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ABSTRACT: Oxygen vacancies (V6) play a crucial role in
energy storage materials. Oxygen-vacancy-enriched vanadium
pentoxide/poly(3,4-ethylenedioxythiophene) (Vo-V,0;/
PEDOT) nanocables were prepared through the one-pot
oxidative polymerization of PEDOT. PEDOT is used to create
tunable concentrations of Vo in the surface layer of V,O,
which has been confirmed by X-ray absorption near edge
structure (XANES) analysis and X-ray photoelectron spec-
troscopy (XPS) measurements. Applied as electrode materials
for supercapacitors, the electrochemical performance of Vo6-
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V,05/PEDOT is improved by the synergistic effects of V6 in V,O5 cores and PEDOT shells with rapid charge transfer and fast
Na* ion diffusion; however, it is compromised subsequently by excessive V5 in consuming more V°* cations for Faradic
reactions. Consequently, the specific capacitance and the energy density of V6-V,05/PEDOT nanocables are significantly
enhanced when the overall concentration of V6 is 1.3%. The migration of Vo renders an increased capacitance (105%
retention) after 10 000 cycles, which is verified and corroborated with density functional theory simulations and XANES
analysis. This work provides an illumination for the fabrication of high-performance electrode materials in the energy storage

field through Vo.
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B INTRODUCTION

Supercapacitors, secondary batteries, and solar cell systems
have attracted tremendous attention due to the ever-expanding
demands for next-generation energy storage devices.'
Supercapacitors appear as the most promising electrochemical
energy storage devices for applications in portable electronic
products and hybrid electric vehicles with the advantages of
high-power delivery, expectant lifespan, and safety.”~” To date,
extensive research studies have been focused on exploring
suitable electrodes for satisfactory supercapacitors with high
specific capacitance, energy density, and superior cyclabil-
ity.*"'" Carbonaceous materials such as graphene,'' carbon
fiber,"” etc. are widely used as electrode materials for electric
double layer capacitors due to fast ion adsorption/desorption.
Conductive polymers (like polypyrrole,"® polyaniline,"* poly-
(3,4-ethylenedioxythiophene) (PEDOT),'”'¢ etc.) and tran-
sition metal oxides (TMOs: RuO,,'” C0,0,,"* V,0;,'"*? etc.)
are promising electrode materials in pseudocapacitors with fast
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Faradic reactions. TMOs have been extensively studied
because of their high theoretical capacitances.””' However,
further application of TMO-based electrodes has been
hampered by their low electrical conductivity and lack of
cycling stability.”> The delicate fabrication of high-energy and
durable TMO electrode materials for supercapacitors is crucial
but challenging.

Although many hybridizing or surface-coating methods
involving carbonaceous materials or conductive polymers
have been used to extrinsically boost the electrical conductivity
and minimize the structural degradation of TMO-based
electrodes, some accompanying problems need to be solved,
including a multistep and complicated process, uneven
distribution of each component in the resultant compo-
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Figure 1. (a) FTIR spectra and (b) XRD patterns of V6-V,05/PEDOT under 2, 3, 6, 12 h, and pristine V,O;.
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Figure 2. (a) XPS V 2p;, spectra of duration-dependent V6-V,0;/PEDOT with a peak shift to lower binding energy. (b) Normalized V K-edge X-
ray absorption near edge structure (XANES) spectra of duration-dependent V5-V,05/PEDOT. (c) Zoom patterns of the shallow area in (b). An
edge shift to lower energies suggests more Vo are created with longer time. (d) The references and model resulting from linear combination fitting
of XANES spectra of V6-V,05/PEDOT. Experimental information for samples is marked with red lines. An obvious shift occurs to the sample in 12

h.

sites.””** Generating defects in TMOs has been investigated as
another effective route to intrinsically address the above-
mentioned problems by triggering changes in the electronic
structure.” Specifically, oxygen vacancies (V6) can provide
more void sites for redox reactions and boost charge transfer/
transport, enhancing the performance of TMO electrode
materials in energy st01'age.26’27 Among TMOs, V,0q is
reported as an attractive electrode material for supercapacitors
due to its high theoretical specific capacitance (2025 F g™'),
excellent compatibility with neutral electrolytes, natural
abundance, and low cost.?*° Furthermore, incorporating
V6 into V,0; can improve the electron and ion transport
characteristics in the lattice of V,O;, enhancing Li* ion
intercalation.>’ However, it is still unclear how the electro-
chemical properties of V,0; will be affected, either
detrimentally or beneficially, by low- and high-density Vo.
Therefore, systematically in-depth explorations of V6, includ-
ing the tunable synthesis, formation mechanism, and their
effects on energy storage are necessary.

