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Abstract

Synthesis of partially carbonized tungsten oxide employing a simple, one-step, and scalable in-situ reduction/carbonization
process is reported along with its electrochemical performance as electrode material in an asymmetric supercapacitor. The
synthesis produces a WO,/W,C composite where the carbide part is introduced to enhance the electronic conductivity of
redox-active tungsten oxide. Electrochemical performance and charge storage mechanism of WO,/W,C heterostructure is
elucidated in detail. The electrode material exhibits compelling areal capacitance within—0.3 to—1 V window in half-cell
configuration. Notably, both surface-controlled and diffusion-controlled processes govern the charge storage behavior, with
the former dominating at higher scan rates. An asymmetric supercapacitor assembled with WO,/W,C composite as a negative
electrode and activated charcoal (AC) as a positive electrode exhibits good cycling stability within a stable voltage window
of 0.2 to 1.4 V and could deliver an energy density of 0.6 mWh/cm? at a power density of 9 mW/cm? in aqueous electrolyte.
This study thus provides a fundamental understanding of the charge storage mechanism in WO,/W,C composite electrode

which is required for realizing futuristic energy storage devices with low cost but efficient electroactive materials.

Keywords Partially carbonized tungsten oxide - Composite heterostructures - Charge-storage mechanism - Surface-
controlled redox capacitance - Aqueous asymmetric supercapacitor

Introduction

Rapid exhaustion of fossil fuels, climate change, and rising
environmental concerns necessitate to adopt renewable and
clean energy resources to cope with the increasing energy
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demand and relieve environmental crisis [1]. However,
storing and retrieving renewable energy remains an obsta-
cle due to its sporadic nature [2]. In this regard, concerns
for novel high-performance energy storage devices are
growing among which supercapacitors (SCs) are prom-
ising option due to their high power density than con-
ventional batteries and high energy density than regular
capacitors [3, 4]. Moreover, the excellent cycle life, fast
charge—discharge, low maintenance cost, and high reli-
ability of supercapacitors are additional advantages over
batteries. But the limited energy density of SCs is restrict-
ing their widespread applications [2-5]. Accordingly, the
current challenge of the research community is to increase
energy density of supercapacitors without affecting their
power density and cycle life. The energy density, as per
the equation E = %CVZ, can be enhanced either by increas-
ing the capacitance value or by extending cell voltage [6].
Capacitance of SCs can be improved by employing nano-
structured pseudocapacitive electrode materials with fast
redox activity [7]. On the other hand, assembling asym-
metric supercapacitors (ASCs) can widen the cell voltage
by utilizing complementary voltage windows of individual
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electrode materials, and hence considerably increase their
energy density [8]. From this perspective, designing novel
pseudocapacitive electrode materials with high capacitance
and wide potential windows is central to boost the energy
storage performance of ASCs.

Various pseudocapacitive materials have been
explored and tested as electrode materials for super-
capacitors with special emphasis on transition metal
oxides (TMOs) owing to their multiple oxidation states
which can result in high capacitance values, excellent
energy density, and rapid charge—discharge process [9].
Among several TMOs possessing high capacitance val-
ues, namely, RuO,, MnO,, ZnO, NiO, Fe,0;, and WO,
[10-12], tungsten oxide is a promising candidate for
SCs owing to its versatility, low cost, and multiple oxi-
dation states (+4 to+6) which lead to superior redox
pseudocapacitance and electrochemical stability. Despite
these advantages, low electrical conductivity and poor
cycling stability are the major shortcomings that limit
its usage in developing high-performance supercapaci-
tors [13]. Several efforts have been made to overcome
these issues by morphological alterations, such as by
making nanotubes [14], nanoplates [15], and nanoflow-
ers [16] of tungsten oxides; fabrication of composites
like WO;@PPy [17], WO5;/MnO, [18], Graphene-WO;
hybrids [19]; and insertion of conductive ions in the
host matrix, such as WO;/Se [13]. Another alternative
to resolve the aforementioned disadvantages of tungsten
oxide is making composites with metal carbides. Transi-
tion metal carbides (TMCs) exhibit unique characteristics
such as high melting point, corrosion resistance, high
hardness, high electrical conductivity, and chemical sta-
bility resulting from the coexistence of ionic, covalent,
and metallic bonds [20, 21]. Some reports highlight the
electrochemical properties of transition metal carbide-
based composite materials, such as W,C:W, 0, [22] and
N-doped Mo,C@MoO; [23], but detailed reports on the
charge storage mechanism of such composites are scanty.

