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W18049 nanowires (NWs)-reduced graphene oxide (rGO) nanocomposite is examined as a new active material for
supercapacitors electrode, which reveals its high specific capacitance and excellent rate performance in AlCl3
aqueous electrolyte. Electrochemical studies show that the presence of rGO enhances Al** ions diffusion in the
nanocomposite, thus provides more ions for intercalation pseudocapacitance. The fabrication of asymmetric
supercapacitor WigO49 NWs-rGO//rGO demonstrates high specific capacitance of 365.5 F g’l at1l A g’1 and

excellent cycling stability with 96.7% capacitance retention at 12,000 cycles. Interestingly, it delivers high en-
ergy density of 28.5 Wh kg™! and power density of 751 W kg™!, which is the highest energy density value for all
reported W1g049-based supercapacitor device. The work explores W1g049 NWs-rGO nanocomposite as a new
electrode material for supercapacitors application with superior electrochemical performance, which may open
up a new direction for high-performance energy storage in Al** electrolyte.

1. Introduction

The global modernization requires a substantial amount of energy
supply, which can be fulfilled by renewable energy sources. In this
context, energy storage system plays a vital role to ensure uninterrupted
energy supply, especially for intermittent energy sources such as solar
energy [1,2]. Among all energy storage systems, supercapacitors attain
remarkable attention. The advancement of nanotechnology successfully
engineers various nanomaterials for optimum charge storage in super-
capacitors [3,4]. The charge storage in supercapacitors can be divided
into electric double-layer capacitors (EDLC) and pseudocapacitors.
EDLC involves the ions adsorption/desorption on the electrode surface
where high-surface-area materials such as activated carbon (AC), carbon
nanotubes (CNTs) or graphene are being popularly deployed [5]. On the
other hand, pseudocapacitive materials such as MnO5 and RuOx store
charge by fast and reversible redox reaction at the electrode surface and
they usually show higher energy density than EDLC, however, at the cost
of electrode stability [6,7]. Therefore, the quest for stable electrode
materials to deliver high energy density is always desired. Recently, a
new form of pseudocapacitance mechanism is proposed where the
charge storage is achieved via intercalation of ions into the crystalline
network. It is termed intercalation pseudocapacitance and it sheds light
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to produce high energy density supercapacitors without compromising
structural integrity. Only limited materials such as tungsten oxides and
niobium oxides have been reported to exhibit intercalation pseudoca-
pacitance [8-11].

Tungsten oxides (WOy) are widely studied as electrode materials for
supercapacitors application [9,12-16]. Among the WOy, the monoclinic
W1g049 nanostructure is regarded as a promising electrode material for
the next-generation energy storage device, due to its abundance of
oxygen-vacancies for electrical conductivity [17,18]. Most importantly,
it possesses a unique crystal structure to render it as a suitable host
material for ions intercalation process [19]. Nonetheless, the major issue
in utilizing W1g049 as intercalation pseudocapacitor is the usage of
acidic electrolyte as the source of intercalating H' ions, which poses the
corrosion problem for long term stability [20]. For these, A’ ion has
been proposed as the substitute for intercalation ions to achieve
remarkable electrochemical performance while remaining its long term
stability [21-24]. The high charge-per-ion in AI** renders the super-
capacitor to deliver high energy density while maintaining the safety
and cost-effectiveness [25,26]. Nonetheless, the high charge density of
AIP" ion typically manifests strong electrostatic interaction with the host
material lattice, which can cause slow AlI** ion diffusion and decrease its
electrochemical performance [27,28]. Therefore, a highly conductive
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network is needed to facilitate AI** jons’ mass transport [29].

Carbonaceous materials such as graphene, CNTs and AC [30-34] are
commonly used to provide a conductive network for electrochemical
enhancement. Graphene possesses a large surface area, high electrical
conductivity and superior electrochemical stability, which makes it an
ideal support material for nanocomposites [35,36]. As reported, gra-
phene provides large platform for nanomaterials growth and enhances
composites electrochemical performance by accelerating ions diffusion
and charge transfer [37,38]. Another challenge regarding the electro-
chemical performance of Wi1g049 electrode is the limited potential
window in aqueous electrolytes, which could limit the energy density
[39-41]. Therefore, asymmetric supercapacitor (ASC) is often employed
to enlarge device operating potential in the fabrication of energy storage
system with high energy density.

Herein, we report a new active material W1g049 NWs-rGO for
supercapacitor application. The nanocomposite is synthesized from
precursors WClg and graphene oxide (GO) by solvothermal method. The
precursors mass ratio is investigated to generate optimum electro-
chemical performance. At optimum ratio, the W1g049 NWs-rGO nano-
composite shows high specific capacitance in AI** ion aqueous
electrolyte with long term stability. It is discovered that AI** ions diffuse
and intercalate into W1g049 crystal network to produce intercalation
pseudocapacitance. The enhancement of charge storage in W1gO49 NWs-
rGO is due to the faster A1>* ion diffusion in the presence of conductive
rGO network. Finally, W1g049 NWs-rGO nanocomposite is used as the
negative electrode in ASC device where high energy density of 28.5 Wh
kg~ ! and power density of 751 W kg~ ! are achieved. This is the highest
energy density achieved by W13049-based supercapacitor.