Our previous work introduced and demonstrated the
concept of gradient V6 in V,0/PEDOT, effectively impacting
the electrochemical properties and the resulting supercapacitor
performances.”” This work tailored the concentration of
oxygen vacancies in the surface region of V,0; nanofibers
(V,05-NF) by tuning the one-pot in situ oxidative polymer-
ization of PEDOT and systematically studied the fundamental
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relationships among the processing conditions, concentrations
of oxygen vacancies, the thickness of PEDOT coatings, the
electrochemical properties, and supercapacitive charge storage
performance. The concentration of VG is facilely tailored in the
surface layer of V,0O4-NF by controlling the one-pot oxidative
polymerization of PEDOT, including polymerization duration
and polymerization process repetition. Applied in super-
capacitors, the redox conversion is synergistically catalyzed
with propelled electron/Na™ transport in the vacancy-enriched
layer. The electrochemical performance of the Vo6-V,04/
PEDOT-based electrode manifests improvement, followed by
detriment as more V6 are induced by a thicker PEDOT layer.
A durable cycling performance is also obtained after 10 000
cycles. The reasons for the electrochemical performance are
explored.

B RESULTS AND DISCUSSION

Oxygen vacancies (Vo) form in the surface region of V,05-NF
via the oxidative polymerization of PEDOT in a vacuum
(Experimental Section in the Supporting Information). V& in
V6-V,0/PEDOT are firstly tuned by polymerization duration
(2—12 h). The sample color changes from yellow to dark blue,
indicating an increasing PEDOT content and low valence
vanadium ions, as shown in Figure Sla. In Fourier transform
infrared (FTIR) spectra (Figure 1a), besides the characteristic
bands of V,05 from 1016 to 416 cm™!, the additional peaks
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(marked with *) located at 1522 (aromatic C=C stretching
vibrations) and 1397 cm™' (C—C stretching), peaks at 1207,
1143, and 1090 cm™' (C—O—C bond stretching), and peaks at
934, 833, and 692 cm™' (C—S bond stretching vibrations)
confirm the existence of PEDOT in V&-V,0s/ PEDOT.>
Progressively strong peaks belonging to PEDOT suggests a
larger PEDOT content. X-ray diffraction (XRD) patterns
(Figure 1b) present all Vo-V,0;/PEDOT samples with a
highly pure phase of V,Oj, in which peaks can be well indexed
to the standard PDF card No. 89-0612. This suggests that the
main phase of V,0,-NF is unchanged by the polymerization of
PEDOT. In Figure S1b, the full width at half maximum of the
(001) peak increases as polymerization duration prolongs,
indicating a lower degree of crystallinity, which is further
confirmed by the decreasing peak intensity of V6-V,0,/
PEDOT. The loss in crystallinity are possibly attributed to the
V6 and PEDOT. Thermogravimetric-differential scanning
calorimetry (TG-DSC) analysis (Figure S2) shows a linear
increase in the mass content of PEDOT from 8 to 14, 27, and
47% as the polymerization process lasts from 2 to 12 h.**

Figure 2a shows the surface oxidation state of vanadium in
V6-V,0,/PEDOT, characterized by X-ray photoelectron
spectroscopy (XPS). The V 2p,, peak shifts to low binding
energy regions as duration extends, indicating a lower valence
state of vanadium cations. The V 2p;/, peak is decomposed
into three peaks as V°*, V¥, and V** in Figure S3, and the peak
area percentage represents the concentration of each oxidation
state of vanadium. The concentration of V>* is 90.3% in V,O;-
NF, and it reduces to 82.0, 69.7, 52.0, and 5.2% in V6-V,0,/
PEDOT with the duration being increased to 2, 3, 6, and 12 h,
respectively, accompanied by the average valence of vanadium
dropping to 4.8, 4.6, 4.4, and 3.6, respectively. The partial
reduction of V°* to V** and V** species in V5-V,0s/PEDOT
should be caused by V6 in V,04 because the reaction occurs
without oxygen (vacuum) and only the V,O phase is detected
in all samples by XRD measurements.”>*> Moreover, with the
fixed probing depth (several nanometers) of XPS technology,
the detected depth of vanadium reduces when the PEDOT
layer gets thicker. Thus, large percentages of V6 from the XPS
analysis are due to surface-layer characterization of V6-V,05/
PEDOT nanocables.

