO4 with dendritic structure as an excellent electrode material 

for symmetric supercapacitors. 
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Supporting information S. I. 1 

Experimental: 

Synthesis of Ag:BiVO4 nanostructures: 

Bismuth (III) nitrate [Bi(NO3)3.5H2O], Ammonium metavanadate [NH4VO4] (Qualigen Chemicals 

Limited), Silver nitrate AgNO3 (SD Fine Chemicals Limited), Ammonia NH3  (Qualigen Chemicals 

Limited) and Nitric acid HNO3 (Fisher Scientific), Ethanol C2H5OH (JEBSEN & JESSEN gmbH & Co. 

Germany) were used as starting materials. All the chemicals were of AR grade and were used 

without any further purification. 

BiVO4, Ag:BiVO4 nanostructures were synthesized by facile solvothermal method. In a 

typical procedure, initially a mixed solvent was prepared using 5 ml HNO3, 5 ml C2H5OH and 65 

ml H2O. Subsequently, 2.5 mmol of Bi (NO3)3.5H2O and 2.5 mmol of NH4VO4 were dissolved 

separately in each of 35 ml of as prepared solvent. The two solutions were mixed at room 

temperature under vigorous magnetic stirring and maintained at pH=7 by addition of NH3. 

Furthermore, the solution of Ag (1 wt. %) was added dropwise and stirred for 10 min. After 

being cooled to room temperature naturally, the precipitate was collected and washed with 

distilled water and ethanol thoroughly, dried at 60oC for 4 h and used for further 

characterization. For comparison pure BiVO4 was also prepared were prepared by same 

method except use of C2H5OH in solvent system. 

Materials Characterization: 

The phase analysis of the samples were performed by X-ray diffraction (XRD) on a 

Rigaku-Ultima III with CuKα radiation (λ = 1.5418 Å). The surface morphology of as-prepared 

samples were investigated using the field-emission scanning electron microscopy (FEI Quanta 
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650F Environmental SEM) attached with an energy-dispersive X-ray spectroscopy (EDS) analyzer 

to measure the sample composition. Microstructure investigation was conducted using field 

emission transmission electron microscopy with a JEOL JSM 2200 FS microscope operating at 

200 kV. 

Electrochemical measurements  

In order to check the electrochemical performances, the working electrodeswere 

prepared by using Doctor Blade method. For this, 85 % of active material (Ag:BiVO4) was mixed 

with 10 % PVDF as binder and 5 % acetylene black. A few drops of N-Methyl-2-pyrrolidone 

(NMP, solvent) were added and the mixture was homogenized using a mortar to get a uniform 

paste. Finally, the paste was applied on commercial flexible carbon cloth which was further 

used as SCs electrodes. The resultant thin films were then annealed at 180 oC for two hours in 

order to remove the binder. The typical mass loading of the electrode material was around 0.5-

0.9 mg/cm2. The electrochemical properties were measured using standard three electrode 

system which contain working electrodes (BiVO4 and Ag:BiVO4), counter electrode (platinum) 

and reference electrode (Ag/AgCl) in 6 M KOH electrolyte. Symmetric cell was constructed in a 

3-way Teflon Swagelok cell using two identical electrodes of Ag:BiVO4 with polypropylene 

separator sandwiched between them and few drops of 6 M KOH electrolyte. Two channels from 

potentiostat were connected together in such a way that one channel records voltage between 

two electrodes (positive and negative) and other channel records potential contributed from 

positive and negative electrodes with respect to reference electrode. All electrochemical 

measurements (cyclic voltammetry (CV) and galvanostatic charge-discharge techniques) were 

carried out using a Biologic VMP3 potentiostat. 
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Supporting information S. I. 2 

Reaction and growth mechanism for Ag:BiVO4 nano-architecture formation 

The evolution of well-defined dendrite morphology via hydrothermal route invites the 

discussion for reaction mechanism and formation mechanism in detail. The plausible reactions 

taking place in the Ag:BiVO4 hybrid architecture are shown below,  

Bi (NO3) 3.5H2O + HNO3 + H2O → BiONO3 + 3 HNO3                             ……. (1) 

