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Using a stabilizing agent-assisted co-assembly method, a novel nanocomposite of mesoporous
carbon embedded with uniform tungsten oxide nanorods is obtained, which is converted into carbonsheathed tungsten oxide nanoparticles by delicate calcination and further reduction. Through optimization of tungsten content, it is found that highly crystalline tungsten oxide nanoparticles are
uniformly coated with an ultra-thin carbon layer. When applied into electrochemical charge-storage
electrodes for supercapacitor and lithium-ion battery, an excellent average capacitance (129 F g−1 ,
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1. INTRODUCTION
As the demand for rapid development of portable devices
and electrical vehicles increases, electrochemical energy
storage devices such as supercapacitors (SCs) and lithiumion batteries (LIBs) became more prevailing.1–3 Especially, transition metal oxides (such as NiOx , CoOx , and
MoOx ) are attracting significant attention in the replacement of traditional carbon-based electrodes in SCs and
LIBs because of their high capacitance/capacity and relatively low cost.4–7 Among them, nanostructured MoOx
exhibited a significantly improved electrode performance
as anode in LIB.2 As another novel electrode material, especially, tungsten oxide with a high density of
∼7.16 g cm−3 have been considered as a promising candidate for a high-volumetric charge-storage electrode.8 9
Compared with molybdenum-based electrode material,
tungsten oxide is also more inexpensive and safer.8 10
However, bulk tungsten trioxide (WO3 ) possesses poor
∗
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electrical conductivity and long ionic diffusion length during charging process, making it an unsuitable electrode
material for SCs and LIBs.8 9 11 In this context, bulk tungsten trioxide has to be engineered in order to meet the fast
electron and charge transport requirements for practical
use. Nano-structuring and carbon coating are recognized
as effective approaches to improve the electrode performance of low-conductivity transition metal oxides.4 12
Furthermore, tungsten trioxide can be converted into the
partially reduced tungsten oxide (WO3−x ) phase in a reducing atmosphere, which exhibited a great enhancement of
electrical conductivity.10 13 As described in our previous
reports,8 9 ordered mesoporous WO3−x prepared by a hardtemplate method exhibits 150 F g−1 peak capacitance
as a supercapacitor electrode and 748 mAh g−1 capacity as a lithium-ion battery anode, reflecting the effectiveness of nano-structuring and partial reduction of the
tungsten oxide-based material.8 Another interesting result
using mesoporous nanocomposite between tungsten oxide
and carbon was reported by our group, where di-block
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copolymer was used as structure directing agent.14 15 Due
the self-made resol ethanolic solution,6 immediately yieldto high developed mesoporosity and complete nanocoming a dark blue solution. After vigorous stirring for 2 h,
posite between tungsten oxide and carbon, a significantly
the transparent solution was poured into a large dish and
improved supercapacitor performance was observed.
kept in an ambient environment for 1 d, after which time a
As another interesting nanostructure, tungsten oxide
glue-like film formed. The as-formed film was then heated
nanoparticles have not been widely investigated as chargeat 100  C for 24 h, resulting in a fragile transparent poly12
storage electrodes. It is well-known that pure metal
mer film. After grinding, the polymeric product was caroxide nanostructures exhibit the disadvantage of facile parbonized at 450  C for 2 h and then at 600  C for 2 h under
16 17
ticle aggregation during the charge-storage process.
a nitrogen atmosphere (the temperature ramping rate was
Furthermore, when compared with conventional single5  C min−1 up to 450  C and 2  C min−1 after 450  C).
crystalline or polycrystalline materials, the high contact
After cooling down to room temperature, the product was
