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Electrical and Structural Dual Function of Oxygen
Vacancies for Promoting Electrochemical Capacitance

in Tungsten Oxide

Zi-Hang Huang, Hao Li, Wen-Han Li, Graeme Henkelman, Baohua Jia, and Tianyi Ma*

Intrinsic defects, including oxygen vacancies, can efficiently modify the
electrochemical performance of metal oxides. There is, however, a limited
understanding of how vacancies influence charge storage properties. Here,
using tungsten oxide as a model system, an extensive study of the effects

of structure, electrical properties, and charge storage properties of oxygen
vacancies is carried out using both experimental and computational tech-
niques. The results provide direct evidence that oxygen vacancies increase
the interlayer spacing in the oxide, which suppress the structural pulveriza-
tion of the material during electrolyte ion insertion and removal in prolonged
stability tests. Specifically, no capacitive decay is detected after 30 000 cycles.
The medium states and charge storage mechanism of oxygen-deficient tung-
sten oxide throughout electrochemical charging/discharging processes is
studied. The enhanced rate capability of the oxygen-deficient WO;_, is attrib-
uted to improved charge storage kinetics in the bulk material. The WO;_,
electrode exhibits the highest capacitance in reported tungsten-oxide based
electrodes with comparable mass loadings. The capability to improve elec-
trochemical capacitance performance of redox-active materials is expected to
open up new opportunities for ultrafast supercapacitive electrodes.

eco-friendliness, and low cost. Metal oxides
are also important as electrode materials for
energy storage.! However, mild reaction
kinetics and low conductivity of pristine
metal oxide electrodes resulting in severe
capacitance loss, which limit their practical
use as electrodes for ultrafast supercapaci-
tors.l The conductivity relies critically on
the carrier density of n-type metal oxide
semiconductors.’l The concentration of
stoichiometric defects will directly affect
the carrier density of metal oxides. In
short, the band bending at the semicon-
ductor/electrolyte junction is improved
owing to enhanced carrier density, thereby
promoting charge transportation.”! There-
fore, the electrical conductivity and reac-
tion kinetics of metal oxides is substantially
improved. Our ability to manufacture
oxygen-defective metal oxide nanostruc-
tures with elevated donor densities provides
fresh possibilities to address this long-

1. Introduction

Metal oxides have numerous positive attributes as functional
materials, including a high natural abundance, easy synthesis,
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lasting challenge ! For example, Lu’s group

reported a supercapacitor assembled by an
oxygen-deficient manganese dioxide nanorod that shows a large
capacitance (449 F g™') and outstanding cycling stability.*d In
an oxygen-defective hematite, synthesized by modifying the
oxygen content, the issue of poor iron oxide conductivity is
also optimized.®®! However, the impact of oxygen vacancies on
improving electrochemical property of metal oxides for energy
storage applications is still limited.

Another challenge that continues to plague metal oxides
is their electrochemical instability, which is largely due to
chemical dissolution, phase transitions, and structural com-
minution.”! Charge accumulation in accompany with ion
intercalation and de-intercalation modify the crystal structure
and surface morphology of metal oxides. Repeated charging
and discharging induces considerable structural deforma-
tion, resulting in electrode deterioration and capacitance
reduction.[®72] Tn recent studies, oxygen-defective metal oxides
have been discovered to have outstanding electrochemical sta
bilization.[®*>48] Dunn’s group found that introducing oxygen
vacancies in MoOj; helps to preserve the structure throughout
insertion/extraction of Li ions, which enables excellent cycling
performance.’d Taken together, oxygen vacancies could be a
leading role in modulating the structural and electrical proper-
ties of metal oxides. Moreover, medium states in such oxygen-
defective metal oxides throughout charging/discharging are

© 2020 Wiley-VCH GmbH
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still uncertain. Studies of the relationship between the nature
of oxygen vacancies and metal oxide electrochemical stabiliza-
tion are important to understand the ability of oxygen-deficient
metal oxides for electrochemical energy storage.