Inspired by the aforementioned considerations, in this
study, we have introduced simple and one-step strat-
egy to synthesize WO,/W,C heterostructures by in-situ
reduction/carbonization process and have investigated its
charge storage mechanism as a supercapacitor electrode
in 1 M sodium sulfate aqueous electrolyte. To the best
of our knowledge, such a study has not been conducted
earlier to explore the charge storage mechanisms in such
composites. The electrode material shows excellent elec-
trochemical performance facilitated by mostly surface/
near-surface-based fast faradaic reactions. The WO,/
W, C electrode is also used to realize an ASC which could
exhibit a stable voltage window of 1.2 V with an excellent
cycling stability.

@ Springer

Experimental section
Synthesis of electrode materials

Tungsten (VI) oxide (WO,, Sigma-Aldrich, 99.9%) and mel-
amine (C;HgNg, Sigma-Aldrich, 99%) were used as precur-
sors to synthesize WO,/W,C heterostructures. First, 100 mg
WO, was grinded with 500 mg melamine in a mortar and
pestle. The mixture was then introduced in a fused quartz
tube and heated at 800 °C at 5 °C/min for 2 h under argon
atmosphere. A possible synthesis mechanism of WO,/W,C
heterostructures may be stated as follows:

WO; + C - WO, (1)

WO, + C - W,C 2)

Fabrication of electrodes

For the fabrication of WO,/W,C electrodes, active mate-
rial powder (80 wt%), acetylene black (10 wt%) (Alfa
Aesar, >99%), and polyvinylidene fluoride binder (10
wt%) (PVDF, Sigma-Aldrich) were ground and mixed with
N-methyl-2-pyrrolidone (NMP) solvent, and then the homo-
geneous slurry was cast on a Nickel (Ni) foam substrate with
an effective surface area of 1 cm?. The electrodes were dried
for 15 h at 80 °C in the oven and pressed at 150 psi pressure
for 10 s to get a uniform thin sheet. The loading amount of
WO,/W,C material on Ni foam substrate was 7.52 mg as
calculated by weighing electrodes before and after pasting
the slurry.

Structural, morphological, and electrochemical
measurement techniques

Morphology and structure of the as-synthesized material
were analyzed using field emission scanning electron micro-
scope (FESEM, FEI Nova Nano FESEM450), transmission
electron microscope (TEM, Thermofisher, Talos F200S G2),
high-resolution TEM (HRTEM), energy dispersive X-ray
spectroscopy (EDS), and X-ray diffraction (XRD, PANalyti-
cal X-pert PRO diffractometer). Chemical valence states of
different constituent elements were investigated using X-ray
photoelectron spectroscopy (XPS, ESCA + Omicron Nano
Technology) technique. The electrochemical performance of
electrodes was explored using an electrochemical worksta-
tion (CHI760E) in 1 M sodium sulfate (Na,SO,, Qualikems,
99%) electrolyte solution. A standard-three electrode system
was used to investigate the electrochemical characteristics
of WO,/W,C electrode material at room temperature with
a Pt wire and Ag/AgCl as counter and reference electrodes,
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respectively. The asymmetric supercapacitor was assembled
with a polypropylene mesh separator soaked in 1 M Na,SO,
electrolyte solution sandwiched between WO,/W,C (nega-
tive) and activated charcoal (positive electrode). Electrodes
were soaked in the electrolyte solution for 3 h prior to elec-
trochemical measurements. The electrochemical behav-
ior and charge storage mechanism is examined via cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD),
and electrochemical impedance spectroscopy (EIS) tests.
CV and GCD behavior were analyzed at various scan rates
(10 mV/s to 200 mV/s) and current densities (0.5 mA/cm? to
5 mA/cm?), respectively. EIS measurements were recorded
between 100 kHz and 10 mHz frequency loop with 5 mV
perturbation amplitude at open circuit potential.