resistance has been observed in nanostructured metal
obtained as a black powder and was designated as CW.
oxides, which is attributed to poor electron transfer
For preparation of CW materials with lower and higher
between individual nanoparticles.18 To overcome these
tungsten concentrations, 0.1 g and 0.4 g of WCl6 were
obstacles, thin-layered carbon coating has been recognized
instead added into the precursor solution above, and the
as a reasonable solution. In general approach to surface
resulting samples were designated as CW-L and CW-H,
coating, metal oxides were synthesized first, a carbon prerespectively. The CW sample was transferred to a furnace
cursor was added to locate the surface of metal oxide
and calcined in laboratory air at 450  C for 30 min (the
particles, and finally, heat treatment was conducted under
ramping rate was 6  C min−1 ). The resulting yellow prodan inert atmosphere to produce the carbon-sheathed metal
uct was collected and designated as CSW material. The
oxide.19 However, such method is time-consuming and
RCSW material was obtained by post-heating the CSW
complicated; accordingly, development of a simple onepowders in a 5% H2 /N2 (v/v) atmosphere at 500  C for
step synthesis without further coating process is highly
30 min.
desired. Although one-pot approaches based on hydrothermal or solvent-thermal methods have been reported in
2.2. Electrode Fabrication
other transition metal oxides.20 21 However, a carbonTo prepare a supercapacitor electrode, a mixture of CSW
sheathed tungsten oxides are hard to be prepared through
and/or
(PTFE) binder, and
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alcohol and coated on a round Ti mesh (1 cm2 )
ment of a novel and simple method to coat a thin carbon
as the current collector. The electrode resistance was neglilayer onto tungsten oxide nanoparticles is actively sought.
gible when 10 wt% conducting materials were added. The
In this work, mesoporous carbon embedded with
resulting electrode plate was pressed and dried under vactungsten nanorods (CW) is prepared first through the
uum at 120  C for 12 h. Here, Pt flag counter and SCE
one-step co-assembly method. Then, carbon-sheathed
reference electrodes were used for a three-electrode cell
tungsten oxide nanoparticles (CSW) and reduced carbonsystem using 1.0 M H2 SO4 as electrolyte. A potentiostat
sheathed WO3−x (RCSW) are obtained by following del(Ivium®) was utilized to conduct cyclic voltammetry (CV)
icate calcination and final reduction process, respectively.
and electrochemical impedance spectroscopy (EIS) experiAs-prepared materials are fabricated into supercapacitor
ments. The scan rate was 1 mV s−1 in the CV experiments.
electrode and lithium ion battery anode. The charge storTo prepare the CSW and RCSW anode, CW material
age properties of CSW and RCSW are investigated using
was mixed with carbon black and polyvinylidenedifluovarious electrochemical methods.
ride (PVDF) binder in a weight ratio of 8:1:1 and then
dispersed in N-methyl-2-pyrrolidone (NMP) and spread
2. EXPERIMENTAL DETAILS
onto a Cu foil (apparent area of 1 cm2 ), followed by
drying at 120  C for 12 h and roll-pressing. The anode
2.1. Materials Preparation
performance was characterized using a half-cell configuWO3−x nanorods embedded mesoporous carbon (CW),
ration in which a Li foil (Cyprus Co.) was used as the
carbon-sheathed WO3 (CSW), and WO3−x (RCSW)
counter and reference electrode with 1.0 M LiPF6 in 1:1
nanoparticles were prepared as follows. WCl6 (0.2 g;
(v/v) ethylene carbonate (EC)/dimethyl carbonate (DMC)
Aldrich) was dissolved in 5 g of ethanol (EtOH) to form
(Technosemi Chem. Co.) as the electrolyte. Galvanostatic
solution A. Citric acid (0.2 g; Aldrich) was dissolved in 5 g
charge–discharge testing in a voltage range 2.5–0 V versus
of EtOH to form solution B. Solution B was mixed with
Li/Li+ was conducted at different current densities varying
solution A to form solution C. Pluronic F127 (0.8 g; Mw =
−1
from 0.1 to 5 C (1 C = 300 mAh g−1 ) on a WBCS-3000
12600 g mol , Aldrich) was dissolved in 8 g of EtOH.