Ag + NH3 → Ag (NH3)2
+               ……. (2)  

NH4VO3 + BiONO3 + Ag (NH3)2
+ + H2O → Ag:BiVO4 + NH3 + HNO3                     ……. (3) 

In a present chemical reaction, the bismuth cations and vanadium anions are provided by 

the hydration of BiNO3.5H2O and NH4VO3, respectively. Initially, the hydrolysis of Bi(NO3) 3.5 

H2O takes place and form a soluble BiONO3 which readily react with VO3
- ions at Ph ~ 6-7 

forming pale yellow precipitate of tetragonal BiVO4. During hydrothermal treatment, after 

getting sufficient thermal energy, the generated BiVO4 nuclei aggregates and converted to 

highly crystalline form of monoclinic BiVO4 crystals. Meanwhile, the addition of Ag into the 

reaction medium produces Ag (NH3)2
+ complex on reaction with NH3.1 The formed Ag (NH3)2

+ 

complex ions takes sufficient thermal energy to drive-reach the surface of BiVO4 sites wherein 

gets reduced to Ag by ethanol under high temperature and pressure conditions.1,2 It is expected 

that simultaneous nucleation of BiVO4 and Ag might occur which further grow according to self 

assembly and Ostwald ripening mechanism. It is known that a higher monomer (precursor) 

concentration in solution generally favors 1D growth whereas the lower monomer 

concentration favors 3D growth.3 In the present case, the hydrothermal reaction system with 

relatively lower reactant concentration, sufficient temperature (180 oC) and optimum pH (= 7) 
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value provides higher chemical potential, and faster ion movement, thereby resulting in 

formation Ag:BiVO4 hybrid dendritic structures. It is noteworthy that the proper growth of 

dendrites was observed for Ag:BiVO4 compared to pure BiVO4 sample which might be due to 

effect of addition of C2H5OH as a reducing agent in solvent system, playing a key role on 

facilitating crystal growth and tailoring the morphology.  

From morphology evolution point of view, initially, primary particles starts to aggregate to 

minimize surface energy, offering driving force for self assembly. The self assembly proceeds by 

the rotation of particles via Brownian motion and short-range interaction between the 

particles, causing formation of smaller branches (rod like) that act as building blocks for 

dendrites. Furthermore, due to prolonged reaction time (24 h) the continuous growth of larger 

particles are occurred at expense of smaller particles known as Ostwald ripening to form larger 

subunits or branches to adjust it to achieve a minimum total surface free energy.3 It is 

presumed that the an isotropic growth of formed branches along [001] direction is responsible 

for formation of 3D hierarchical BiVO4 dendritic structures.4 Thereby, the obtained Ag:BiVO4 

dendritic structures preserves several key features of interlinked connectivity through branched 

surfaces, propound effect of Ag nanocrystals, improved surface properties and stability. 

Therefore it really sense to examine the performance of this kind of material for energy 

application. 
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Supporting information S. I. 3 

 

Fig. S.I. 3 FESEM images of Ag:BiVO4 with different magnifications 
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Supporting information S. I. 4 

 

Fig. S.I. 4 FETEM images of Ag:BiVO4 with different magnification 
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Supporting information S.I. 5 

 

Fig. S. I. 5 Cyclic voltammetry (CV) curves of (a) BiVO4 and (b) Ag:BiVO4 electrodes at different 

scanning rates and Galvanostatic charge/discharge (CD) curves of (c) BiVO4 and (d) Ag:BiVO4 

microstructures at different current densities. 
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Supporting information S.I. 6 

 

Fig. S.I. 6 Cyclic performance of BiVO4 and Ag:BiVO4 electrodes (b) Nyquist plots of BiVO4 and 

Ag:BiVO4 electrodes (inset shows the equivalent circuit diagram of Nyquist plots) 

 