Herein, we demonstrate the function of oxygen vacan-
cies in a WO; model system to enhance its performance for
energy storage applications. Theoretical calculations (density
functional theory) provide insights on the formation of oxygen
vacancy sites and structural properties for oxygen-deficient
WOs_,. A high loading (77 mg cm™) of oxygen-deficient WO;_,
nanowire (NW) delivers an excellent capacitance of 4.76 F cm™
at 3 mA cm2, and maintains 2.49 F cm™2 at 40 mA cm~2. To
the best of our knowledge, such performance of synthesized
oxygen-deficient WO;_, NW material, is at the top of the
reported tungsten oxide-based electrodes.

www.small-journal.com

2. Results and Discussion

2.1. Materials Characterization and Theoretical Calculations

Oxygen-deficient WO;_, was prepared by a seed-assisted hydro-
thermal synthesis (Experimental Section). To elucidate the
crystalline structure and morphology of the oxygen-deficient
WOs;_,, various electron microscopy characterizations were
performed. The SEM image in Figure 1a indicates that WO;_,
material is of a radial nanowire structure. The inset in Figure la
shows a TEM image of an isolated nanowire, revealing its uni-
form diameter of =100 nm. The enlarged image shows disor-
dered structures on the edge of WOj;_, nanowire, identified
on the basis of lattice disappearance (Figure 1b), indicating
a large number of surface defects.”) The energy-dispersive
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Figure 1. a) SEM and TEM images of WO;_, NW. b) HRTEM image and c) the corresponding SAED pattern of WO;_, NW. d—g) Magnified HRTEM
images of WO;_,. h) Atomic resolution TEM image of WOs_,. i) XRD patterns of WO;_, NW and WO3; NW. j) Core level W 4f XPS spectra of WO;_,
NW. k) DFT optimized structures of WO; and WO;_,. O,, O, and O; represent the vacancies of oxygen in different sites. The upper and lower panels
represent orthorhombic and hexagonal structures, respectively. Red and grey spheres represent O and W, respectively.
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X-ray spectroscopy (EDS) elemental mappings reveal the uni-
form distribution of all elements in oxygen-deficient WO;_,
(Figure S1, Supporting Information). To quantify the elements
ratio (W/O) of WO;_, and WO3; NWs, EDS spectra was per-
formed. As shown in Figure S2, Supporting Information, the
elements ratio (W/O) of WO;_, and WO3; NWs are 1:2.82 and
1:3.05, respectively. Additionally, the bright and ordered dif-
fraction spots in the SAED pattern shows the single crystalline
nature of nanowire (Figure 1c). As measured, the distinct lat-
tice fringe spacings of =0.39, 0.33, 0.31, and 0.63 nm can be
observed in the enlarged high-resolution TEM image for WO,_,
sample (Figure 1d—g), consistent with the (001), (101), (200),
and (100) planes of WO; (JCPDS No. 33-1387)." The oxygen-
deficient WO;_, nanowire structure is further confirmed by
atomic resolution TEM imaging as shown in Figure 1h. As well
as surface defects, WOs_, also has planar defects, as evidenced
by the missing lattice fringes with sizes of 0.3-0.5 nm in the
atomic-resolution image. These findings show that oxygen
vacancies are not restricted to the external surface, but rather
extend throughout the material. Figure 1i collects the XRD pat-
tern of the material (blue). The peaks correspond to WOj struc-
ture consistent with JCPDS No. 33-1387F%1% Normally, WOj; is
yellow in color, so amazingly, the as-synthesized electrode color
was purplish blue (Figure S3a, Supporting Information). This
condition shows that the as-synthesized WO; was reduced in
the process of synthesis treatment. For comparison, the oxygen-
deficient WO;_, NW was subjected to heat treatments to com-
pletely oxidize the WO;_,. After heat treatment, the color of the
sample turned yellow and the phase, which corresponded to the
WOj structure, was confirmed by XRD (Figure 1i). No signifi-
cant change was apparent from SEM in the NW morphology
(Figure S3b, Supporting Information).