Results and discussion

Morphology and structure of as-synthesized
material

A simple, one-step, and scalable strategy is introduced to
synthesize WO,/W,C heterostructures by in-situ reduction/
carbonization process. The synthesis mechanism as per Egs.
(1) and (2) may be stated as follows: Melamine decomposes
to form melem between 200-300 °C, and beyond 350 °C
melem begins to polymerize to yield g-C;N,. It is hypoth-
esized that at higher temperatures (> 600 °C), fragmentation
of g-C;N, in gaseous C and N moieties provides a reductive
atmosphere resulting in the formation of WO, with small
amounts of W,C brought about by further carbonization of
the as-formed WO,. It is to be noted that although we have
used melamine as precursor for g-C;N,, other substitutes
including dicyanamide could also lead to similar final prod-
ucts as observed in our previous studies [24, 25].

As particle size plays a crucial role in providing ample
reaction sites during electrochemical reactions, FESEM
analyses are carried out to assess the morphology and size
of the nanoparticles. In Fig. 1a, the FESEM image of as-
synthesized material suggests the presence of polydisperse
nanoparticles with sizes varying from 70 to 170 nm. After
analyzing a number of such micrographs, the size distribu-
tion of these nanoparticles is plotted in Fig. 1b, which sug-
gests the average size of the particles to be 109.5 nm. EDS
spectrum (Fig. S1) confirms the presence of W, C, and O
as the constituent elements of the as-synthesized material.
Figures 1c and S2 demonstrate TEM images of the mate-
rial, again suggesting polydisperse nature of the particles.
In Fig. 1d, e, HRTEM images taken at two different regions
(marked as 1 and 2) of Fig. 1c are shown. In Fig. 1d, well-
aligned crystalline planes with interplanar spacing of 0.25 nm
match well with the spacings of (100) planes in W,C [26].
Moreover, HRTEM image taken at region 2 of Fig. Ic and

shown in Fig. le suggests an interplanar spacing of 0.34 nm
which corresponds to the (011) lattice planes in WO,. In
confirmation of HRTEM analyses, different peaks in XRD
spectra of the synthesized material, as shown in Fig. 1f, can
be indexed perfectly with the reflections for hexagonal W,C
(JCPDS file no.: 01-035-0776) [26] and monoclinic WO,
(JCPDS file no.: 00-032-1393). Sharp diffraction peaks con-
firm highly crystalline nature of WO, nanoparticles, whereas
tiny peaks of W,C suggest partial carbonization of WO; dur-
ing high-temperature annealing with melamine. Such partial
carbonization is advantageous in augmenting the electronic
conductivity of oxides-based composites and ameliorating
their electrochemical performance.

To have deeper insights on the valence states of constitu-
ent elements in as-synthesized material, X-ray photoelectron
spectroscopy (XPS) measurements were performed. The sur-
vey spectrum (shown in Fig. S3, Supplementary Material) of
the WO,/W,C composite material verifies the coexistence of
constituent elements, namely, W, C, and O, without signifi-
cant evidence of any impurities. The high-resolution XPS
profiles of W 4f, C 1s, and O 1s are displayed in Fig. 1g—i. In
the deconvoluted core level XPS spectrum of W 4f presented
in Fig. 1g, two peaks at binding energies of 34.4 eV (W
4fs,,) and 32.5 eV (W 4f;,,) correspond to the W—C bonds in
tungsten carbide which is in conformity with literature data
as well as the findings from XRD [27]. Other three peaks
centered around 38.0, 35.8, and 41.1 eV correspond to the W
4fsp, W 4f; 0, and W 5p,, states of WO formed superficially
due to oxidation at ambient conditions [13, 22, 27]. The XPS
spectrum of C 1s can be deconvoluted into three peaks as
displayed in Fig. 1h. Stronger peak at 284.6 eV is assigned
to C sp? hybridized graphitic carbon, whereas smaller peaks
at binding energy 285.2 eV and 286.5 eV indicate the pres-
ence of C sp® corresponding to defects in the system and C
sp? =0 corresponding to the carbon atoms associated with
different oxygen-containing groups, respectively [28, 29].
The O 1s spectrum from the WO,/W,C composite is also
deconvoluted into two peaks as depicted in Fig. 1i. The
intense peak located at a lower binding energy of 531 eV
can be attributed to the O%~ ions, which combine with W
cations within the lattice [22]. The second peak at 532.6 eV
binding energy can be assigned to the weakly adsorbed oxy-
gen species on the surface (W-OH) [30].