Fig. S.I.6 (a) depicts the cycle performance of BiVO4 and Ag-BiVO4 electrodes which showing 

excellent cycling stability with around 92 % capacity retention after 4000 cycles. The impedance 

spectra were recorded in order to investigate the bulk solution resistance (Re), charge transfer 

resistance (Rct), and Warburg resistance (Zw) of as synthesized electrode materials. Fig. S.I.6 (b) 
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displays the Nyquist plots of impedance spectra of the BiVO4 and Ag-BiVO4 with inset showing 

the equivalent circuit diagram of Nyquist plots. Both the plots showed similar behavior in terms 

of curve shape (semicircle) except change in the resistance value. The obtained semi circles are 

due to charge transfer resistance (Rct) which represents how fast the charge transfer takes 

place at electrode-electrolyte interface. The comparatively lower value of charge transfer 

resistance (Rct) indicates the improved charge transfer in Ag:BiVO4 hybrid architecture. Further, 

the small (Re) value reveals good electrical conductivity of Ag:BiVO4 compared to pristine BiVO4 

electrode. This proves that the synergetic effect between Ag and BiVO4 hybrid plays a key role 

for improving the electrochemical properties by facilitating electronic conduction as well as 

charge discharge processes. All these results directly reveal the feasibility of using Ag:BiVO4 as a 

negative electrode for high performance supercapacitor device. 
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Supporting information S.I. 7 

The cell (device) capacitance (C) and volumetric capacitance of the symmetric devices were 

calculated from their CVs according to the following equation: 

Ccell       …….(1) 

           CA       …….. (2) 

where, CA and CV are areal and volumetric capacitances, respectively. Q(C) is the 

average charge during the charging and discharging process, V is the volume (cm3) of the 

whole device (The area and thickness of our symmetric cells is about 0.785cm
2
(Area, A=πr

2
, 

3.14×(0.5)
2
) and 0.088 cm. Hence, the whole volume of device is about 0.069 cm

3
, ΔV (V) is 

the voltage window. It is worth mentioning that the volumetric capacitances were calculated 

taking into account the volume of the device stack. This includes the active material, the 

flexible substrate and the separator with electrolyte. 

Alternatively, the cell capacitance (Ccell), areal (CA) and volumetric (CV) capacitance 

of the electrode (CV) was estimated from the slope of the discharge curve using the following 

equations: 

Ccell       …… (3) 

CA  and  Cv    …… (4) 

Where I is the applied current, V is the volume (cm3) of the whole device (the whole volume of 

our device is about 0.069 cm3), Δt is the discharging time, ΔV (V) is the voltage window. 
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Volumetric energy (E, Wh/cm3) and power density (P, W/cm) of the devices were obtained 

from the following equations: 

E = Cv 2 

P =  

whereE (Wh/cm3
) is the energy density, CV is the volumetric capacitance obtained from 

Equation (5) and ΔV (V) is the voltage window, P (W/cm3) is the power density. 
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Supporting information S.I. 8 

 

Fig. S.I. 8 Variation of Volumetric capacitance and Areal capacitance with current density of 

Ag:BiVO4/Ag:BiVO4 symmetric supercapacitors 

 

 

 

 

 

 

 

 

Page 32 of 40Journal of Materials Chemistry A



14 

 

Table S1: Electrochemical properties of Ag:BiVO4/Ag:BiVO4 symmetric supercapacitors in 6 M 

KOH electrolyte 

Current density 

(A/g) 

Discharge 

time (sec) 

Capacitance Specific energy 

Volumetric 

(F/cm
3
) 

Gravimetric 

(F/g) 

Volumetric 

(mWh/cm
3
) 

Gravimetric 

(Wh/kg) 

3.1 56.5 7.39 108.1 2.63 38.43 

4.1 38.92 6.79 99.2 2.41 35.30 

5.1 29.04 6.33 92.6 2.25 32.92 

6.1 22.46 5.88 85.9 2.09 30.55 

7.1 17.82 5.44 79.5 1.93 28.285 
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Table S2: Comparison of Supercapacitor values of Transition Metal Oxide (TMOs) based 

electrodes 

Electrode Device Electrolyte Volumetric 

capacitance 

Max. Vol. Energy 

Density at power 

density 

Reference 

 