2. Experimental section
2.1. Materials synthesis

All the reagents were of analytical grade and used as received. GO
was synthesized from the graphite flakes (+100 mesh, Graphene Su-
permarket) through the modified Hummers’ method as previously re-
ported by our group [42]. All W1g049 NWs-rGO nanocomposites were
prepared through the solvothermal method. In brief, 0.351 g of WClg
powder (>99.9%, Sigma-Aldrich) with different GO mass were
dispersed in 60 mL of absolute ethanol (>99.8%, Sigma-Aldrich) [21].
The mixture was sonicated for 15 min at room temperature. The ho-
mogeneous mixture was then transferred into a Teflon-lined autoclave
and heated at 200 °C for 10 h. After cooling down to room temperature,
the W1g049 NWs-rGO nanocomposites were collected by centrifugation
and washed with absolute ethanol for several times, followed by vacuum
drying at 60 °C overnight. Based on the above, a series of W;gO49 NWs-
rGO nanocomposites were synthesized by varying the mass ratio be-
tween WClg and GO at 3:1, 4:1 and 5:1, in which they are labelled as
W3G1, W4G1 and W5G1, respectively. The rGO sample was prepared as
above procedure, but in the absence of WClg. Similarly, the pure W1gO49
sample was also prepared as above procedure in the absence of GO.

2.2. Materials characterizations

The morphologies of the materials were observed by Field emission
scanning electron microscope (FESEM, JEOL JSM-7800F, USA) oper-
ating at 30.0 kV. X-ray diffraction (XRD) patterns were identified on X-
ray diffractometer (Rigaku Miniflex II, Japan, Cu-K, radiation, A =
0.15418 nm) in the 20 range from 5° to 80°. High-resolution trans-
mission electron microscopy (HRTEM) images and selected area elec-
tron diffraction (SAED) patterns were obtained from a Philips Tecnai
F20 (acceleration voltage of 200 kV) equipped with energy dispersive
spectroscopy (EDS). X-ray photoelectron spectroscopy (XPS) analysis
was carried out using PHI 5000 Versa Probe II with monochromatic Al-
K, X-ray source at wide and narrow scan energy of 117.40 eV and 29.35
eV, respectively. Thermogravimetric analysis (TGA) was acquired using
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a Hitachi STA7000 analyzer in an air atmosphere from room tempera-
ture to 700 °C with a heating rate of 10 °C min . The Brunauer-Emmett-
Teller (BET) surface area and the pore size distributions were performed
by a micromeritics ASAP 2020 analyzer.

2.3. Electrochemical characterization

The working electrodes were prepared by mixing the samples (90 wt
%), carbon black (5.0 wt%) and polyvinylidene difluoride (PVDF, 5.0 wt
%) in N-methyl-2-pyrrolidinone (NMP), followed by pressing onto a
piece of Ni foam and then dried at 70 °C in a vacuum oven for 24 h. The
electrochemical performance of electrodes was investigated at room
temperature through a three-electrode configuration using a potentios-
tat-galvanostat Autolab (PGSTAT M101, Metrohm Autolab B.V.). The
Ag/AgCl electrode and Pt mesh electrode were used as reference and
counter electrodes, respectively. All electrochemical experiments were
tested in 1 M AlCl3 aqueous electrolyte. Cyclic voltammetry (CV), gal-
vanostatic charge-discharge (GCD) and electrochemical impedance
spectroscopy (EIS) techniques were conducted to characterize the elec-
trochemical performance of the electrode materials. The long-term
cycling stability was performed at a current density of 5 A g~ for
12,000 GCD cycles.

2.4. Fabrication of ASC device

The ASC was assembled by utilizing W;3049 NWs-rGO nano-
composite as negative electrode and rGO sheets as positive electrode. A
glass microfibre filter that was pre-soaked in 1 M AlCl3, used as a
separator. The device assembly was conducted in an Ar-filled glovebox.
To get higher charge storage performance for the ASC device, the opti-
mum mass ratio of the two electrodes (m, /m_) is calculated to be ~ 3.12
which is balanced by considering the following Equation [43,44]:

my  Cs_AV_

m_  Cs AV,

®

where m is the mass of the active material (g), Cs is the specific
capacitance (F g~1) and AV is the potential window range (V) for pos-
itive and negative electrodes.