With the above local evidence of V6 in V6-V,0,/PEDOT
from XPS, X-ray absorption near edge structure (XANES)
measurements were adopted to examine the overall V6 in as-
prepared V6-V,0/PEDOT. Detailed measurements and
subsequent analysis®® can be found in the Supporting
Information. The XANES spectra of V6-V,0;/PEDOT in
Figure 2b,c reveal a shift in the V K-edge toward lower photon
energies for longer reaction times, suggesting a reduction of
V** as a result of more Vo created in the heavily coated Vo-
V,05/PEDOT. This is consistent with the empirical standards
(commercial V,0;, VO,, and V,0;), which exhibit several
characteristic spectral features, including well-separated edge
positions that move to lower energies upon reduction (Figure
2d), as expected.”” The slight difference in the shape of the
pre-edge feature and the precise edge position is a general
behavior observed in nanoscale compounds.”® The reduced
vanadium sites are described by V** and V**.**~* The XANES
curves of V,0-NF and V** agree well in Figure SSc. A little
shift in the edge position was observed in samples in 2 and 3 h
in Figure 2d. However, an edge shift is progressively observed
starting in the sample in 6 h, and it becomes obvious in the
sample in 12 h. The spectral fitting results show that the overall

concentration of V** in V5-V,0,/PEDOT decreases from 100
to 99.4, 98.7, and 68.6%, and the concentration of V6 (V¥ and
V*) increases accordingly from 0 to 0.6, 1.3, and 31.4%.
Consistent with XRD and XPS analyses, more VO are
introduced with more PEDOT. With V¥ in the core and V&
near the surface region, it is reasonable that a smaller value of
V6 is delivered by XANES measurements than XPS results,
because XANES focuses on the bulk of a sample, while XPS
examines the differences in the surface layer. This is the first
example of the combination of XPS with modern laboratory-
based XAFS,"~* providing an interesting new paradigm for
high-access discrimination of surface and bulk oxygen defect
behavior in nanophase systems.

Scanning electron microscopy (SEM) images (Figure 3a—d)
present a uniform PEDOT wrapping on the surface of V,05-

Polymerization Duration

Figure 3. SEM images (a—d) and TEM images (e—h) of duration-
dependent V5-V,05/PEDOT nanocables with a PEDOT coating of
~1.8, ~3.2, ~5.0, and ~12.2 nm, respectively. (i) HADDF-STEM-
EDS elemental maps and (j) line scanning profile of V5-V,0/
PEDOT nanocables in 12 h. (k) Schematic illustration of the
concentration of V6 induced in V©6-V,05/PEDOT by thicker
PEDOT.

NF, and the thickness of coating can be observed by a
transmission electron microscope (TEM). In Figure 3e—h, a
dark V,0;5-NF core wrapped by a uniform and light PEDOT
shell is observed in all V5-V,0O;/PEDOT samples. As the
polymerization duration is extended to 12 h, the PEDOT shell
becomes thicker from ~1.8 to ~3.2, ~5.0, and ~12.2 nm.
Therefore, the thickness of the PEDOT shell is duration-
dependent, which is consistent with the FTIR and TG-DSC
results. Figure 3i shows the representative high-angle annular
dark-field scanning transmission electron microscopy
(HADDF-STEM) image of V5-V,0;/PEDOT in 12 h. The
corresponding energy dispersive X-ray spectrometry (EDS)
elemental mapping analysis (Figure 3i) and line scan profile
(Figure 3j) further evidence the uniform distribution of
PEDOT, where S is uniformly distributed on the surface, and
V and O are throughout the nanowire. Combining all of the
results together, tunable Vo are realized in the near surface
region of V6-V,0;/PEDOT by controlling the PEDOT
thickness, as schematically illustrated in Figure 3k.
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Figure 4. (3, b) HRTEM images of V6-V,0;/PEDOT at 2 and 6 h, respectively. (¢, d) IFFT patterns of selected areas (red) in (a) and (b). The
red circles show Vo-caused dislocations. (e, f) Linear profiles obtained from the yellow lines in the corresponding IFFT images, showing lattice

finger values of 5.94 and 4.09 A, respectively.
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Figure 5. Concentration of V6 in various V6-V,0;/PEDOT nanocables from (a) XPS results for surface-layer characterization and (b) XANES

results for overall characterization.