The oxygen vacancy concentration and the oxidation state of
the oxygen-deficient WO;_, NW and WO; NW were analyzed
using X-ray photoelectron spectroscopy (XPS). The spectrum
of the XPS surveying illustrates that the samples have three
components (W, O, and C elements) without any other sensi-
tive impurities (Figures S4, S5, Supporting Information). The
composition of the oxygen-deficient WO;_, NW corresponds
to WO, 73 based on the tungsten and oxygen XPS peak areas.
The W 4f core level (Figure 1j and Figure S6, Supporting Infor-
mation) manifests two well-defined peaks centered at 36.28
and 38.50 eV, respectively, corresponding to W' in tungsten
oxides.™ Notably, in comparison to WO3, two different peaks
are observed, at lower binding energies of 34.75 and 37.33 eV,
which correlate to the W°* state.l'’”) Two peaks at 32.10 and
34.30 eV were assigned to the W*" state.l3] The peak area ratio
of W 4f;, and W 4f5, peaks for We*, W>*, W*, are summarized
in Table S1, Supporting Information. The XPS results confirm
the existence of oxygen vacancies in oxygen-deficient WO;_,.
These defects would improve the carrier density of metal
oxides, which can promote charge transportation and reaction
kinetics in thick electrode materials, resulting in enhanced
charge storage capacity.

To understand the electrical features of oxygen-deficient
WO;_, NW that influence and determine its properties, elec-
trochemical impedance measurements were conducted. The
Mott—Schottky approach is an excellent method to study the
electrical properties of the Schottky barrier formed between
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the electrolyte and a semiconductor material.[ As shown in
Figure S7, Supporting Information, capacitances are derived
from the electrochemical impedance obtained at 10 kHz fre-
quency in the dark. Oxygen-deficient WO;_, and WO3; NW elec-
trodes in Mott—Schottky plots display positive slope, showing
the features of n-type semi-conductor. The carrier densities
of the WO; and WO;_, NWs are calculated to be 9.9 x 10"
and 2.3 x 10?2 cm™3, respectively (by the Mott—Schottky equa-
tion, as shown in the Supporting Information). As expected,
oxygen-deficient WO;_, NW electrode shows an increase
in carrier density in three orders of magnitude compared
to WO;. The improved carrier density in WO;_, NW can be
attributed to the oxygen vacancies, which are known to be elec-
tron donors in WO;_,.l") To further characterize the accessible
surface area, N, adsorption-desorption measurements were
conducted on WO;_, NW and WO; samples (Figure S8, Sup-
porting Information). N, gas adsorption—desorption isotherm
analysis reveals that oxygen-deficient WO;_, NW displayed
a large surface area than that of the fully oxidized WO; NW.
This is helpful to promote effective contact with electrolyte
and enhance the electrochemical reaction for energy storage.
Methylene blue (MB) UV-spectrum also show that the oxygen-
deficient WO;_, NW exhibit slightly increased ion accessible
surface area (Figure S9, Supporting Information).