2.5. Calculation of supercapacitor performance

The specific capacitance (Cgp, F g™ 1) in the three-electrode system
was calculated from the GCD curves, using the following Equation
[21,45]:

1At
Cr = nav @
where I is the applied current (A), At is the discharge time (s), m is
the mass of the active material (g) and V is the discharge potential range
).

The specific capacitance (Ce, F g71) of the supercapacitor cell, en-
ergy density (Ep, Wh kg™!) and power density (Pp, W kg™!) were
calculated from the GCD curves for the two-electrode configuration by
following Equations [46,47]:
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where m is the total mass for both positive and negative electrodes (g).
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Fig. 1. FESEM images of (a) rGO sheets and W;3049 NWs-rGO nanocomposite at ratio (b) W3G1, (c) W4G1 and (d) W5G1. Elemental mapping images of (e) C, (f) O
and (g) W elements for corresponding (h) W4G1 sample.
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Fig. 2. (a) XRD patterns of the graphite oxide (GO), pure W1g049, and W1g049 NWs-rGO nanocomposites. (b) HRTEM image of the W4G1 nanocomposite, inset:

SAED pattern of the nanocomposite.
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Fig. 3. (a) XPS survey spectra of GO and W;13049 NWs-rGO nanocomposites. High-resolution spectrum and corresponding deconvoluted spectra of W4G1 nano-
composite of the core-level (b) W4f and (c) Cls. (d) The Ols core-level spectra for W;5049 and W;5049 NWs-rGO nanocomposites.

3. Results and discussion
3.1. Structural characteristics

The formation of W;3049 NWs-rGO nanocomposite begins with
electrostatic binding of W(VI) ions from WClg onto the negatively-
charged oxygen functional groups on GO sheets. At 200 °C sol-
vothermal process, hydrolysis of W(VI) ions occurs to form W;gO49
while GO is reduced to form rGO, leading to the formation of W;5049-
rGO nanocomposite. Different mass ratios of W(VI) and GO was used in
this work to investigate the optimum ratio for energy storage applica-
tion. It can be clearly seen that the reduced GO (rGO) exists as the fluffy
sheets, upon solvothermal process (Fig. 1a). The addition of W(VI) leads
to the formation of W1g049 in nanowires morphology, which are grown
on the rGO sheets. By increasing W(VI) content from W3G1 to W5G1,
more W;g049 NWs are grown on rGO sheets with higher aspect ratio
(length to width). At low W(VI) content for W3G1 (Fig. 1b), the rGO
sheets are not fully covered by W;3049 NWs where most of the area of
rGO sheets are exposed. By increasing W(VI) at W4G1 sample (Fig. 1c),
the W;3049 NWs coverage is increased to cover the entire rGO sheets,
representing the structure with balanced ratio between W;3049 and
rGO. Moreover, TEM image confirms that the W;3049 NWs are suc-
cessfully formed and they cover the entire surface of the rGO sheets, as
shown in Fig. S1a. However, at higher W(VI) for W5G1 sample (Fig. 1d),
all the nanowires are obviously entangled and agglomerated on rGO
sheets, an indication of excessive W(VI) which may shield the rGO effect
in energy storage. Representative elemental mapping images (Fig. 1e-h)
confirm the presence of W and O elements from W;g049 NWs on the rGO
sheets (represented by C element mapping). Corresponding EDS spec-
trum is shown in Fig. S1b. In the absence of rGO sheets, W13049 grows in
the urchin-like morphology (Fig. S1c).

The presence of W and O elements in W;3g049 NWs-rGO nano-
composite is confirmed as W;g049 crystal structure by XRD analysis
(Fig. 2a), where the major diffraction peaks of W13049 can be found in

Table 1
The XPS fitting results of W4f core-level for pure W;g049 and W;5049 NWs-rGO
nanocomposites.

Material Binding Energy (eV)
W5+ W6+
Waf;/5 Wt W4t /5 Wt
Wi8049 34.70 36.87 35.35 37.47
W3G1 35.00 37.20 35.89 38.00
W4G1 34.91 37.10 35.70 37.80
W5G1 34.20 36.41 34.95 37.13

the nanocomposite at 20 = 23.2° [010] and 47.3° [020]. They are also
corresponding well to the monoclinic phase of W1g049 (P2/m, JCPDS
card no.71-2450) [48]. The major plane of [01 0] can be clearly seen in
HRTEM image of W13049 NWs. They are ca. 12 nm in diameter with
d spacing of 0.39 nm on the rGO sheet (Fig. 2b). On the other hand, the
reduction of GO into rGO in the nanocomposite can be seen from the
shifting of [001] peak of GO at 26 = 11.5° to 26.0°, as the broad peak.