Electrochemical behavior of the material

Electrochemical behavior of the WO,/W,C electrode is
analyzed using a three-electrode set up with 1 M Na,SO,
aqueous electrolyte solution, and test results are depicted
in Fig. 2. We have checked the electrochemical perfor-
mance of WO,/W,C electrode in Na,SO, aqueous elec-
trolytes of different concentrations, among which the
best electrochemical performance obtained is with 1 M
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Fig.1 a FESEM image of as-synthesized WO,/W,C composite;
b particle size distribution as measured from a number of FESEM
images; ¢ TEM image of as-prepared WO,/W,C composite; d,e
HRTEM images showing well aligned lattice planes recorded at the

Na,SO,. Moreover, while testing with KOH as electrolyte,
electrode materials were found unstable (material leached
out of current collector) at higher current densities and
scan rates, resulting inferior electrochemical performance
of composite electrode in KOH electrolyte. In general, | M
Na,SO, (with pH ~7) is used as standard aqueous electro-
lyte to investigate electrochemical performance of vari-
ous electroactive materials which are not stable in acidic
or basic mediums. Such aqueous-based neutral pH elec-
trolytes are promising due to their non-corrosive nature,
safety, non-flammability, and better electrochemical stabil-
ity within a wide potential window as compared to proton

@ Springer
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marked regions of ¢; f X-ray diffraction pattern of WO,/W,C com-
posite; and deconvoluted core level XPS spectra for g W 4f, h C s,
andiO ls

or hydroxide ion containing electrolytes. Moreover, aque-
ous electrolytes show much higher conductivity as com-
pared to other organic and ionic electrolytes which is ben-
eficial in lowering bulk resistance of the SC device leading
to better power delivery [31]. Now, to distinguish between
faradaic and non-faradaic charge storage processes, CV
measurements were initially performed within the voltage
range from —0.3 to—1 V (vs. Ag/AgCl) at various scan
rates from 10 to 200 mV/s, and the corresponding voltam-
mograms are shown in Fig. 2a. Good rectangular-shaped
CV curve at low scan rates suggests the dominance of
electric double-layer capacitance towards overall energy
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Fig.2 a CV curves of WO,/W,C electrode recorded at different
scan rates; b variation of areal capacitance at different scan rates; ¢
log i versus log v plot of WO,/W,C electrode at different potentials
for charging and discharging; d variation of slope “b-values” at dif-
ferent voltages for charging and discharging sweeps of CV; e quan-
titative segregation of capacitive and diffusion-controlled charge
storage mechanisms at different scan rates; f comparison of capaci-
tive (shaded area) and diffusion-controlled charge storage process at

storage [32]. The quasi-rectangular shapes of CV curves
at relatively higher scan rates signify easy charge transfer
at the electrode—electrolyte interface and hence suggest its
good capacitive behavior [33, 34]. In Fig. 2b, the variation
of areal capacitance as calculated from the CVs at different
scan rates is plotted against the scan rates. Quantitatively,
the composite electrode demonstrates an areal capacitance
values of 236.6 mF/cm? (31.4 F/g) at 10 mV/s and 140.7
mF/cm? (18.7 F/g) at 200 mV/s scan rates. The electrode
exhibits capacitance retention of 59.5% as the scan rate
increases from 10 to 200 mV/s. Further, in-depth charge
storage mechanism and kinetics of WO,/W,C electrode
are assessed by Dunn’s method, which provides relative

Current density (mA/cmz)

Z (ohm)

50 mV/s scan rate for WO,/W,C composite electrode; g GCD pro-
file of WO,/W,C electrode at varying current densities between —0.3
and—1 V (vs. Ag/AgCl); h comparison of areal capacitance calcu-
lated from discharge step of GCD data; and i Nyquist plot of WO,/
W,C electrode; inset displays the equivalent circuit model to fit
Nyquist plot (scattered points are experimental data, whereas the
solid line is fitted data)

contributions of capacitive (EDLC and fast faradaic sur-
face/subsurface redox reactions), and diffusion dominated
ion insertion processes (arising from the intercalation/
deintercalation of ions in the bulk of electrode material)
towards total charge storage [35]. In the scan rate depend-
ent CV measurements, the relation between the current
response (V) with scan rate v can be written as follows:

iV)y=a’ 3)

where (V) is the current in CV, v is scan rate, and a and b
are adjustable parameters [36]. The b-values give detailed
insights into energy storage behavior, which can be found
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from the slopes of log i vs. log v plots at different voltages,
as illustrated in Fig. 2c. Particularly, b= 1 corresponds to the
capacitive process, whereas b=0.5 indicates the diffusion-
dominated faradaic process [37]. The b-values obtained in
this work are between 0.7 and 0.9 for both cathodic and
anodic cycles, as depicted in Fig. 2d, suggesting preferen-
tially capacitive charge storage behavior which can be owed
to ample surface redox reactions of WO,/W,C electrode.
Now, the percentage contributions of capacitive and diffu-
sive processes towards the total charge stored by the elec-
trode material can be estimated by analysing the current in
CVs at different scan rates using following equation:

i(Vy=av+ azv% 4)

where i(V) is the current response, v is scan rate, and a, and
a, are adjustable parameters. The terms a,v and a,v2 cor-
respond to the capacitive effect (EDLC and surface redox
reactions) and diffusion-dominated ion insertion/deinser-
tion processes, respectively [38]. For ease of calculation,
the above equation can be rearranged as follows:

i(V)/v% = alv% +a, Q)

T}}erefore, straight lines are obtained by plotting i(V)/ v%
vs. v2 at various voltages. The values of a; and a, can be
estimated from the slopes and intercepts of the straight
lines, respectively, and then the capacitive and diffusive
contributions can be segregated quantitatively [39]. In
Fig. 2e, we have deduced that the percentage of capaci-
tive contribution for WO,/W,C material is higher (53%)
as compared to diffusive contributions (47%) at 10 mV/s
scan rate. The analysis further revealed that the percentage
of capacitive contribution in WO,/W,C material substan-
tially increases from 53 to 78% with the increase in scan
rate from 10 to 100 mV/s (Fig. 2e), suggesting predomi-
nant surface redox reactions govern the charge storage
behavior at higher scan rates. At 50 mV/s scan rate, ~72%
of the total current is capacitive in nature as depicted in
Fig. 2f.

Further, galvanostatic charge—discharge curves of WO,/
W,C material are recorded within —0.3 to—1 V voltage
window at different current densities from 1 to 5 mA/cm?
as shown in Fig. 2g. A slight deviation from the triangular
shape of the charge—discharge curve is observed at lower
current density (1 mA/cm?), which can be attributed to
the pseudocapacitance arising out of the redox reactions
at the bulk of the electrode at low current densities [40].
The charge—discharge profiles at higher current densities
are all symmetric and stable, signifying excellent coulom-
bic efficiency and exemplary capacitive behavior. No sud-
den voltage drops at the starting of the discharge step are
observed which suggests low equivalent series resistance

@ Springer

of the WO,/W,C electrodes [41]. Figure 2h illustrates the
areal capacitance vs. current densities plot for WO,/W,C
electrode material where the capacitance values are calcu-
lated from the discharge steps of the charge—discharge pro-
files (details in Supplementary Material). The WO,/W,C
electrode displays an areal capacitance of 364.7 mF/cm?
(48.5 F/g) at 1 mA/cm? current density. A gradual decrease
in capacitance values is observed with the increase in cur-
rent density from 1 to 5 mA/cm?, owing to the fact that all
the redox-active sites are not accessible to the electrolytic
ions at higher current densities [42]. It is very interesting
to note that when the current density increases to 5 mA/
cm?, areal capacitance is still maintained at 221.4 mF/cm?
(29.4 F/g), which is 61% of the areal capacitance deliv-
ered at 1 mA/cm? current density. The electrochemical
performance of WO,/W,C electrode is found to be bet-
ter than several recently reported electroactive materials
(Table S1) [17, 43-46].