To understand the formation of oxygen vacancies in tung-
sten oxide, a previous density functional theory (DFT) study
on a monoclinic WO; structure has shown the coexistence
of W*, W>*, and W in monoclinic WO;_, under mild tem-
perature conditions.® The monoclinic and orthorhombic
structures are the most favorable structures of WO; under
mild conditions and the hexagonal WO; has the same W-O
ordering.'®l Meanwhile, XRD results indicated a possible pre-
dominated hexagonal WOs; structure from our experiments
(Figure 1i). Therefore, we performed DFT calculations to
understand the formation of oxygen vacancies in both hexag-
onal and orthorhombic WO; structures and we hoped to pro-
vide a generalized guideline from theory in the conclusion.’!
Our calculated formation energies (in the form of enthalpy)
for an oxygen vacancy in different oxygen sites are shown in
Figure 1k. According to the orientation of oxygen ordering, the
type of oxygen vacancy in a WOj3 can be classified as O,, O,
or 0.9 Tt was found from the orthorhombic structure that
the configuration with a formation energy of 4.01 eV corre-
sponds to an oxygen vacancy at the Oy site, while the vacan-
cies at the O, and O, sites have formation energies of 3.85 and
4.27 eV (Figure 1k)."] As for the hexagonal WOj; structure,
the vacancy formation of O, (2.74 eV) also has a slightly lower
formation energy than O, (3.65 eV), indicating a similar phe-
nomenon. Chatten et al. have discussed that a pair of W°* ions
is likely to form in a defect center of WO;.[7l However, due
to the high formation energy for all the oxygen vacancies in
our DFT calculations, we expect that W% is predominant as
compared to W°*, in good agreement with our experimental
observation (Figure 1j). Since the hexagonal, monoclinic, and
orthorhombic structures are expected to coexist at our experi-
mental temperature, due to the similar formation energies,"’!
it is not surprising to see a coexistence of W4, Wo*, and Wo*
in our XPS results with the intensity order of W > W3 > W*
(Figure 1j).

© 2020 Wiley-VCH GmbH
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2.2. Electrochemical Valuation

To comprehend oxygen vacancies on electrochemical behavior,
galvanostatic charge-discharge (GCD) and cyclic voltammetry
(CV) experiments were performed in 0.5 M H,SO, electrolyte.
A significant increase of current density is observed after the
carbon cloth is covered by tungsten oxide, due to the additional
pseudocapacitance provided by the high-loading tungsten oxide
(Figure S10, Supporting Information). As shown in Figure 2a,
while both oxygen-deficient WO;_, and WO; NW electrodes

www.small-journal.com

display pseudocapacitive behavior with a sequence of broad
peaks that can be connected to the transformation between dif-
ferent valence states. The CV profile of oxygen-deficient WO;_,
NWs presents increased current compared with WOj5 in the full
potential range, which exhibits higher capacitive performance.
The GCD profiles of the samples collected at 10 mA cm™2
are given in Figure 2b, and those measured at current densi-
ties between 3 and 40 mA cm™ are displayed in Figure S11,
Supporting Information. The oxygen-deficient WO;_, electrode,
which shows an extended discharge time, further demonstrates
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Figure 2. Electrochemistry of WO; and oxygen-deficient WO;_, NW electrodes: a) CV profiles measured at 10 mV s™. b) GCD profiles measured at
10 mA cm™2. c) Areal capacitance as a function of current density between 3 and 40 mA cm™2. d) Cycling stability of WO; and WO;_, NW. e) The radar chart
compares the six figure-of-merits of WO; NW (orange) and oxygen-deficient WO;_, NW (blue): mass loading, areal capacitance based on the geometric
area, gravimetric capacitance based on the mass of active materials, rate capability (from 3 to 20 and 40 mA cm™2) and cycling stability (30 000 cycles).
All capacitances are obtained at 3 mA cm2. f) A plot compares the areal capacitance, mass loading, and gravimetric capacitance of the oxygen-deficient
WO;_, NW electrode with the values of previously reported tungsten oxide-based electrodes (W;304 NWs,[™ Ni-doped tungsten oxide,[ h-wO,,'3
pancake-like h-WO3,M% WO 4,139 W05 nanorod bundles, 34 WO, 18] W;50,,81 PANI-WO3,88] MWCNT-WO4,[8" and nano-WO;-H,O/MnO, '8,
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its superior capacitive nature. Likewise, the GCD profile of
oxygen-deficient WO;_, NW also exhibit a smaller IR drop than
that of WO; NW. These results show that the introduction of
oxygen vacancies cause an increase in the electrical conductivity.
Rate capability is an important factor for high performance
capacitors. As shown in Figure 2c and Figure S12, Supporting
Information, oxygen-deficient WO;_, NW achieved the highest
areal capacitance of 4.76 F cm™ (gravimetric capacitance equal
to 618 F g7! standardized to 77 mg cm™?) at 3 mA cm2, which
is larger than WO; NW (249 F cm™, 359 F g7!). Moreover,
the oxygen-deficient WO;_, NW electrode maintains an out-
standing rate capability of 66.6% and 52.3% from 3 to 20 and
40 mA cm™ under such high mass loading, respectively, which
is 1.8-2.5x higher than WO; NW (33.7% and 20.6%, Table S2,
Supporting Information). Such results indicate that ion diffu-
sion and charge transfer are extremely effective in WO;_, NW
electrode. Even at the high current density of 40 mA cm™2,
oxygen-deficient WO;_, NW still can deliver an excellent capaci-
tance of 2.49 F cm™.