The detailed chemical states of as-prepared materials and their sur-
face functional groups were further investigated by XPS. The survey
spectrum (Fig. 3a) of GO reveals the presence of C and O elements. This
indicates the successful oxidation process of graphite via modified
Hummers’ method. Moreover, the presence of a strong Cls peak in the
W18049 NWs-rGO nanocomposites confirms that the W1gO49 NWs are
successfully incorporated onto the rGO sheets during solvothermal
process.

In W4f high-resolution XPS spectrum of W4G1 (Fig. 3b), the main
spectrum can be deconvoluted into two pairs of peaks which refer to two
different oxidation states of W element, namely W®" and W°*
[18,49,50]. The peaks at binding energies of 35.70 and 37.80 eV can be
assigned to W4f;, and W4fs 5 of W8, respectively. The second doublet
peaks at binding energies of 34.91 and 37.10 eV correspond to the
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Table 2
Binding energies and percentages of GO and W;3049 NWs-rGO nanocomposites from the deconvoluted XPS spectra of Cls peaks.
Material c—C c—0 Cc=0 0—C=0
Binding Energy Percentage (%)  Binding Energy Percentage (%)  Binding Energy Percentage (%)  Binding Energy Percentage (%)
(eV) (eV) (eV) (eV)
GO 283.9 41.4 285.9 28.5 287.2 24.9 289.3 5.2
W3G1 284.4 64.8 285.6 20.4 286.6 8.40 288.3 6.4
W4G1 284.2 65.0 285.4 13.5 286.2 12.6 288.3 8.9
W5G1 283.6 58.8 284.6 10.0 285.3 17.3 287.4 13.9
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Fig. 4. (a) TGA analysis for rGO sheets and W;3049 NWs-rGO nanocomposites in air atmosphere at a heating rate of 10 °C min . (b) The BET surface area calculated
from N, adsorption/desorption isotherms of the rGO sheets and W;3049 NWs-rGO nanocomposites.

emission of W4f;/, and W4fs » core levels from WO, Besides, W4f core-
level of the pure W1gO49, W3G1 and W5G1 exhibit similar peaks as
W4G1 nanocomposite spectrum with slight shift as shown in Fig. S2a-c
and Table 1. It is worth noting that the position of W4f peaks of the
W3G1 and W4G1 nanocomposites shift to higher binding energy values
as compared to that of the pure W;g049, which could be attributed to the
interaction between W1g049 NWs and rGO sheets. For W5G1, the W4f
peaks are lower in binding energy as compared to that of pure W;g0O4g,
most probably due to the heavy stacking of NWs as seen in FESEM
image.

The peak area ratios show that the percentages of W and W>* for
W4G1 are 84.4% and 15.6%, respectively. Additionally, the oxygen
vacancies in W3G1 (W°") is 16.7%, and in W5G1 (W>") is 14.2%.
Conversely, the percentage of W5 is 10.1% for the pure W1gO49. This
observation clearly shows the role of rGO in promoting more oxygen
vacancies in W1g0y4g lattice. The oxygen vacancies may enhance charge
storage performance, as proven in other study [51].

The core-level XPS spectrum of Cl1s for the W4G1 nanocomposite is
shown in Fig. 3c. The major deconvoluted peak with binding energy of
284.2 eV is originated from the C—C bond of rGO. The residual oxygen
can be seen from the deconvoluted peaks at 285.4, 286.3, and 288.3 eV,
which can be assigned to the C—0, C—=0, and O—C=0 bonds, respec-
tively [52]. The Cls core-level spectra for GO and other W1gO49 NWs-
rGO nanocomposites are shown as Fig. S2d-f and Table 2. The detailed
measurements exhibit that the percentages of C—C bond for all nano-
composites significantly increase and the percentages of most oxygen-
containing groups decrease. Meanwhile, The C/O atomic ratio of GO
sheets is 0.71 and the corresponding values in the W3G1, W4G1, and
W5G1 are 1.84, 1.86 and 1.43, respectively, which is similar to that
obtained by the chemical reduction of GO method [53]. This clearly
indicates the effective reduction of GO into rGO during solvothermal
process. In the O1s core-level spectra (Fig. 3d), the pure W13049 exhibits
a broad peak with the binding energy of 530.2 eV, while the W3G1 and
W4G1 nanocomposites peaks shift to high binding energy. This behavior
strongly corroborates the formation of electronic interaction between
Wi8049 NWs and rGO sheets [54].

On the contrary, the Ols peak of W5G1 shows slight negative shift in

binding energy compared to that of pure W1g049. This negative shift
indicates low electronic interaction between W1gO49 NWs and rGO
sheets in W5G1 as a result from higher percentage of C—=0 and 0—C—0
[55]. Additionally, this behavior indicates that the excess incorporation
of W1g049 could adversely decrease the reduction degree of GO into
rGO, which can be observed from Table 2. It is believed that the lower
reduction degree of GO into rGO would pose a negative impact to W5G1
in the charge storage performance.

