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1. Characterization
The crystallite size of WO;, WO3.x_and WS, electrode materials have been calculated from

Debye-Scherrer equation given below,
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Where D= crystallite Size, K= Debye-Scherrer constant, A = wavelength of X-ray,
0 = Bragg’s angle in radians, and § = the full width at half maximum of the peak in radians.

The crystallite size of WO3, WO;.x and WS, samples were calculated by using equation 1. For
WO; it’s around 57 nm, 29 nm for WS;.x and 14 nm for WS, Peak broadening has been
observed from the XRD spectra as moving toward the sample WS, from WOs;. This is due to
the change in crystallite size. Also a shift in XRD pattern for WS, sample has been observed,
this might be due to the instrumental error.

The optical properties of WO;, WS;.x and WS, were analysed by UV—visible spectroscopy
technique. The optical band gap of each samples were calculated by diffuse reflection spectra

(DRS) method with the help Kubelka—Munk equation.
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In the equation (2) “R” represents the reflectance.

The optical bandgap of the samples were calculated by plotting [F(R)hv]" vs hv graph. Here,
‘hv’ is the photon energy and ‘n’ is an index which denote the direct or indirect band transitions
of the samples [1]. For direct band transition value of # is 2. In the case of indirect band
transition, 7 is %2. In the case of the WO; and WOs;_.x samples the transition is indirect, hence,
n value is 1/2. Whereas the WS, sample possess a direct transition. Hence, n value is 2 [1]. The
optical bandgap values of the samples were calculated and shown in Figure S1. The direct
bandgap calculated for the WS, sample is 1.7 eV (figure S1a). The optical bandgap of the WO;
sample is 2.5 eV (figure S1c) and that of the WO;_x (figure S1b) sampleis 2.2 eV.
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Figure S1: bandgap determation of (a)WO; (b)WO;.x (c)WS; and XPS analysis d) W4f
level e) O1S f) S2p of WO;_x sample

XPS is a quantitative technique used for elemental composition analysis and to determine the
chemical states of a system. Figure S1d shows the W 4f core-level XPS spectrum of the WO;_x
sample. Three doublets are found related to the different oxidation states of ‘W’. The minor
peaks close to 37.4 eV (W 4fs,) and 35.5 eV (W 4f;),) correspond to the W atoms having a 6*
oxidation state, which is due to the presence of WO; [2]. The two major peaks at 34.3 eV and
36.3 eV are obtained from the emission of 4fs5, and W 4f7, core levels, respectively showing
the existence of a 5* oxidation state [2]. It could be noted that two oxidation states of W exist
in the sample. This might be due to the oxygen-deficiency and presence of oxygen deficient
compound WO, 7, (WO;.x) [2]. The binding energies at 35.2 and 38.4 eV resulted from the
emission of W4fs, and W4f;,, which ensure the presence of a 4+ oxidation state of W due to
the existence of WS, in the sample [3]. The peak corresponds to 31.7 eV, suggests the presence
of 1T-WS; in the sample [4].

The XPS spectra of WO;_x for S2p scans are depicted in figure S1f. It could be noted that for
WS,, energy peaks were found at 163.4 eV and 164.5 eV, which indicate S2ps, and S2p;.,
emissions [3]. The peak corresponds to 161.3 eV also ensures the presence of WS, in the

sample [5]. The XPS spectra of the WO;_, sample for the Ols scan is depicted in figure Sle.

3



Here the dominant peak at binding energy 530.5 eV suggests the existence of an oxygen bond

with W in WO, 7, [2, 6]. The second peak at 532 might be due to adsorbed oxygen. Hence there

are mainly three states of W found in the WOj;_x sample +6, +5, and +4, confirming the presence

of both WO, 7, and WS, [2-6].

2. Fabrication of WO;, WO;.x, and WS, electrodes based symmetric supercapacitors and the

evaluation of their electrochemical performance

The cyclic voltammetry (CV)measurements of the symmetric supercapacitors based on WO,

WO;_x and WS, electrodes were investigated between the potential range 0 to 0.8 V by varying

the scan rates from 5 to 200 mV s-!. The quasi rectangular shapes of the CV curves of all three

devices indicate that the charge storage mechanism involved is a combination of both double

layer and pseudocapacitive behavior [7,8]. The Galvanostatic charge—discharge measurements

of the symmetric supercapacitors were conducted between the potential ranges 0 to 0.8 V at