Figure 2d compares the cycling stability of WO; and oxygen-
deficient WO;_, electrodes evaluated by GCD at 40 mA cm™. It
can be seen that the cycling behavior of oxygen-deficient WO;_,
NW is more stable than that of WO;. The capacity of oxygen-defi-
cient WOs_, increased slowly in the initial 15 000 cycles, because
the electrolyte gradually diffused into the full electrode, which
makes it possible to connect more thoroughly. A consistent con-
servation of capacity is then shown, 113.08% remaining at the
30 000th cycle. In contrast, the WO; only retains 76.18% of its
capacitance after 30 000 cycles. We collected the SEM images of
the tested samples after 30 000th cycle (Figure S13, Supporting
Information). The WO; sample shows that the active materials
in the carbon fiber substrate have apparently peeled, leading to
its lower cycling behavior. In contrast, no morphological differ-
ence is observed for oxygen-deficient WO;_, NW after cycling;
that is, the oxygen-deficient WOs_, structure is retained after
the 30 000 cycle stability test. For comparison, we also scraped
off the WOj; active material from WO; NW electrode that elimi-
nate sintering effect on the adhesion between carbon cloth and
WOs3, and tested its electrochemical cycling stability. As shown in
Figure S14, Supporting Information, upon long-term cycling, the
casted WO; electrode maintains 77.24% capacitance at the 30000™
cycle, similar to the fully oxidized WO; NW electrode (76.18%). A
radar chart summarizes the electrochemical performance of WO;
and oxygen-deficient WO,_, electrodes (Figure 2e), that is, mass
loading, areal capacitance standardized to geometric surface area,
gravimetric capacitance standardized to the mass of active mate-
rials, rate capability, and cycling stability. These studies clearly
indicate that the oxygen-deficient WO;_, NW has faster kinetics,
excellent capacity, and superior cycling stabilization compared
with WO;, which are the significant features of its application
to electrochemical devices. It could be a result of the increased
oxygen defects, which increases carrier density and allows faster
electron transportation from the current collector to the activity
sites in tungsten oxide, resulting in enhanced capacitance and
rate capability. Moreover, to the best of our knowledge, the areal
capacitance, gravimetric capacitance, and mass loading of oxygen-
deficient WO;_, NW significantly outperform the previously
reported tungsten oxide-based electrodes (Figure 2f and Table S3,
Supporting Information).l-1218]
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2.3. Effect of Oxygen Vacancies

The above results reveal that oxygen vacancy plays a critical role
in the charge storage ability of the WO; materials, leading to
better cycling stability, excellent capacity, and faster kinetics
comparing with the fully oxidized sample. In this section, we
study the interplay between the oxygen vacancies and the struc-
tural stability, electrical property, and charge storage capability
of the tungsten oxide materials.

To understand the structural features of oxygen-deficient
WO;_, NW relevant to its properties, XRD analysis was con-
ducted for oxygen-deficient WO;_, and WO; NW. The XRD
patterns in Figure 3a show the major reflections of oxygen-
deficient WO;_, and WO; NW [(100), (001), (200), and (201)]. It
can be seen that the peak positions are shifted to lower angles
in the oxygen-deficient WO;_, NW. Our DFT calculations also
indicate that the W-W distance is expanded from 3.83 to 4.02 A
and from 4.01 to 4.54 A after forming an O, vacancy respectively
in the hexagonal and orthorhombic structures (Figure 3b),
suggesting the relaxation of lattice. The expanded interlayer
spacing could enable sufficient electrolyte penetration in the
electrode and create further surface area for charge storage,
ultimately leading to an increase of capacitance, in excellent
agreement with our UV-vis spectra results (Figure S9, Sup-
porting Information) and electrochemical performance, as
shown in Figure 2.