TGA in air atmosphere was used to determine the W;gO49 content
(wt.%) in all nanocomposite. As shown in Fig. 4a, the TGA curve of rGO
sheets shows the vaporization of adsorbed water molecules (~10 wt%)
at temperature below 100 °C, followed by the oxygen-functional groups
removal (16 wt%) up to 400 °C. Beyond 400 °C, the huge mass loss (69
wt%) is observed up to 600 °C, which can be attributed to the decom-
position and oxidation of carbon networks in rGO into CO5 [56,57]. For
W18049 NWs-rGO nanocomposites, all TGA curves resemble thermal
decomposition behavior of rGO, except at lower weight loss. The curves
start with moisture vaporization (up to 100 °C), oxygen functional
groups removal (up to 400 °C), oxidation of rGO into CO5 (up to 600 °C)
and stabilize at temperature higher than 600 °C. The W;3049 weight
loading can be estimated from the balanced weight at temperature
beyond 600 °C, by assuming insignificant weight loss for the phase
transformation of W33049 to WO3 [58,59]. Hence, the W13049 loadings
in W3G1, W4G1 and W5G1 are estimated to be 63.3%, 69.9% and
71.6%, respectively. W4G1 exhibits more weight loss at temperature
lower than 250 °C which can be associated to the removal of surface-
adsorbed water and structural water elimination. This may be related
to its higher surface area, that will be discussed in the following section.

The Ny sorption measurements for all as-prepared samples were
carried out to characterize their BET surface area and porosity. Based on
the adsorption/desorption curves shown in Fig. 4b, all samples exhibit
type-1IV isotherms. The solvothermal-reduced rGO possesses BET surface
area of 53.0 m? g1, and upon incorporation of W1gO4g, the surface area
of W3G1 and W4G1 increase to 98.6 m? g~ ! and 112 m? g™}, respec-
tively. It shows the effective incorporation of W1gO49 onto rGO sheets
and simultaneously prevents stacking of the nanocomposites. On the
other hand, the excessive W1g049 in W5G1 reduces its surface area to
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Fig. 5. (a) CV curves at the scan rate of 5 mV s7! for pure W;049, rGO and W;g049 NWs-rGO nanocomposites electrodes. (b) CV curves at different scan rates for
W4G1 electrode. (c) Capacitive and diffusive contributions of the W;5049 NWs-rGO nanocomposites electrodes to the charge storage. (d) The variation of specific

capacitance (F g’l) with different current densities (A g’l) for all materials.

45.2 m? g™, consistent to the FESEM findings of heavy stacking of NWs.
The Barrett-Joyner-Halenda (BJH) pore diameter calculation (Fig. S3)
yields the pore size distribution of 4 nm, suggests the good mesoporosity
for AI** penetration during charge-storage process.

3.2. Electrochemical properties

W;8049 nanostructure has been reported as an intercalation pseu-
docapacitive material in aqueous AI®" ion electrolyte [21,23,24], where
the reversible AI** intercalation/de-intercalation process is represented
by the Equation:

W igO040 + XALPT + 3xe” = AL W 5040 (6)

To highlight the importance of W;3049 NWs incorporation onto the
rGO sheets, all as-prepared materials were tested as the working elec-
trodes in three-electrode system using 1 M AlICl3 aqueous electrolyte
(pH = 2.13). At this pH value, the AI** ion is in completely octahedral Al
(H,0)&" form and the first dominant hydrolysis reaction is Al(H,0)g" <
Al(OH)(HZO)gJr + H" which becomes important at 3.0 < pH < 4.3 [60].
Moreover, the concentration of H ion is about 7.41 x 10°3 M, which is
far smaller than the Al** ion concentration (1 M) used in this work. The
dominant intercalation ion into WigO49 crystal lattice is AP jon,
instead of H' ion. This is confirmed earlier through CV studies in our
previous work (Fig. S4a) [21].

As shown in Fig. 5a, all W13049 NWs-rGO nanocomposites electrodes
exhibit rectangular-like CV curves from —0.7 to —0.2 V in 1 M AICl;
aqueous solution at a scan rate of 5 mV s~ *. Control experiment was also
conducted on bare Ni foam to ensure the observed current density is
originated from the samples (Fig. S4b). The charge storage properties
can be briefly estimated from the area under the CV curve, where larger
area represents higher charge storage. It can be clearly seen that the
optimized sample W4G1 possesses highest charge storage performance
than that of other samples, therefore it is selected for further electro-
chemical discussion. CV curves of W4G1 electrode at different scan rates
(Fig. 5b) show the broad redox peaks between —0.5 and —0.7 V, where