battery cycler (WonATech Co.) at the ambient temperaAfter stirring at 40 C for 2 h, a clear transparent soluture. The cycle performance for 10 cycles was recorded at
tion was obtained. Solution C was then added dropwise
0.1 C.
under stirring with sequential slow addition of 2.5 g of
390
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a reducing atmosphere, CSW was converted to carbonsheathed reduced tungsten oxide nanoparticles (RCSW) by
oxygen removal from the crystal structure of tungsten trioxide by hydrogen gas.10
Citric acid was found to play a key role in the successful preparation of carbon-sheath tungsten oxide nanoparticles (CSW and RCSW); in the absence of citric acid,
the resol/F127/WCl6 solution would otherwise be unstable in the ambient environment and rapidly yield a precipitate during stirring. Similar to our previous research
about tri-constituent co-assembly between resols, titanium
citrate complex, and F127, it is reasonably deduced that
complexation between tungsten precursors and citric acid
leads to protection tungsten ions from interaction with the
resols and F127.22 23 This molecular level stability was evidenced by the transparency of the solution. After solvent
evaporation/heat treatment, high temperature carbonization was conducted. Because of the hydrogen-bonding
based strong interaction between tungsten precursor and
surfactant/polymer, the oxidation and crystal growth of
3. RESULTS AND DISCUSSION
the tungsten-containing phase is severely retarded even
The process of carbon-sheathed tungsten oxide nanoparat 600  C;16 as a result, unique composite structure as
ticle formation is schematically shown in Figure 1.
shown in Figure 2 was observed, where isolated reduced
In brief, the four components WCl6 , citric acid, resol, and
tungsten oxide (WO3−x ) nanorods were embedded within
Pluronic® F127 (working as a tungsten precursor, stabilizmesoporous carbon matrix. Here, observed pores were
ing agent, carbon precursor, and surfactant, respectively)
attributed to thermal decomposition of the F127 surfacwere dissolved and mixed in ethanol in a predetermined
tant, which has been frequently reported. One can expect
Delivered by Ingenta to: Sung Kyun Kwan University
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order. Through ethanol evaporation,
polymerization,
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by
uniform
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carbonization (step S1), a WO3−x nanoparticle
embedded
Copyright: American Scientific Publishers CW can be beneficial for maintaining nanorod morphology and homogeneous carbon
mesoporous carbon (CW) composite was prepared in the
first step. Upon time-controlled calcination in air (step
S2), most of the carbon phase was burnt and WO3−x was
oxidized to WO3 , producing the carbon-sheathed tungsten
trioxide nanoparticle (CSW). With further calcination in
2.3. Characterization
The external morphology of the carbon was examined
using a scanning electron microscope (SEM, Philips
XL30S FEG), whereas pore images were obtained using
a transmission electron microscope (TEM, TECNAI G2
T-20S). Energy-dispersive X-ray (EDX) analysis was conducted using an EDX analyzer equipped with an SEM
instrument. Small-angle X-ray scattering (SAXS) and
wide-angle X-ray diffraction (WXRD) data were obtained
with a Rigaku D/Max 2200 V diffractometer equipped
with a rotating anode and Cu K radiation (= 015406 nm).
X-ray photoelectron spectroscopy (XPS) experiments were
carried out under ultra-high vacuum using the AXIS
NOVA high-resolution X-ray photoelectron spectrometer
(HR-XPS). Nitrogen sorption isotherms were measured
with a Micromeritics ASAP 2420 system, and poresize distributions (PSD) were analyzed using the BarrettJoyner-Halenda (BHJ).