Ag:BiVO4 Symmetric 6M KOH 7.39 F/cm3 2.63 mWh cm-3 at  
0.558 W cm-3 

Present work 

H-TiO2 
@MnO2 //H-
TiO2@C 

Asymmetric 5 M LiCl 0.68 F/cm3 0.30 mWh cm−3 at  
0.23 W cm−3 

5 

 
Co9S8//Co3O4

@RuO2  

Asymmetric 3M KOH 3.42 F/cm3 1.21 mWh cm-3 at  
13.29 W cm-3 

6 

VOx//VN  Asymmetric 5M LiCl 
electrolyte 

1.35 F/cm3 0.61 mWh cm-3 at 
0.85 W cm-3 
 

7 

MoS2 Asymmetric 0.5 M 
Na2SO4 

- 0.016 Wh cm−3 at  
0.62 W cm−3 

8 

laser-scribed 
graphene(LSG
) //LSG 

Symmetric 1.0 M 
H3PO4 

0.42 F/cm3 0.09 mWh cm-3at  
0.1 W cm-3 

9 
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We demonstrate fabrication of Ag:BiVO4 with a dendritic 

architecture by template free hydrothermal method. Then, 

symmetric cells based on Ag:BiVO4 electrodes were assembled 

which exhibits an extended voltage window up to 1.6 V with 

excellent energy density of 2.63 mWh/cm
3
 (38.43 Wh/kg) and 

power density of 558 mW/cm
3
 (8.1 kW/Kg).  

 In the recent surge of sustainable energy demand, 

supercapacitors (SCs) occupy a special niche as novel, 

environmentally-friendly, low-cost, and high-performance 

energy storage devices.
1
 Supercapacitors have the ability to 

store charges through double-layer (non-faradaic) and surface 

redox processes (pseudo-capacitor) thereby achieving high 

power density and excellent cycling stability but low energy 

density.
2
 So far, different materials such as pseudo-

capacitive/faradaic materials (transition metal oxides, 

polyoxometalates, conducting polymers etc.) and non-faradaic 

materials (commonly, carbons) are applied as electrode 

materials for supercapacitors.
3 

 

 Increasing the energy density of supercapacitors is a 

challenge of the greatest importance. A common approach to 

enhance the energy density of supercapacitors is the widening 

of their operational voltage window (since, E=0.5 CV
2
). In this 

context, current research is deeply focused on the fabrication 

of asymmetric supercapacitors with pseudo-capacitive or 

faradaic material cathodes and EDLC carbon anodes in 

aqueous electrolytes.
4
 So far carbon-based materials have 

been adopted as negative electrode materials for hybrid 

electrodes including activated carbon // NiCo2O4@MnO2,
5
 

graphene foam / polyvinyl alcohol /formaldehyde//activated 

carbon,
6
 etc. Although, asymmetric capacitors show high 

energy densities and cycling stabilities, the energy density and 

specific capacitances of carbon anodes are still insufficient to 

counter balance the electrochemical performance of positive 

electrode materials. In addition, asymmetric supercapacitors 

involve a complex balancing of charges from the different 

electrochemistries in negative and positive electrodes. On the 

other hand, constructing symmetric capacitors with two 

identical electrodes can effectively solve this problem; 

however, this requires strict criteria on the electrodes to give 

high operation voltage and high-level capacitance with good 

rate capability. Thus, designing electrode materials with 

improved storage properties (both specific and volumetric 

energy and power) to meet the requirements for high-

performance energy storage devices is a great challenge. 

 With this motivation, we have successfully synthesized 

dendrite-like novel Ag incorporated BiVO4 nano-architecture 

by simple hydrothermal method. The detailed experimental 

procedure is given in supporting information S.I. 1. 

Furthermore, we have proposed a rational design of Ag:BiVO4 

based symmetric capacitor which can provide an extended 

voltage window of 1.6 V. Indeed, this symmetric cell exhibits 

excellent electrochemical supercapacitive properties due to 

the incorporation of Ag which further allows fast electron 

transfer during charge/discharge process.  