they are more significant at lower scan rate (2.0 mV s 1). These redox
peaks can be ascribed to the reversible AI** ion intercalation/de-
intercalation into W13049 NWs-rGO structure [23,61], that contributes
to the pseudocapacitive effect [10,62,63]. A similar phenomenon is also
observed in W3G1 electrode with lower redox currents, while W5G1
electrode does not exhibit any redox peaks (Detailed CV curves for pure
W18049, GO, W3G1 and W5G1 electrodes are shown in Fig. S5a-d). This
is the first evidence of intercalation pseudocapacitive effect in W4G1
and W3G1, which could be related to the electronic interaction between
W18049 and rGO as shown in XPS analysis. The absence of redox peak in
W5G1 is due to the excess content of W13049 in W5G1 that causes lower
reduction degree of GO into rGO. The low conductivity of GO impedes
the AI3" diffusion and therefore causes insignificant AlI** ions interca-
lation. The addition of rGO is also proven to increase the rate capability
of W18049-rGO (W4G1, Fig. S5e), as observed in other studies [64,65].

CV results were extended to Trasatti’s analysis for the investigation
of charge storage mechanism in W;gO49 NWs-rGO nanocomposites
electrodes [21,63]. The total stored charge (Qr), capacitive contributed
charge (Qc¢) and diffusive contributed charge (Qp) were determined
based on the Equation S1-S3 in the Supplementary Information. The Q¢
can be obtained as intercept by extrapolating the plot of total measured
voltammetric charge (Qy) vs. v12 from 2t0 300 mV s ! (Fig. Sba-c), and
the Q¢ values are computed to be 162.86, 198.10 and 158.71 C g’1 for
W3G1, W4G1 and W5G1, respectively. On the other hand, the Q7 values
are obtained as intercept through extrapolation of the plot 1/Qy vs. v/
as shown in Fig. S6d-f. It should be noted that the Qr value of W4G1 is
510.20 C g}, which is higher than that of W3G1 (234.74 C g™ 1) and
W5G1 (189.75 C g~ 1). The percentage of charge contribution from Q¢
(capacitive) and Qp (diffusive) for different samples are summarized as
Fig. 5c. It can be seen that the dominant charge storage in W3G1 and
W5G1 can be attributed to capacitive charge storage (69.4% for W3G1
and 83.6% for W5G1) where it depends on ions adsorption. Conversely,
the dominant charge storage in W4G1 can be assigned to diffusive
charge storage with 61.2% Qp, suggests that the diffusion of A1+ ions
within W;gO49 NWs-rGO contributes to the high specific capacitance
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CPE Fig. 6. (a) Ex-situ XRD patterns, ex-situ HRTEM and
(b) Rs SAED images for the W4G1 electrode during fully
charged/discharged process. (b) Nyquist plots for
= R Cp W4G1 and pure W;g040; the insets show the high-
= 2.0 frequency region and equivalent circuit model. (c)
; 5 The relationship curves between Z' and »®® in the
- g low-frequency range of W13049 and W4G1 electrodes.
E :? 1.0 (d) Cycling stability and Coulombic efficiency of the
*E P W4G1 electrode at 5 A g’l; the inset shows the GCD
= curves for the first 5 cycles and last 5 cycles.
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[66,67]. This result proves that the optimized ratio between W;gO49 and
rGO (W4G1) renders higher electroactive surface area for the diffusion
process. More AI** ions can diffuse and penetrate into the mesopores of
W18049, which produces more intercalation pseudocapacitance. On the
other hand, the lower electroactive surface area of W3G1 and W5G1
limits the diffusion of Al>* ions, thus making the ions adsorption as the
main route for capacitive charge storage. Furthermore, the heavily
entangled W;gO49 NWs in W5G1 as seen in FESEM image also limit the
A** ions diffusion. A similar study reported that the diffusive charge
storage increases at higher surface area, in which results in a significant
enhancement of intercalation pseudocapacitance behavior [68,69].

Trasatti’s analysis corroborates to the galvanostatic discharge (GD)
results, as summarized in Fig. 5d. The dominant capacitive charge
storage of W3G1 and W5G1 electrodes exhibit moderate increment in
specific capacitance at lower current densities, a clear indication of
double-layer capacitance. On the other hand, W4G1 electrode shows the
substantial increment in specific capacitance when the current density
decreases, which is associated with the longer diffusion time for AI**
ions that contributes to higher charge storage. It can be seen that the
highest specific capacitance is attained on W4G1 electrode with 560 F
g’l, followed by W5G1 (371 F g’l), pure W;g049 (350 F g’l), W3G1
(304 F g’l) and rGO (104 F g’l). The lower specific capacitance for
W3G1 as compared to pure W;g049, can be explained by its higher rGO
content that reduces the capacitance contribution from W;g049 NWs.
The synergistic effect for fast AI** ion diffusion can be seen at optimized
ratio of W4G1, to provide highest specific capacitance. Detailed GD
curves are shown in Fig. S7a-f.