Electrochemical impedance spectroscopy (EIS) is per-
formed to evaluate the charge transport properties of the
electroactive material. Figures 2i and S4 (Supplementary
Material) display the Nyquist plot and Bode plot of WO,/
W,C electrode material within 100 kHz to 10 mHz fre-
quency range. The Nyquist plot is composed of two distinct
parts: a semicircle in high-frequency region and a sloped
line in the low-frequency region. The diameter of the semi-
circle represents the charge transfer resistance at the inter-
face between electrode and electrolyte; smaller the diameter,
lesser the charge transfer resistance for the WO,/W,C mate-
rial and, hence, better rate capability. Steeper sloped line in
the low-frequency region suggests small resistance towards
electrolytic ion diffusion and better capacitive behavior [47].
In Fig. 2i, impedance data (scattered points) are fitted (solid
lines) with an equivalent Randles circuit shown in the inset
of Fig. 2i. The circuit consists of equivalent series resist-
ance (R,)), charge transfer resistance (R_,), constant phase
elements (CPEs), and Warburg element (W), and the val-
ues of these parameters obtained from Z-View fitting are
summarized in Table S2 (Supplementary Material). The
low values of R (1.8 Q) and R, (7.7 ) signify good con-
ductivity of electrode material and good contact between
electrode and electrolyte, facilitating charge transfer kinet-
ics which supports the conclusions drawn from the CV and
GCD measurements.

Electrochemical performance evaluation of WO,/
W,C//ACASC

To evaluate practical feasibility of as-synthesized WO,/
W,C electrode as high-performance ASC anode, ASC
device is assembled using WO,/W,C as a negative elec-
trode and commercial activated charcoal (AC) as positive
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Fig.3 a CV curves of WO,/W,C (anode) and AC (cathode) within
their stable operating voltage windows; b CV curves of the ASC
recorded for different operating potential windows at 50 mV/s scan
rate; ¢ variation of energy density with operating potential window at
50 mV/s scan rate; d CV curves of the ASC at various scan rates; e
variation of volumetric capacitance with scan rate for the assembled
ASC; f GCD curves of ASC at varying current densities between 0.2

electrode materials in 1 M Na,SO, electrolyte. Figure 3a
demonstrates stable and compatible potential windows of
WO,/W,C (=0.3to—1 V) and AC (0to 0.8 V) at 100 mV/s
scan rate, which further validates the feasibility of assem-
bling an ASC. Further, a series of CV (Fig. 3b) and
charge/discharge measurements (Fig. S5) are performed
at 50 mV/s scan rate and 0.76 mA/cm? current density,
respectively, within various potential windows to esti-
mate the stable and best-operating voltage window of the
assembled ASC. From above measurements, it is inferred
that the stable voltage window of the designed ASC
can be extended up to 0.2-1.4 V only as other side reac-
tions begin to dominate above 1.4 V as can be seen from

Cycle number

Z' (ohm)

and 1.4 V; g Ragone plot for the ASC; h capacitance retention for
7000 CV cycles at the scan rate of 100 mV/s, where inset displays
CV curves at different cycles; and i Nyquist plots before and after
cycling test (scattered points are experimental data whereas solid
lines are fitted data), where inset shows the equivalent circuit model
to fit Nyquist plots

Fig. 3b. Figure 3c highlights the enhancement in energy
density (calculated according to E = %CVZ) from 0.3 to
0.5 mWh/cm® as operating voltage is increased from 1.2
to 1.5 V. However, due to poor coulombic efficiency at
1.5 V (Fig. S5), 0.2-1.4 V potential window is chosen as
the optimum potential window for the ASC for further
electrochemical measurements.