To elucidate the relationship between oxygen vacancies and
the rate capability, we analyzed the electrochemical imped-
ance spectroscopy (EIS) data of oxygen-deficient WO;_, and
WO; (Figure 3c). The slope of the WO;_, NW in the middle
and low frequencies is closer to 90° as compared to WO3, indi-
cating better capacitive behavior of the former.”) In addition, as
shown in the inset of Figure 3¢, WO;_, exhibits much smaller
equivalent series resistance (R, 0.86 ohm) and charge-transfer
resistance (R.) as compared to that of WO;. The existence of
oxygen vacancies, which induce an improvement in carrier
density (as indicated previously by Mott—Schottky measure-
ments), leads to an improved electrical conductivity property
of the WO;_,. The EIS information has been evaluated further
by the technique Simon’s group have proposed.?’! We assessed
the capacitance models of electrodes by distinguishing the
imaginary C”(w) and real C’(®w) part of the whole capacitance
C(®).2%%1 The imaginary capacitance C”(w) versus frequency is
shown in Figure 3d. At the highest C”(w) value, the frequency
fo represents a transition between a capacitive behavior at lower
frequency and a resistive behavior at higher frequency for
supercapacitors.??l The relaxation time 7, can be assessed by
7 = 1/f;, which is a reflection of the necessary time to efficiently
deliver and store energy.?’] For the oxygen-deficient WO;_, elec-
trode, the 7, value is smaller (3.8 s) that for WOs3 (9.5 s), which
demonstrates the former’s higher power capability.

More insights into the difference in charge storage kinetics
are also provided by CV. Following the formula of i = aV? (i is
current density and v is sweep rate), the power law exponent b
is a significant measurement for assessing the charge storage
kinetics: b=1.0 indicates an ideal capacitive behavior while b=0.5
demonstrate that the current is controlled by semi-infinite
diffusion. In Figure 3e, the log (i) versus log (V) plot for the
cathodic peak at —0.34 V (versus SCE) (Figure 3e, inset) shows

© 2020 Wiley-VCH GmbH
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Figure 3. a) Selected XRD patterns of the (100), (001), (200), and (201) diffraction peaks that compare fully oxidized WO; and oxygen-deficient WO;_,
NWs. The peak location shifts to lower angle that indicates the expansion of the interlayer spacing in oxygen-deficient WO;_,. b) Schematic illustra-
tion of the formation of O, vacancy. Grey and red spheres represent W and O, respectively. c¢) Nyquist plots of WO; and oxygen-deficient WO;_, NW
electrodes. d) C”(w) versus f plots of WO3; and WOs_, NW. e) The log (i) versus log (v) plot of the cathodic current response at —0.34 (versus SCE).
Inset showing the CV curves measured at 1 mV s™' of oxygen-deficient WO5_, and WO; NW electrodes. f) Histogram image of capacitive capacitance
and diffusive capacitance contribution in WO; and oxygen-deficient WO;_,.

that the b value of oxygen-deficient WO;_, NW was calculated
to be 0.97, suggesting fast charge storage kinetics. In con-
trast, WO; exhibits values of 0.75, which implies that the dif-
fusion processes influence the charge storage. Other cathodic
peak and anodic peaks for WO; and oxygen-deficient WO;_,
show the same general behavior (Figure S15, Supporting
Information).