The charge storage of W4G1 electrode was further investigated by
ex-situ XRD and HRTEM techniques, as shown in Fig. 6a. For the fully
charged W4G1 electrode, the [010] peak shifts to higher diffraction
angle, indicates the decrease in interlayer spacing, as confirmed by the
HRTEM image to show the interlayer spacing dy;¢ of 0.379 nm. During
the charging process, the AI*" intercalation forms the electrostatic
interaction with the polar atoms in W;g0O4g structure that causes the dy;o
contraction. On the other hand, the fully discharged W4G1 electrode
shows the dy;¢ expansion to 0.385 nm as evidenced by the shifting of

[010] peak to lower diffraction angle and HRTEM image. This is due to
the de-intercalation of AI** ions during the discharging process [70]. By
combining these findings with the Trasatti’s analysis, it can be deduced
that the charge storage in W4G1 involves the diffusion of AI** ions
within W3g049 NWs-rGO structure, followed by the intercalation/de-
intercalation of AI** ions in the Wi5049 crystal structure.

The role of rGO in W4G1 was further investigated by EIS, as shown in
Fig. 6b. Prominently, W4G1 electrode exhibits lower charge transfer
resistance (R¢r) as compared to that of pure W1gO49 electrode, indicates
higher conductivity and facile charge transfer during AI** ions inter-
calation [71,72], most probably associated to the addition of rGO in
W4G1 (Detailed fitting circuit data as Table S1). The rGO role in
enhancing AI®" ions diffusion was studied by investigating the AI** ions
diffusion coefficient (D3) in W4G1 electrode and pure W1g049 elec-
trode. The ij can be calculated from the following Equation [73,74]:

RT
Dy = ois< %)

2
m)

where R is the gas constant (8.314 J mol ™! K’l), T is the absolute
temperature (298.15 K), A is the surface area of the electrode (1 cmz), n
is the number of electrons transferred, F is Faraday constant (96500 C
mol’l), C is the concentration of AI** ion in the solution (1 M), and o,y is
the Warburg coefficient, which is calculated by the following Equation
(at low-frequency region):

Z =Rs+Rer +oyw "’ )
where Ry is the electrolyte resistance, the oy, can be obtained from the
slope of linear fitting of the real part of impedance (Z') vs. the angular
frequency (%), as Fig. 6¢. The D3f of W4G1 electrode is computed to
be 71.9 x 1012 cm? 51, approximately 15 times higher than that of pure
W15049 electrode (4.89 x 10712 em? s™1). The EIS data suggests that the
incorporation rGO into W;gO49 serves as a conductive platform to
effectively accelerate AI*" jons diffusion within the crystal structure,
thus providing more AI*" jons for intercalation pseudocapacitance.
Furthermore, the electroactive surface area can be estimated (Sg, m>
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Fig. 7. (a) CV curves of the W4G1 and rGO electrodes at 10 mV s~*. CV curves of the W4G1//rGO ASC device (b) at different operating potentials at 50 mV s~* and
(c) at different scan rates. GCD curves of the ASC device (d) at different operating potentials at 2 A g* and (e) at different current densities. (f) Specific capacitance of

the ASC device at different current densities.

gfl) from Equation Sg = Cg,/Cq [21], where Cym= (2rfmZ )1 77 is the
imaginary impedance from Nyquist plots at the frequency (10 mHz) and
Cqis a constant value of 60 uF cm ™2 and 40 pF cm ™2 for metal oxide and
nanocomposite electrode [75], respectively. The Sg value for W4G1 is
425.0 m? g~ !, which is higher than those for pure W;g0O49 electrode
(166.2 m? g’l). It shows that the fast Al>" ions diffusion and higher
electroactive surface for W4G1 enhance its specific capacitance (560 F
g™ 1) as compared to pure W1gO4o (350 F g™ 1) electrode under similar
discharge condition. Cycling stability of the W4G1 electrode was studied
through continuous GCD tests up to 12,000 cycles at the current density
of 5 A g~ L. Fig. 6d reveals the remarkable long-term cycling stability of
W4G1 electrode with 94% retention of initial capacitance and around
98% Coulombic efficiency after 12,000 cycles, with insignificant change
in the GCD curves.

3.3. Performance as asymmetric supercapacitor

W1g049 NWs-rGO//rGO ASC device was assembled in this work to
expand the working potential in aqueous electrolyte. W4G1 was used as
the negative electrode and rGO sheets was used as the positive electrode
in 1 M AlCl3 aqueous electrolyte. High voltage ASC can be obtained by
combining the operating potential of W4G1 (from —0.7 to —0.2 V vs.