Figure 3d displays the CV curves of WO,/W,C//AC ASC
between 0.2 and 1.4 V at various scan rates (10 to 200 mV/s)
where the quasi-rectangular shape of CVs emphasizes the
existence of both double-layer capacitance and pseudocapac-
itance. With the increase in scan rate from 10 to 200 mV/s,
the shape of the CV curves does not change much, indicating
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fast charge reaction kinetics of the ASC device. The volu-
metric capacitances calculated from the CV curves are plot-
ted against scan rate as illustrated in Fig. 3e. The volumetric
capacitance of ASC is 9.67 F/cm® (~46.2 F/g) at 10 mV/s
which retains 56% of the initial capacitance value when scan
rate is increased to 200 mV/s. To further estimate the electro-
chemical performance of the designed ASC, charge/discharge
curves are recorded at different current densities as presented
in Fig. 3f. The triangular-shaped curves with symmetric
charge/discharge steps clearly reveal capacitive behavior con-
gruent with the results obtained in CV. The volumetric capaci-
tance obtained from the discharge step of the GCD curve as
a function of current density is plotted in Fig. S6. The ASC
delivers a volumetric capacitance of 3.1 F/em® (~15 F/g) at
0.76 mA/cm? current density, with an excellent rate capabil-
ity of 64% when the current density is increased to 3.79 mA/
cm?. Typically, energy density and power density are two cru-
cial factors that assess the energy storage performance and
practical applicability of the ASC. The Ragone plot of WO,/
W,C//AC ASC, showing the energy-power density values of
this device, is presented in Figs. 3g and S7. This device can
achieve an energy density of 0.6 mWh/cm? at a power den-
sity of 9 mW/cm? and retain 0.4 mWh/cm? energy density at
a power density of 50 mW/cm?, which is much better than
recently reported ASC devices in the literatures (Table S1)
[17, 43-46]. Figure 3h shows the cycling performance of
WO,/W,C//AC ASC measured at 100 mV/s for 7000 cycles.
It is noteworthy that the ASC can retain 82% of its initial
capacitance value even after 7000 CV cycles. Moreover,
quasi-rectangular shape of the CV curves is maintained even
after 7000 cycles without any significant change in the loop
area (inset of Fig. 3h), suggesting excellent reversibility of
electrode reactions and hence superior cycling stability of the
ASC device. However, to understand the decrease in capaci-
tance value with cycling, EIS data are recorded before and
after cycling studies, and the results are depicted in Figs. 3i
and S8. The Nyquist plots (Fig. 3i) are fitted using an equiva-
lent circuit (inset Fig. 3i) to understand the charge storage
process comprehensively, and corresponding parameter values
are summarized in Table S2. Low values of R, (2.8 Q) and
R, (3.7 Q) suggest good electronic conductivity of electrode
materials and electrolyte facilitating charge transfer at the
electrode/electrolyte interface and charge movement during
electrochemical reactions. Minute variation in R value (2.9
Q) suggests excellent structural and electrochemical stability
of electrode materials during 7000 cycles. However, R value
changes drastically (81.88 Q) during cycling tests, represent-
ing possible distortions in charge transport pathways due to
repetitive ion insertion/de-insertion processes, which in turn
leads to capacitance fading during long-term cycling. The
Bode plots shown in Fig. S8 further confirm capacitive nature
of the ASC with a phase angle of —71.5° at the start of cycling
test. The relaxation time constant (z;) obtained at—45° phase
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angle of the assembled ASC device is 0.56 s, revealing its fast
charge—discharge characteristics. The relaxation time drops to
0.3 s after 7000 repetitive cycles, representing the degradation
of capacitive characteristics with the cycling of ASC.

Conclusion

In summary, we have reported a simple, one-step and scal-
able strategy to synthesize WO,/W,C heterostructures by
in-situ reduction/carbonization process. Partial carboniza-
tion of tungsten oxide enhances its electronic conductivity.
The electrochemical performance and charge storage mecha-
nism of the as-synthesized WO,/W,C composite material
are discussed comprehensively. The contribution from the
capacitive and diffusion-dominated charge storage processes
are analyzed and quantified from the CV measurements,
revealing the dominance of the surface-controlled (capaci-
tive) charge storage processes over diffusion-controlled pro-
cesses at all scan rates. Besides, the WO,/W,C composite
electrode exhibits an excellent areal capacitance value of
364.7 mF/cm? at 1 mA/cm? current density within—0.3
to—1V window in 1 M Na,SO, electrolyte. Further, a novel
ASC is assembled with WO,/W,C composite as negative
electrode and AC as positive electrode. The ASC WO,/
W,C (-)//AC (+) exhibits excellent volumetric capacitance
of 9.67 F/cm® at 10 mV/s scan rate with good rate capability
and superior cycling stability. It can retain 82% of its initial
capacitance value even after 7000 CV cycles at 100 mV/s
scan rate. The ASC can achieve a maximum energy den-
sity of 0.6 mWh/cm® at a power density of 9 mW/cm?. The
promising electrochemical properties of WO,/W,C hetero-
structures synthesized from abundant and low-cost precur-
sors opens up a new avenue for realizing affordable energy
storage devices.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10008-022-05196-w.
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