Figure 1. Schematic representation of direct synthesis of carbonsheathed WO3 and WO3−x nanoparticles converted from WO3−x nanorods
@ mesoporous carbon.

J. Nanosci. Nanotechnol. 17, 389–397, 2017

Figure 2. TEM images of WO3−x nanorod @ mesoporous carbon (CW
series), CW-L (a, b), CW (c, d), and CW-H (e, f) showing the morphology
change of CW materials according to the amount of tungsten precursor
added.
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coating in CSW due to facile oxygen supply and prohibition of nanoparticle aggregation. The effect of the
amount of added tungsten precursor on the morphology
of the CW materials was next studied; Figure 2 shows
TEM morphologies of a series of CW materials with
varying amounts of added tungsten precursor. For all composite samples (CW-L, CW, and CW-H), WO3−x exhibited a nanorod crystalline morphology, while the carbon
matrix was of an amorphous nature with mesopores. The
high-contrast crystalline WO3−x phase became more populated and their particles became more aggregated with
an increase in added tungsten precursor amounts. Hence,
it is obvious that in the CW sample, the WO3−x particles have the good size-uniformity and a more regular morphology, indicative of an optimized precursor
condition for nanoparticle preparation. In addition, ordering of pore channel was gradually collapsed according
to increase of tungsten oxide. In our investigation, note
that more developed nanorods of tungsten oxide are more
desirable because carbon-sheathed tungsten oxide nanoparticles are of our interest. As described, a mesoporous tungsten oxide-carbon composite was successfully prepared
and a significant advance in supercapacitor performance
was already reported.15 Hence, CW was selected for preparation of carbon-sheathed tungsten oxide nanoparticle
preparation.
The nitrogen sorption isotherms
of CW-L,
CW, and
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CW, and CW-H
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all showed a typical mesoporous behavior
with a hysteresis
loop from P /P0 = 04–0.6, reflective of a narrow poresize distribution. The sorption volumes (582 m2 g−1 for
CW-L, 374 m2 g−1 for CW, 292 m2 g−1 for CW-H) and
BET surface areas (0.40 cm3 g−1 for CW-L, 0.18 cm3 g−1
for CW, 0.14 cm3 g−1 for CW-H) were decreased with
larger amounts of added tungsten precursor. According
to the BHJ pore-size distribution based on the desorption branch of the isotherms in Figure 3(b), a nearly
identical pore size peak at ∼3.5 nm was shown to be
Figure 3. (a) Nitrogen sorption isotherms of CW-L, CW, and CW-H
monodisperse, which can be attributed to the same poresamples; (b) calculated pore-size distribution using the BJH method for
7 24
forming mechanism by F127 surfactant;
as the added
CW-L, CW, and CW-H samples; (c) SAXS patterns for CW-L and CW.
amount of tungsten precursor is increased, the pore-size
SAXS pattern for CW-H was not shown here because of the absence of
distribution becomes broadened, which is in good agreeobserved scattering peaks.
ment with the collapse in pore structure observed in the
TEM study. The pore structure was further studied by
of citric acid stabilization. In order to obtain high-quality
SAXS (Fig. 3(c)). CW-L showed a dominant peak at 2 =
carbon-sheathed tungsten oxide nanoparticles (CSW and
∼11, indicative of the higher ordering of the pore chanRCSW), the CW material with highly dispersed WO3
nel arrays with a lattice parameter of ∼9 nm (P6mm space
nanorods was selected to conduct the following conversion
group).7 CW also showed a slight shoulder peak, while
into CSW and RCSW.
no peak was observed for CW-H. The vanishing peak in
Figure 4 presents X-ray diffraction patterns of CW,
the SAXS result is highly consistent with the broadenCSW, and RCSW samples. The corresponding main oxide
ing of pore-size distribution and direct TEM observation
phases could be clearly assigned to W32 O84 (JCDS PDF
of pore structure collapse. From above preparation, com#01-077-0810), WO3 (JCDS PDF #00-020-1324), and
posites of the CW series have been shown to be sucWO283 (JCDS PDF #00-036-0103) in CW, CSW, and
cessfully prepared through tri-constituent co-assembly of
RCSW, respectively. The inset sample pictures visuala tungsten precursor, resols, and F127 with the assistance
ize the color change upon conversion (black for CW,
392
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Figure 4. X-ray diffraction patterns of CW, CSW, and RCSW (inset
pictures show the sample color).
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As expected, an amorphous carbon background disappeared after burning process, implying that most of the
carbon phase was burnt during the S2 process. Regardless
Figure 5. XPS spectra for W4f in (a) CW, (b) CSW, and (c) RCSW