From the above results, it is found that samples in 2 and 6 h
exhibit obvious differences in the concentration of Vo. Thus,
electron-structural characterization and analysis will be focused
on both of them. Compared with high-resolution transmission
electron microscopy (HRTEM) image of V6-V,0/PEDOT in
2 h (Figure 4a), the sample in 6 h shows additional mottled
points between lattice fringes and an ambiguous boundary
(marked with white) in Figure 4b. In Figure 4c,e, inverse fast
Fourier transform (IFFT) technique-enhanced HRTEM of
sample in 2 h demonstrates perfect lattice fringes with a lattice
parameter of d,;, = 5.94 A, larger than the corresponding
standard parameter (5.76 A) of the (020) facet of V,0y (No.
89-0612). This can be explained that the V,O; crystal lattice is
expanded when V6 donate electrons to the empty 3d-orbitals
of V,0; and increase the ionic radius of vanadium ion (V* and
V3). With a larger concentration of V&, Vo clusters will be
formed to alleviate internal strain and retain stable lattices.*®
As a result, dislocations (in red circles) are clearly observed in
the IFFT image of the sample in 6 h, accompanied by an
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unchanged lattice finger of dg ;, = 4.09 A, which belongs to the
(011) panel of V,0; (Figure 4d(f). These discrepant
dislocations further confirm the tunable concentrations of Vo
in V6-V,0,/PEDOT, consistent with XPS and XANES
analysis. As more Vo are created in V6-V,05/PEDOT, more
valence electrons can be donated and more voids for receiving
electrons, and efficient diffusion paths for ions, which will
facilitate charge transfer kinetics and energy storage.*”**

The concentration of V6 in V6-V,05/PEDOT is not only
related to polymerization duration, but also can be tailored by
polymerization process (3 h) repetition. More Vo are induced
by a thicker PEDOT layer in the repetition process.
Characterization and analysis are shown in the Supporting
Information and Figures S4—S7. For clarity, the local and
overall concentration of V6 of all V6-V,0;/PEDOT samples
from XPS and XANES measurements are respectively
summarized in Figure 5. As the thickness of the PEDOT
layer changes from ~1.8 to ~3.2, ~5.0, ~6.5, ~10.3, and ~12.2
nm, the associated surface-layer concentration of Vo increases
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electrodes.

from 18.0 to 30.4, 48.0, 55.7, 92.4, and 94.8% (Figure Sa), and
the overall value raises from 0.0 to 0.6, 1.3, 6.1, 16.8, and 31.4%
(Figure Sb).

With a tailored concentration of V6 in V5-V,0,/PEDOT,
their effects on the electrochemical performance of V6-V,0;/
PEDOT-based supercapacitors were studied by performing
cyclic voltammetry (CV) and galvanostatic charge/discharge
(GCD) in 1 M Na,SO, aqueous solution. Each sample is
noted by its overall concentration of V6 from XANES
measurements. As shown in Figures 6a and S8a—g, all Vo-
V,05/PEDOT electrodes exhibit surpercapacitive behaviors
with quasi-rectangular CV loops (scan rate ranging from S to
100 mV s™'). Compared with V,04-NF, larger voltammogram
areas of all V6-V,0;/PEDOT samples indicate an improve-
ment in charge storage capability. All of the GCD curves
appear with tilted triangle shapes at different current densities
from 0.5 to 10.0 A g~' (Figures 6b and S9a—g). The specific
capacitance was calculated with the discharging curves at 0.5 A
g~! in Figure 6b. Interestingly, the highest value is achieved at
614 F ¢! when the overall concentration of V6 is at 1.3%
(~5.0 nm PEDOT layer); the specific capacitance decreases
subsequently to 377 F g~' with more V&, but still higher than
V,0-NF (231 F g'). The same occurs to specific
capacitances under various current densities in Figure 6c.
This phenomenon can be ascribed to V6 and PEDOT, which
will be explored in the next paragraph. The specific capacitance
is higher than that of other V,0O;-based supercapacitors, such
as V,0; networks (316 F g™!),* V,0,/PEDOT/MnO, (266 F
g™),”" core—shell V,O,@PPy (308 F g"),"* and V,0;/carbon
composites (295 F g™!).>" Accordingly, V6-V,0/PEDOT
nanocables with 1.3% V6 in bulk deliver a high energy density
up to 85 W h kg™ with a power density ranging from 250 to
2500 W kg™', as shown in Figure 6d,e. These results suggest
that the capacitance and energy density of V6-V,0;/PEDOT
are effectively optimized by V6.