different current density values from 1to 5 A gl

10 g 200mV s 15 b——QOGmVS‘ = 40 z e
100mV's’ - 100mV's’ A 30k 2
ST PR L = [ 1 s L B
$5 - mvs 5 5F o 1] $
2 = |Ey o _em | 2 _fe—z
2 2 o} .&mﬁi;_;sggﬁ" % o-ﬁmm\,s-i
& i T""'_"' /’ S _0f 100 mV's”
TO0f T -5F - . — 50mVs’
o o 4 o £-20F
"j e "j | e - 5 20 mVs‘
3 R o-10F - — O30} — 10mVs’
X -40 1 i 1 b —w .5["\'154
-5 L L 1 N L 1 -15 L L 1 | 1
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 0 O'ZVC:f 0‘3 o8 1.0
Voltage (V) Voltage (V) oitage (V)
e ——
131 | oslf i
’I’\ - \ - —5Ag g
0,7 \ - 4Aqg" —3Ag'
0 ~5A0" | ~06 _(.;‘ \ - =3Ag" |~ 06 2Ag'
= 4Ag’ % [ \ oag’ |2 | —1Ag’
L] ....3Ag‘ o H N e A 5] |
o 1 a [o)]
&0 2ag" | 204 d’l \ \ S 04
1 o
>0 st Ag' | S '[;J'!l \ \\ >D
1
02p 1 | \ 02
ST N WOy ws,
PR T TR N 1 i 1 s 0.0 1L : ] ) i \: 0.0 N N A N i
10 20 30 40 50 "5 50 40 60 80 100 O 75 150 225 300
Time (s) Time (s) Time (s)

Figure S2. CV curves of (a) WOs3, (b) WOs, (c)WS; and GCD curves of (d)WO;,

() WO« (HWS,



1N
o
I

N
o

L 20A g

0 1500 3000 4500 6000
Cycle number

Capacitance retention (%)

o

Figure S3: Capacitance retention of WS, over 6500 cycles at high current density of 20 A
gl

EIS spectra were fitted using ZSimpWIN3.21 software. Figure S4a, S4b, and S4c show the
fitted EIS plots of WO3;, WO;.x, and WS, respectively, and their corresponding equivalent
circuits used for fitting are also shown in the figure. Two capacitance and resistance
combinations are found. The 1% portion (Cy;, R;) indicates the double-layer formation, and the
other portion (Cgir, R) indicates the diffusion region. The last portion (W) indicates the Warburg
diffusion. The x-intercept in the EIS plot indicates the electrolyte resistance or solution
resistance (Rs) which is identified as 1.3 Q, 1.7 Q, and 0.8 Q for WO;3;, WOs.x_ and WS,
respectively. The straight line in the low-frequency portion makes the angle with the x-axis
less than 45° and close to y-axis ensure the capacitive behaviour of the material than the
resistive. The diameter of the semicircle region in the EIS represents the charge transfer
resistance (Ry) of the electrode material. Symmetric supercapacitors based on WO3, WOs.x
and WS, materials exhibit R values of 8.9, 7.6, and 5.8 Q, respectively. With the lowest R

value, the WS, electrode offers better conductivity and excellent specific capacitance.
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Figure S4: Nyquist plots of a) WO3; b) WO3,¢) WS, d) Bode plot

The capacitive properties of WO;, WO;_x and WS, electrodes were further evaluated from the
bode phase angle plots. The bode plot represents the phase of a device as a function of
frequency as shown in Figure S4d. In the case of an ideal capacitor, the Bode plots represent
a 90° phase angle shift in the low-frequency region [14-15]. In the present study, the symmetric
supercapacitor based on WOj; electrodes shows a phase angle closer to 60°in the low-frequency
region. In the case of WO;_x electrodes, it is nearly 66°. For WS,, the phase angle changes to
700, indicating an increment in the capacitive contribution as moving from WO; to WS,. The
phase angles 60°, 66° and 70° for WO3, W3.x and WS, respectively, confirm the existence of
pseudocapacitive properties [14-15]. The deviation from the ideal capacitive behavior can be

related to faradaic charge transfer. [16-18].



The approximate contribution of charge storage kinetics of WO;, WO;_, and WS, electrode

materials can be analysed using the following equation.
i=avb 3)

Where (i) is the peak current (v) is the scan rate of the CV loop, ‘a’ and ‘b’ are variable
parameters. The ‘b’ value can be calculated by the fitted slopes of log(i) and log(v). The WO;_
and WS, electrode materials have ‘b’ value close to 1 that is b=0.9 and that of WOj is b equal
to 0.7. Hence the double layer and pseudocapacitive behaviour of electrode materials were

found [9, 10] (Figure S5 a).

The percentage of contribution of charge storage can also be calculated from Trasatti’s analysis

method [11-13].
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CT = Cdiffusion + Ccapacitive (7)

Here, A stands for the integral area of current and potential charge obtained from CV curve,
the ‘m’ (mg) in the equation denotes the mass loading of the active material on each electrode,
and ‘f* (mv s’) stands for the scan rate. Using Trasatti’s analysis method C vs (1/V-/?) and
(1/C) Vs (V-172) were plotted for WO;, WO; x and WS, based devices and the results are shown
in Figure S5b and c [19]. The percentage of charge storage mechanism for each electrode

material is shown in Figure S5d.
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Figure SS. (a) log(ip) Vs log(dv/dt) plot (b) Linear fit of gravimetric specific capacitance
(C) vs. reciprocal of square root of scan rate (v?*), (c) Linear fit of reciprocal of specific
capacitance (C') vs. square root of scan rate (v'), (d) percentage of capacitance

contribution evaluated for WQO;, WO;.x and WS, electrodes based on Trasatti analysis
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