of high-temperature calcination (S2 and S3), the obvious
samples.
peak broadening in CSW and RCSW patterns could be
seen, indicating that the oxide phase in the as-prepared
CSW and RCSW samples is present on the nanoscale.
can maintain surface reduction state even after air exposal
The average oxidation state of the present tungsten oxide
of tungsten oxide nanoparticles with high contact area.
phase was calculated based on the stoichiometry of the
Furthermore, a higher electrical conductivity is expected
phase formula, which yielded a value of +5.25, +6, and
than bulk WO3 material.25
+5.66 for CW, CSW, and RCSW, respectively. In order to
The crystallographic and external morphologies of CSW
further study oxidation-state change, high-resolution XPS
and
RCSW using TEM are shown in Figures 6(a–d).
spectra were acquired for W4f in each sample as shown in
As
expected,
CSW was composed of interconnected
Figure 5. CSW showed a typical well-resolved peak dounanoparticles with a uniform size of ∼20 nm. Upon conblet at 35.3 and 37.4 eV, indicative of stoichiometric WO3
version, unavoidable particle aggregation happened in CW,
with little defects.25 26
which results in the growth of nanoparticles in RCSW as
Compared with CSW, the XPS spectra for CW and
shown in Figure 6(f). However, it is certain that high temRCSW showed blue shifts, which verified the reduced
perature heat treatment of CSW in a reductive atmosphere
states of mixed oxidation state (+6 and less) is expected
did not cause serious crystal coarsening, which is likely
in both CW and RCSW samples, the acquired spectra did
due to the effective isolation of the tungsten oxide particles
not show an obvious mixture of W6+ or less. Instead, preby the carbon coating in CSW. From Figures 6(b and d),
dominant peaks at 34.5 and 36.8 eV were observed, corit was revealed that an amorphous carbon layer exists as
responding to an oxidation state of W5+ .25 26 This result
thin as 1–2 nm, which is closely attached to highly crysdemonstrated that the tungsten species on the surface of
talline WO3 and/or WO3−x particles, respectively. The asthe tungsten oxide phase in CW and RCSW is mostly W5+ .
appeared crystal fringes with interspacings of 0.385 nm in
In RCSW, a complete coverage by W5+ species on the surFigure 5(b) and 0.376 nm in Figure 5(e) which could be
face was certainly due to carbon-sheathing effect, which
J. Nanosci. Nanotechnol. 17, 389–397, 2017
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the crystal coarsening is greatly hindered. This is probably
associated with preventing thin carbon layer on the particle
surface in CSW. The insets in Figures 6(e and f) display
the carbon elemental mapping on the CSW and RCSW
sample, showing a uniform carbon phase coating, while
the EDS spectra (Figs. 6(g and h)) indicate the presence of
a minor amount (<3%) of carbon phase in the CSW and
RCSW samples. This uniform but thin conductive carbon
is expected to enhance the electrical conductivity of prepared material, while keeping the beneficial effect of tungsten oxide nanoparticles when applied into charge storage
electrodes.
First, the prepared CSW and RCSW materials were
utilized as SC electrodes. Figure 7 displays the
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Figure 6. (a, b) TEM images of CSW;
d) TEM images of RCSW;
Copyright:
American
(e) SEM image of CSW, inset is the carbon elemental
mapping;
(f) SEM Scientific Publishers
image of RCSW, inset is the carbon elemental mapping; (g) EDS spectrum for CSW; (h) EDS spectrum for RCSW.
assigned to the (001) and (010) plane of the orthorhombic
WO3 and monoclinic WO283 crystal, respectively, which
is in agreement with XRD results. It is worth mentioning
that the ultra-thin carbon layer could be transparent, which
explains why the apparent colors of CSW and RCSW are
yellow and blue, respectively, while carbon-coated metal
oxides prepared by other methods are mostly black.12 21
The retention of color is an implication of the possible fabrication of electrochromic electrodes consisting of CSW
and RCSW, which is one the most significant applications
of tungsten oxide-based materials.25
Figures 6(e–f) shows the SEM images of the CSW and
RCSW samples, which were examined in order to verify
their interconnected nanoparticle morphologies. For CSW,
a typical external morphology of stacked nanoparticles was
present with an estimated particle size of 20 nm, similar to the crystal size estimated from the TEM image
in Figure 6(a), indicating that the particles in the SEM
image are single-crystalline. However, for RCSW, apparent increase of particle sizes was observed, suggesting
that at least a couple of nanoparticles aggregate during
the reductive conversion. Nevertheless, the invariant crystal
size from TEM analysis (Figs. 6(b and d)) exhibited that
394