 Fig. 1a shows the comparative X-Ray diffraction patterns of 

as prepared materials showing crystalline monoclinic phase of 

pure BiVO4 with lattice constants a = 0.5185 nm, b = 1.1713 

nm and c = 0.5102 nm which are in good agreement with 

literature values (JCPDS card no 014-0688). Additionally, the 

existence of weak diffraction peak at (37.5
o
) was also 

observed, which corresponds to Ag nanoparticles with cubic 

crystal structure (JCPDS card no- 04-0783). Fig. 1b depicts the 

Energy dispersive spectrum of Ag:BiVO4 nanostructure sample 

confirming the presence of Bi, V, O and Ag elements. 

 Fig. 2 shows FESEM images of BiVO4 and Ag:BiVO4 samples 

with corresponding mappings. From Fig. 2a and b, randomly 

distributed platelet-like particles are observed for BiVO4 

sample. Conversely, unique dendrites with leaf-like 

morphology were observed for Ag:BiVO4 (Fig. 2c and d). 
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Dendritic electrode microstructures are the focus of many 

researchers due to the remarkable connectivity between the 

crystals, that enables the construction of high performance 

electrodes.
7,8

 Moreover, the substantial inter-leaf spacing in 

this particular 3D dendritic structure will provide an easy 

access for electrolyte ions and hence more electroactive sites 

as well as small branches will reduce internal resistance.
8, 9

 

 
Fig. 1 (a) XRD patterns of BiVO4 and Ag:BiVO4 samples (b) EDAX spectrum of Ag-
BiVO4 sample.  

Taking a closer look at FESEM image reveals the different 

features of internal structures to account for formation of 

dendrite morphology (Fig. 2d). The typical dendrites are 

formed from two symmetric branches with support of an 

adequate backbone. The average length of whole single 

dendrites is around ~ 4-5 μm with widths ranging between 0.5 

and 1.5 μm (smaller at the ending side of the dendrite). Every 

individual branch is further composed of several subunits of 

different sizes with recognizable boundaries having lengths 

ranging from 400-600 nm and widths in the range of 100-200 

nm attached perpendicular to the backbone to form 3D doubly 

branched dendrites. The detail reaction and growth 

mechanism for the evolution of well-defined dendrite 

morphology via hydrothermal route is given in S.I.2. The 

additional SEM images have been provided in the supporting 

information Fig. S.I. 3. 

 
Fig. 2 FESEM micrographs of (a, b) BiVO4 and (c, d) Ag:BiVO4 hybrid microstructures 

with corresponding elemental mapping images (mapping corresponds to Fig. 2 (c)) 

 The elemental mapping of Ag:BiVO4 dendritic structures 

shown in Fig. 2 unambiguously confirms the presence of 

constituent elements Bi, V, Ag and O in the sample. 

 Further to determine the crystallographic structure and the 

particle sizes of Ag:BiVO4, FETEM analysis was acquired (Fig. 3). 

FETEM reveals that the typical dendrites are formed by 

connecting several submicrons sized subunits on both the 

sides of single backbone (please also see Fig. S.I. 4). Also, the 

Ag nanoparticles of size 15-25 nm are in intimate contact with 

BiVO4. The interface between Ag and BiVO4 is represented by 

dotted line in TEM images (Fig. 3 (c)). High resolution TEM 

(HRTEM) image of Ag:BiVO4 (Figure 3c, d) clearly showed two 

distinct sets of lattice fringes. The uniform lattice fringes with 

an interplanar spacing of 0.23 nm correspond to the (111) 

crystallographic plane of Ag while the interplanar spacing of 

0.32 nm correspond to (121) crystallographic plane of BiVO4 

indicating formation of Ag:BiVO4 hybrid architecture. Inset of 

Fig. 3c and d depicts the corresponding fast-Fourier-transform 

(FFT) images.  

 

Fig. 3 (a, b) FETEM images of Ag:BiVO4 and (c, d) HRTEM images of Ag and BiVO4 

respectively 

 The obtained Ag:BiVO4 dendritic structure holds several 

key features such as interlinked connectivity through branched 

surfaces, propound effect of Ag nanocrystals, improved 

surface properties and stability. The incorporation of Ag into 

BiVO4 structure leads to improved charge transfer kinetics on 

the surface and also facilitates the surface chemical reactions, 

which is expected to improve specific capacitance through 

establishing fast electron transfer channels during charge 

discharge process.
10,11

 All these properties are extremely 

favorable for supercapacitor application.  