Ag/AgCl) and rGO (—0.2 to 0.8 V vs. Ag/AgCl) (Fig. 7a). The optimal
mass ratio (m,/m_) was calculated at 3.12 for the balanced charge
storage capacity between positive and negative electrodes. Fig. 7b shows
the CV curves of the W4G1//rGO ASC device at different operating
potential windows range from 0.8 to 1.6 V at the scan rate of 50 mV s ..
At high operating potential window of 1.6 V, significant decrease of CV
area is observed, which can be related to the electrode degradation. At
1.6 V, water decomposition occurs at negative electrode with Hy evo-
lution that increases the internal pressure of the cell and therefore de-
teriorates its electrochemical performance. Similar observation is
reported in other works [76,77]. Therefore, the maximum operating
potential window is determined to be 1.5 V. Fig. 7c shows the CV curves
of the W4G1//rGO ASC device at different scan rates. At the cathodic
scan, the reduction peak can be seen, and it is more prominent at lower
scan rate. This could be attributed to the de-intercalation process occurs
at the negative W4G1 electrode. Similar findings are observed at GCD
results at 2 A g1 (Fig. 7d) where the discharge curves exhibit the de-
intercalation behavior. By increasing the ASC device working poten-
tial from 0.8 to 1.5 V, the specific capacitance of device improves from
121.3 to 269.9 F g~L. The increment in specific capacitance and oper-
ating potential can improve the energy storage of ASC device. In addi-
tion, GCD measurements at different current densities retain their curve
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Fig. 8. (a) Ragone plot shows energy density and
é:c 601(2) power density of the W4G1//rGO ASC in comparison
= 50_-0—()1:1‘ work to other ASCs in the literature. (b) The digital photo-
g ® SCNTIW50,0//SCNT/PANI graph of red color LED illuminated by two ASCs
e 404 A PA-ADPANW, 0, connected in series. (¢) Nyquist plot of the W4G1//
‘5 v -'\C-'CC'-:'-'WQ__):_-.-z"CC rGO ASC; the insets show the intercept in the high
g 301 @ b-wosic "'_R”IU? frequency region and Bode plot. (d) Cycling stability
.:. 20+ < :I(_)-‘T“q_:_“}“:)‘ and Coulombic efficiency of the W4G1//rGO ASC
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shape, an indication of device high reversibility (Fig. 7e). The summary
of specific capacitance values are depicted as Fig. 7f, with the highest
specific capacitance of 365.53 Fg ' at1 A gL,

The specific capacitance results are translated into Ragone plot in
Fig. 8a, to show the device energy density and power density. It can be
seen that the W4G1//rGO device produces energy from 13.0 to 28.5 Wh
kg~!, which corresponds to 3744 and 751 W kg~! power density,
respectively. To the best of our knowledge, this is the highest energy
density produced by W;g049-based supercapacitor [24,46,78] and its
performance is also competitive to other WOx-based supercapacitors
[79-83] as shown in Table S2. The high energy density of W4G1//rGO
ASC device is also manifested by Fig. 8b where a red LED light was
powered up for up to 7 min by connecting it to two W4G1//rGO ASC
device in series.

EIS was employed to further confirm the ASC performance (Fig. 8c).
The Nyquist plot of the W4G1//rGO ASC device was measured in the
frequency range from 0.01 Hz to 100 kHz at open circuit potential. After
fitting EIS data (circuit fitting as Fig. S8b), low Rg (1.06 Q) and Rcr
(0.845 Q) values are achieved, indicates the high electrical conductivity
of the device. Moreover, in the Bode plot, characteristic frequency (f*) at
the phase angle of —45° of the W4G1//rGO ASC device is determined to
be 1.38 Hz, corresponds to the relaxation time () [84], (r = 1/f"), of
0.72 s. The small t value of ASC device indicates the fast frequency
response, again confirms the high rate capability [85,86]. The phase
angle at low frequency is found to be at —80°, very close to the —90° by
the ideal supercapacitor device [87]. Another interesting point is that
the ASC device possesses long-term cycling stability at a constant current
density of 5 A g1, as shown in Fig. 8d. It manifests superior cycling
stability of 96.7% retention of the initial capacitance as well as high
Coulombic efficiency (95.1%) after 12,000 cycles. All these alluring
results make our ASC to be the promising device for high-performance
energy storage systems.

4. Conclusions
For the first time, the W13049 NWs-rGO nanocomposite is reported as

an electrode for supercapacitors application. The rGO sheets provide a
conductive platform for W1gO49 NWs growth and promote the formation

Number of cycles

of more oxygen vacancies in W13049 NWs, thus enhances the diffusion of
AIR* jons within the structure and increases the intercalation pseudo-
capacitance. The electroactive surface area is also enhanced by the
addition of rGO sheets in W;3049 NWs-rGO nanocomposite. The
assembled ASC device with W;3049 NWs-rGO nanocomposite as nega-
tive electrode and rGO as positive electrode, delivers high energy den-
sity of 28.5 Wh kg~ ! and power density of 751 W kg ™!, suggesting the
promising potential of W33049 NWs-rGO nanocomposite for high-
performance supercapacitors application.
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