To qualitatively compare the ion diffusion rate in the two
electrodes, we measured the diffusion coefficient (D) by

Small 2020, 16, 2004709

2004709 (6 of 10)

using potentiostatic intermittent titration technology (PITT).
Figure S16, Supporting Information shows the transient I-t
plots of the oxygen-deficient WO;_, NW and fully oxidized WO;
NW electrodes collected at —0.3 V versus SCE with a potential
step of 10 mV. The rate of current decay is related to the speed
of ion diffusion from the electrode/electrolyte interface into the
electrode. The In I (t) versus t curves was linearly fitted, and the
value of D was inversely proportional to the slope of the linear
region of In I (t) versus t plot. Notably, the oxygen-deficient

© 2020 Wiley-VCH GmbH
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WO;_, NW electrode has higher diffusion coefficient value than
the WOj; electrode, supporting that oxygen vacancies enhance
the ion diffusion efficiency in the tungsten oxide structure.

The detailed charge storage analyses using the Dunn’s
method was further separated from capacitive and diffusion-
controlled processes (Supporting Information).?l The results
for the oxygen-deficient WO;_, and WOj; electrodes are sum-
marized at different scan rates (0.4~4 mV s, Figure 3f). The
capacitive contribution of the oxygen-deficient WO; , was

www.small-journal.com

higher than that of WO; at all scan rates. For example, the
oxygen-deficient WO;_, exhibits a large capacitive contribution
of 74.0% than 33.2% for WO; at the representative scanning
rate of 2 mV s™.. Capacitive controlled processes generally have
fairly fast kinetics than the diffusion-controlled reactions by ion
intercalation/de-intercalation in bulk material,?! which means
a higher contribution from capacitive controlled capacitance,
the more capacitance will be storage at ultrafast current densi-
ties. Thus, even at high current densities, the oxygen-deficient
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WO;_, maintains high capacitance and an extraordinary rate  collected the W 4f XPS of the WO;_, NW electrode at different
capability, as shown in Figure 2c. charging/discharging potentials (0, —0.4, —0.7, and —0.27 V

The excellent capacitive performance of the oxygen-deficient  versus SCE) during the CV scans (Figure 4c—f). Figure 4b,
WOj;_, electrode is mainly due to its pseudocapacitive behavior.  and Tables S4, S5, Supporting Information summarize the
Therefore, the medium state in oxygen-defective WO, relative amount of W*, W°*, and W°" signals. The CV curve
throughout charging/discharging is important for the electro-  can be divided into four steps. Step I with the scan from 0 to
chemical processes of such metal oxides. A series of Ex situ  —0.4 V, the amount of W®" decreases accompany with substan-
XPS were carried out to study the medium states and charge-  tial increases of W°*, while the relative amount of W*" increase
storage mechanism of oxygen-deficient WO;_, NW throughout  slightly. This indicates that the main reaction involved in step
electrochemical charging/discharging processes (Figure 4). We 1 is corresponding to the reduction of W% to W>*. When the
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Figure 5. a) CV curves of oxygen-deficient WO5_, and PANI NW electrodes collected at 10 mV s™. b) Volumetric capacitances of all-solid and aqueous
ASCs measured at different current densities. c) Volumetric energy density and power density of the all-solid and aqueous ASC devices and reported
devices for comparison. d) Gravimetric energy density and power density of the all-solid and aqueous ASC devices. e) Areal energy density and power
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g) Capacitance retention under repeated mechanical deformations at bending angle of 90°. Inset showing the CVs obtained after folding at 90° for 25,
50, 75, and 100 times.
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potential reached —0.7 V, the amount of W®* continue decreases
(step II). At the same time, W>* also decrease with the increase
of W*, indicating there is a transformation among W®*, W>*
and W*". At step I1I and IV, the W*" states were converted back
to W>* and then W during the reverse scan. Significantly, the
symmetrical variation of the tungsten oxidation states during
the scan confirmed the reactions occurred on the WO;_, NW
electrode surface are highly reversible, which is important for
pseudocapacitive electrode. These Ex-situ XPS analysis illus-
trate that the mechanism of charge storage in WO;_, NW
involves the reversible redox of W*, W**, and W°* states, which
is critical to the cycling stability and capacitive performance.