 Considering the unique dendrite structures of the present 

samples, we investigated the electrochemical performance of 

BiVO4 and Ag:BiVO4 in 6 M KOH electrolyte. The deviation in a 

cyclic voltammetry (CV) curve from ideal rectangular shape 

confirms pseudo-capacitive behavior of both materials as seen 

in Fig. 4a. It is further interesting to note that, for Ag:BiVO4, 

the CV curve exhibits relatively high current density with well-

defined redox peak, which is attributed to the improved 
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conductivity of Ag:BiVO4 leading to better ionic and electronic 

conduction. For the BiVO4 or Ag:BiVO4 electrode, the 

capacitance mainly arises from the pseudocapacitance due to 

reversible redox transitions involving the insertion/extraction 

of protons and/or K
+
 ions as well as the transitions between 

different valence state of V.
12

 The possible reaction 

mechanism is expressed as follows: 

 




  y

yxy2xx MOVyeyMBiVO        (M
+
= K

+
 or H

+
)        (1) 

 
Fig.4 (a) CV curves and (b) Chronopotentiometry curves of BiVO4 and Ag:BiVO4 

electrodes at scan rate of 40 mV/s and current density of 15 mA/cm2, respectively (c) 

Variation of Areal capacitance of BiVO4 and Ag:BiVO4 nanostructures as a function of 

scan rates (d) Variation of specific capacitance as a function of scan rates  

 The CV curves at different scan rates for BiVO4 and 

Ag:BiVO4 are measured (see Fig. S.I.5). It is worth noting that 

as scan rate increases the area under the curve increases 

retaining redox peaks even at high scan rates suggesting 

excellent rate capability of this material. Fig. 4b shows 

galvanostatic charge/discharge (CD) curves of BiVO4 and 

Ag:BiVO4 samples at 15 mA/cm
2
. Ag:BiVO4 exhibits higher 

discharge time than BiVO4 due to low internal resistance of 

Ag:BiVO4, indicating improved conductivity of Ag:BiVO4 (Fig. 

S.I.6). The CD curves for BiVO4 and Ag:BiVO4 samples at 

different current densities from 15 to 40 mA/cm
2
 are provided 

in Fig. S.I.5. The CD curves show symmetrical nature even at 

high current densities, which further confirms high rate 

capability of Ag:BiVO4 electrode. The preferable capacitor 

performance can be attributed to the improved electronic 

conductivity of the Ag:BiVO4 derived from Ag coating. The 

above capacitor performance demonstrates that the BiVO4 

dendrites coated with Ag nanoparticles exhibit remarkable 

electrochemical performance for supercapacitor electrodes. 

The similar kind of improved electrochemical performance 

owing to improved conductivity of metals oxides coated with 

polypyrrole (PPy) polymers has been reported earlier.
13, 14

 The 

improved conductivity of Ag:BiVO4 is confirmed by 

electrochemical impedance measurements (see S.I.6).  

 For the quantitative analysis of the electrochemical 

performance, the specific capacitances were derived from the 

CV measurements. The areal and specific capacitances of 

BiVO4 and Ag:BiVO4 electrodes at different scan rate are 

shown in Fig. 4c and d, respectively. The maximum 

capacitances obtained for BiVO4 and Ag:BiVO4 are 0.75 F/cm
2
 

(116.3 F/g) and 1.12. F/cm
2
 (170 F/g) respectively, at a scan 

rate of 5 mV/s. The high values of capacitance for Ag:BiVO4 

electrode can be attributed to the incorporation of Ag into 

BiVO4 (improved conductivity) with unique 3D dendrite-like 

morphology. It is further interesting to note that, the 

capacitance retention is increased from 26 % to 32 % for 

Ag:BiVO4 after the increase in scan rate from 5 mV/s to 100 

mV/s. Further, the electrochemical stability of BiVO4 and 

Ag:BiVO4 is measured by charge/discharge cycles at 40 

mA/cm
2
 as presented in Fig. S.I.6. Both the BiVO4 and Ag:BiVO4 

electrodes exhibit capacity retention in the range between 86-

88 % after 4000 cycles. All of these results highlight the fact 

that the addition of Ag to BiVO4 results in enhanced 

performance by facilitating the faradaic reactions.  