Figure 7. CV curves of (a) CSW and RCSW supercapacitor electrodes
at 1 mV s−1 ; (b) EIS spectra of CSW and RCSW electrodes; (c) cycle
stability of RCSW electrode.
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electrochemical properties of CSW and RCSW as SC
electrodes. Tungsten oxide has been reported to exhibit
pseudocapacitive charging behavior induced by a change
in tungsten oxidation state near 0 V versus SCE. This ionic
charge phenomenon can be described using Eq. (1);13
WO3−x H2 Oy ↔ WO3−x+ H2 Oy− + 2H+ + 2e− (1)

process. In Figure 7(c), the long-term cycle performance
of the RCSW electrode was evaluated because of its better
overall performance; a very stable cycle performance was
observed, which can be ascribed to the formation of a stable nanostructure in the RCSW material and a higher resistance to the strong acid electrolyte because of carbon shell
formation on the tungsten oxide particles. For comparison,
it was reported that a mesoporous tungsten oxide material
without a protective carbon coating still showed performance decay during cycling.13 Figure 8 shows the anode
performance of CSW and RCSW electrodes in lithium-ion
batteries. The lithium uptake mechanism of the tungsten

In this process, the oxidation state of tungsten oxide
is converted from +5 to +6, reversibly.14 As shown in
Figure 7(a), typical redox peak pairs were clearly observed
for both electrodes, which is associated with the pseudocapacitive reaction of tungsten oxide described in Eq. (1).
About CSW electrode, the specific peak capacitance (Csp )
in the anodic scan was as high as 108.5 F g−1 , even
comparable to the metallic mesoporous WO3−x electrode
(109 F g−1 ) prepared using a complicated hard-templating
method.13 When considering much less porous nature of
CSW than ordered mesoporous WO3−x , this high Csp of
CSW indicated that nanoparticular morphology produced a
higher SC nature than mesoporous structure. Furthermore,
a very high volumetric capacitance of above 400 F cm−3 is
expected to be obtained from the CSW electrode because
of the intrinsically high material density of tungsten oxide
(∼7.6 g cm−3 ).8
Compared with CSW, a large increase of Csp was also
observed in RCSW electrode (129 F g−1 ). Furthermore,
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a polarization resistance associated
with by
theIngenta
difference
IP:
115.145.129.113
On:
in anodic and cathodic peak currents was significantly Mon, 12 Dec 2016 06:11:05
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reduced in RCSW electrode; the dominant symmetrical
redox peak pair was shown at ca. −0.05 V versus SCE,
and a minor redox peak pair appeared 0.45 V versus
SCE.1 On the contrary, only a broad anodic pseudocapacitive peak at 0.2 V versus SCE was observed for
CSW, which is similar to the reported mesoporous WO3−x
electrode. This indicated that our RCSW electrode displayed a highly improved rate capability than CSW and mWO3−x .6 9 As displayed in Figure S2, the CV curve shape
was mostly retained upon increasing the scan rate; however, the peak capacitance of CSW was reduced to a much
smaller value of 6.1 F g−1 at 20 mV s−1 , indicating that
the rate performance is largely enhanced after reduction.
To further understand the performance difference, EIS
was performed; the spectra of both electrodes are shown
in Figure 7(b). In high frequency region, commonly, both
electrode showed semi-circles, indicating that the electrode
processes are controlled by electron conduction within
electrode and the proton adsorption/desorption electrode
surface.15 Note that RCSW electrode exhibited a greatly
reduced semi-circle resistance, which indicated that electrical conduction and pseudocapacitive reaction rate were
greatly improved. In the low frequency region, where the
electrode reaction process is controlled by electrolyte difFigure 8. (a) Initial charge–discharge profiles of CSW and RCSW
fusion, RCSW showed steeper slope, reflecting faster elecanodes with an inset showing differential capacity plots based on the dis1
trolyte transport; the decreased resistance may be also
charge branches of CSW and RCSW anodes; (b) rate performance and
associated with the closer crystal attachment after the S3
(c) cycle performance of CSW and RCSW anodes.
J. Nanosci. Nanotechnol. 17, 389–397, 2017
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oxide-based anode is based on the conversion reaction as
shown in Eq. (2):8
WO3−x + 6 − 2xLi + 6e− ↔ W + 3 − xLi2 O

(2)

Zhou et al.

4. CONCLUSIONS
In this work, a novel method is described for the
preparation of carbon-sheathed tungsten oxide (WO3 and
WO3−x ) nanoparticles based on a composite of uniform
WO3−x nanorods @ mesoporous carbon. The preparation of WO3−x nanorods embedded mesoporous carbon,
as the essential intermediate product, is also optimized.
In terms of the electrochemical charge-storage properties of the nanoparticles as a supercapacitor electrode and
LIB anode, carbon-sheathed WO3 has shown an excellent charge-storage capability owing to the conductive carbon coating, while carbon-sheathed WO3−x has exhibited
even better performances in rate capability and stability,
which is mostly associated with the intrinsic superior electric conductivity of the partially reduced tungsten oxide
phase.

According to the above equation, the capacity of RCSW
with WO282 as the major phase is reasonably lower than
CSW with WO3 because of the lower oxidation state of the
tungsten oxide. The theoretical capacity values of WO283
and WO3 were about ∼654 and ∼693 mAh g−1 , respectively. From Figure 8(a), the reversible capacity of CSW
and RCSW after nanostructuration. The inset figure in
Figure 8(a) shows the plots of differential capacity per
voltage derived from the discharge branch. The peaks in
the inset figure correspond to the plateau in the discharge
profile. Two similar peaks at ∼0.35 and ∼1.32 V were
observed for both CSW and RCSW electrodes, which is
also consistent with that found for the reported tungsten
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