2.4. Asymmetric Electrochemical Capacitors

Asymmetric electrochemical capacitors were fabricated by
assembling a WO;_, NW anode and a polyaniline nanowire
(PANI NW) cathode. H,SO,/PVA was used as the electrolyte for
the all-solid ASC, whereas the 0.5 m H,SO, solution was used
for the aqueous ASC. Structural, morphological, and electro-
chemical characterizations of the PANI NW are summarized in
Figures S17, S18, Supporting Information. Figure 5a shows CV
profiles of WO;_, NW (-0.7 to 0 V) and PANI NW (0 to 0.8 V)
at 10 mV s7., which in combination generated a large voltage
window up to 1.5 V. With the increase of sweep rate, the CV
curves don’t show significant distortion, indicating that the ASC
device has an outstanding rate capability (Figure S19, Supporting
Information). The symmetric and linear curves of the all-solid
and aqueous ASCs demonstrate an ideal capacitive behavior
(Figures S20, S21, Supporting Information). The ASC devices
show outstanding volumetric capacitance of 19.5 (aqueous) and
19.2 F cm™3 (all-solid) at 3 mA cm™ (Figure 5b). More impor-
tantly, our device is stable with capacitance retention of 95%
after 5000 cycles (Figure S22, Supporting Information). Benefit-
ting from the high voltage and large capacitance, our aqueous
and all-solid ASCs show the highest performance. The all-solid
ASC exhibit a volumetric energy density of 6.0 mWh cm™ at
a power density of 22.5 and 2.76 mWh cm™ at 225 mW cm3,
while the aqueous ASC shows a volumetric energy density
of 6.1 mWh cm™ at a power density of 22.5 mW cm™ and
3.48 mWh cm™ at 225 mW cm™. All results are better than
those of other supercapacitor devices (inset of Figure 5c).[8:2¢]
We have also calculated the gravimetric energy density and
areal energy density of the aqueous and all-solid ASC devices
(Figure 5d,e). Our devices show a specific energy density of
347 Wh kg™ at the power density of 0.13 kW kg™ for the
aqueous ASC or 34.2 Wh kg at 0.13 kW kg for the all-solid
one. Our devices show areal energy density of 0.61 mWh cm™
at the power density of 2.25 mW c¢cm™2 for the aqueous ASC or
0.6 mWh cm™ at 2.25 mW cm™ for the all-solid one.

Moreover, our all-solid ASC device can be bent without dete-
riorating their capacities under different deformation condi-
tions (different bending angels and twisted status), indicative of
its superior flexibility (Figure 5f, Figures S23, S24, Supporting
Information). The electrochemical performance of the all-solid
ASC undergo mechanical deformation was tested by folding it
at 90° for 100x. Encouragingly, there is no obvious capacity sac-
rifice (>95% retention) under the repeated mechanical bending
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of the all-solid ASC (Figure 5g), revealing its excellent mechan-
ical strength. As a demonstration, a red light-emitting diode
(LED) or an electrical fan was operated by two ASC devices
linked in series, demonstrating its potential for practical appli-
cations (Figure S25, Supporting Information).

3. Conclusion

In summary, we have demonstrated that the implementation of
oxygen vacancies into WOj; leads to significantly improved elec-
trical conductivity and electrochemical properties. These oxygen
vacancies increase the carrier density, which facilitates faster
electron transport. Meanwhile, the oxygen-deficient WO;_,
NW with an increased interlayer spacing ensure ion migra-
tion throughout the entire material, leading to a maximized
material utilization for energy storage with a mass loading up
to 77 mg cm~2. The oxygen-deficient WO;_, NW shows sub-
stantially improved rate capability as compared to WO;. The
enhanced rate capability of the oxygen-deficient WO;_, NW is
attributed to the improved charge storage kinetics in the bulk
material. The current strategy represents a promising attempt
to promote the pesudocapacitive charge storage property of
redox-active materials.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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