 
 Fig. 5 (a) CV curves of Ag-BiVO4 based symmetric cell at different scanning rates, 
(b) Galvanostatic charge/discharge (CD) curves of Ag:BiVO4 based symmetric cell 
at different current densities (c) representative charge discharge cycle at 5.1 A/g 
for Ag:BIVO4 symmetric cell (d) Variation of specific capacitance and volumetric 
capacitance at different current densities. 

 Strikingly, Ag:BiVO4 electrode can work in wider potential 

window from -1.0 to 0.6 V (vs Ag/AgCl) as shown in Fig 4a and 

b). Taking advantage of wider potential window, we have 

assembled a symmetric cell based on Ag:BiVO4 electrodes by 

sandwiching KOH-soaked separator in between. Thus, the 

Ag:BiVO4 electrode can be used as both positive as well as 

negative electrode. Fig. 5a shows cyclic polarization curves of 

Ag:BiVO4 symmetric cell at various scanning rates. 

Impressively, the cell can extend voltage window up to 1.6 V, 

beyond thermodynamic limit of water (1.23 V). It is further 

interesting to note that the CV curves retain rectangular shape 

even at high scan rates suggesting good rate capability of 

electrode materials. Furthermore, the galvanostatic 

charge/discharge (CD) curves were recorded at various current 

densities from 3.1 A/g to 10.2 A/g for Ag:BIVO4 symmetric cell 

(Fig. 5b). It is worth noting that the Ag:BIVO4 symmetric cell 

shows large voltage window of 1.6 V, which leads to an 

increased energy density. Fig. 5c shows a representative 

charge discharge cycle at 5.1 A/g for Ag:BIVO4 symmetric cell. 
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Each electrode potential limit is also shown (black and blue 

curves on right Y axis). As expected charging and discharging 

branches are not straight lines due to the pseudocapacitive 

contribution. The positive and negative electrodes work in the 

voltage range: +1.35 to +1.6 V and +1.35V to +0.0 V. Therefore 

the voltage swing from the negative electrode is much larger 

than for the positive electrode.  

 Further, for the quantitative analysis of the electrochemical 

performance of Ag:BiVO4 symmetric cell, the specific 

capacitance and volumetric capacitance of Ag:BiVO4 symmetric 

cell were derived from the CV measurements (S.I.7). Fig. 5d 

shows the variation of specific capacitance and volumetric 

capacitance of Ag:BiVO4 symmetric cell as a function of current 

densities. The Ag:BiVO4 symmetric cell provides a high 

volumetric capacitance of 7.39 F/cm
3
 (108.1 F/g for total mass 

of active material in both electrodes 4.9 mg/cm
2
) at current 

density of 3.1 A/g. As expected, the capacitance decreases 

with increase in current density because of diffusion limitation 

caused by ionic motion of electrolyte. However, the volumetric 

capacitance at high current density of 7.1 A/g is still 

considerably high 5.44 F/cm
3 

(79.5 F/g). It is noteworthy that 

the obtained volumetric capacitances are comparatively higher 

than that of some of the previously reported symmetric as well 

as asymmetric supercapacitors (see Table S2).
15-17,18 

The areal 

capacitance at different current densities was also calculated 

and given in Fig. S.I.8. The maximum areal capacitance of 0.73 

F/cm
2 

was observed at current density of 20 mA/cm
2
. The 

areal capacitance further decreases with increase in current 

density, consistent with that of volumetric capacitance. 

 Fig. 6a and b displays the Ragone plots of Ag:BiVO4 

symmetric cell. The maximum volumetric energy density of cell 

is found to be 2.63 mWh/cm
3
 (38.43 Wh/kg) at power density 

of 167 mW/cm
3
 (2.44 kW/kg). More interestingly, even at high 

power density of 558 mW/cm
3
 (8.16 kW/kg), Ag:BiVO4 cell 

exhibits energy density of 1.7 mWh/cm
3
 (25.17 Wh/kg), 

confirming the great potential for application in high 

performance devices. The enhanced energy and power 

densities of Ag:BiVO4 symmetric cell are ascribed to high 

conductivity of Ag:BiVO4 electrode, unique dendrite-like 

architecture which provide extended voltage window. In 

comparison to recent novel sodium ion capacitors
19

 (energy 

density of 98 Wh/kg at power density of 2.43 kW/kg), the 

gravimetric energy density of present Ag:BiVO4 is smaller. 

However, the observed volumetric energy density is much 

higher than those of previous reports on symmetric and 

asymmetric supercapacitors which employed an aqueous 

electrolyte such as H-TiO2@MnO2 //H-TiO2@C (0.30 

mWh/cm
3
, 5M LiCl)

18
, Co9S8//Co3O4@RuO2, (1.21 mWh/cm

3
, 

3M KOH)
21

, VOx//VN (0.61 mWh/cm
3
, 5M LiCl)

22
, laser-scribed 

graphene (LSG)//LSG (0.09 mWh/cm
3
, 1 M H3PO4)

17
 

demonstrating the remarkable capacitive behavior of 

Ag:BiVO4/Ag:BiVO4 in aqueous electrolytes. 

 
Fig. 6 (a, b) volumetric and gravimetric energy/power densities of Ag:BiVO4 symmetric 

cell (c) Cycle performance of Ag:BiVO4 symmetric cell, (d)  Nyquist plots of Ag:BiVO4 

symmetric cell after 4000 cycles (Inset shows plot of phase angle with frequency ) 

 The cycling stability is one of the most important features 

of high performance supercapacitor device. The stability of 

Ag:BiVO4 symmetric cell was measured charge/discharge 

cycles at 10 A/g over 4000 cycles (Fig. 6c). The Ag:BiVO4 

symmetric supercapacitor retains 82 % of its initial capacitance 

after 4000 cycles which is higher than those of earlier reported 

systems composed of BiVO4 asymmetric capacitor (42% after 

200 cycles)
18

 and VO2//VO2 symmetric supercapacitor (78.7 % 

after 4500 cycles)
20

. The improved cycling stability might be 

due to uniquely stable 3D hierarchical dendrite-like structure 

of Ag:BiVO4. Fig. 6d depicts Nyquist plots of Ag:BiVO4 

symmetric cell showing very low ESR value (0.3 ῼ) which 

suggests that the Ag:BiVO4 have very small internal resistance 

with good ion response at high frequency ranges. The above 

results indicate that our Ag:BiVO4 hybrid architecture based 

symmetric supercapacitor exhibits excellent electrochemical 

supercapacitive properties that could be due to a synergetic 

effect between noble metal Ag and nano-architectured BiVO4. 

More importantly, assembling symmetric cells could eliminate 

the use of complex chemistries usually involved in asymmetric 

cells (different electrode materials) as well as complication in 

balancing charge (or mass) of both electrodes. Thus, Ag:BiVO4 

symmetric cell outclasses the high-voltage asymmetric 

counterparts under the same power and represents a 

noteworthy advance towards high energy density 

supercapacitors. 

 In conclusion, a novel Ag:BiVO4 symmetric cell has been 

successfully fabricated for the first time demonstrating 

excellent supercapacitive properties. The cell offers an 

extended voltage window of 1.6 V which further leads to an 

excellent energy density of 2.63 mWh/cm
3
 (38.63 Wh/kg) with 

high power density of 558 mW/cm
3
 (8.1 kW/kg). In addition, 

notably, this symmetric cell exhibits significantly high 

volumetric capacitance of 7.39 F/cm
3
 and good cycling stability  

(82 % retention after 4000 cycles). This successful strategy 

could be applied to the design of new symmetric 
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supercapacitors using noble metals for doping a variety of 

high-performing supercapacitor electrode materials. 
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