Electrochemical impedance spectra (EIS) and the equivalent
circuit model were used to reveal kinetic reasons for the
electrochemical performance of V6-V,05/PEDOT electrodes.
In an EIS curve, a semicircle and a sloping line are related to
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charge transfer resistance (R.) at the electrode/electrolyte
interface and ion diffusion in a solid electrode, respectively; the
ohmic resistance value (R,) corresponds to the cell’s internal
resistance. As shown in Figures 7b and S10, the decreasing
value of R, (from 6.17 to 1.95, 8.47 Q for V,04-NF) suggests
that the charge transfer kinetics is dramatically enhanced with a
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Figure 7. (a) Schematic illustration of charge transfer in V5-V,04/
PEDOT nanocables. The kinetics is enhanced by both V6 and
PEDOT. (b) EIS spectra of all samples with the equivalent circuit
model being inseted. (c) CV curves of V6-V,0;/PEDOT with 1.3%
V3, mixed V,05/PEDOT, and V,0-NF. (d) XANES spectra of Vo-
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performance of V6-V,0;/PEDOT with 1.3% V6. No visible
degradation is observed.
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larger concentration of Vo. Slight changes in R, (from 0.48 to
044 Q) suggest few effects from this cell; the V5-V,04/
PEDOT electrode delivers a gradually steeper slope with more
V6 and PEDOT, suggesting faster Na* ion diffusion.”*>* The
significantly improved charge transfer and Na® ion diffusion
promoted redox reactions and enhanced capacitive capability
of V6-V,0/PEDOT due to the synergy between V6 and the
PEDOT layer, as shown in Figure 7a. Specifically, V6 in the
crystal lattice provide more void spaces and channels for faster
and easier ion diffusion/storage, achieving a higher specific
capacitance,”® consistent with IFFT image analysis. In
addition, the PEDOT shell shortens the charge transfer/
transport distance and promotes charge transport with its
excellent conductive properties, leading to much enhanced
kinetics for redox reactions.”® This synergistic effect was
further proved by mechanically grinding V,0;-NF and
commercial PEDOT with a mass ratio from the TG result of
V6-V,05/PEDOT with 1.3% VG. Consistent with the CV
loops (5 mV s7') in Figure 7c, the resultant V,05/PEDOT
(without Vo) exhibits a much smaller specific capacitance (285
F ¢g7') than V5-V,0,/PEDOT (614 F g™'), but larger than
V,04-NF (231 F ¢g7!) at 0.5 A g™". Detailed information can be
found in Figure S11. Considering the fact that redox reactions
between V°* and V¥, V** contribute to the high capacitance of
V,O;-based electrodes,”” the sharp decrease in V** (from 98.7
to 68.6%) for excessive V6 will compromise Faradic reactions
and finally lead to reduced energy density. A thicker PEDOT
shell may also introduce charge transport resistance, lowering
the capacitance.”> However, the capacitance contribution of
PEDOT might be small and negligible. First of all, the
capacitance of V6-V,05/PEDOT nanocables mainly derives
from redox reactions in V,0Og and the double-layer
contribution would be very small. Secondly, there is no
experimental evidence showing possible redox reactions of
PEDOT in the current testing conditions as shown in CV
curves. Thirdly, V,0;/PEDOT (only with PEDOT physically
admixed) did not show an appreciable increase in capacitance.
Therefore, the storage capacitance of V6-V,05/PEDOT is
optimized when the overall concentration of V6 is 1.3%.

V6-V,0,/PEDOT electrodes with 1.3% VO manifest an
excellent cycling performance with 105% capacitance retention
after 10000 charge/discharge cycles at S A g, shown in
Figure 7e. The stability originates from the PEDOT shell,
which prevents V,05 from collapsing,”* and V6, which can
alleviate the electrochemically induced strain between layers in
the charge/discharge process.*® Since the concentration of V6
is unchanged after cycling, confirmed by XANES in Figure 7d,
increased capacitance should be caused by the homogenous
distribution of V6 driven by the electric field applied in the
cycling process, which is further evidenced by density
functional theory (DFT) in the following paragraph. When
the applied electric field drives electrolyte ions to the electrode
for redox reactions, the V6-V,0;/PEDOT electrode surface
may be further wet and electroactivated, similar to that
reported in the literature,”**” which is another possible reason
for the increased capacitance. In addition, this cyclability is
superior to other vanadium oxide-based supercapacitors and
PEDOT-based supercapacitors, such as V,0;/PEDOT/MnO,
nanosheets (93.5% capacitance retention after 3000 cycles),*’
graphene/V,05 (93.7% capacitance retention after 10 000
cycles),”® PEDOT paper (93% capacitance retention after 15
000 cycles),”” and MnO,@PEDOT@MnO, (91.3% retention
after 5000 cycles).>

Density functional theory (DFT) was applied to investigate
migration of V6 in V6-V,05/PEDOT, and detailed calcu-
lations are shown in the Supporting Information. Two kinds of
V6 are examined: one kind of V6 locates outside of the top
V,Os layer, (Figure 8a); the other kind of V& is inside of the
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Figure 8. DFT calculations for the migration of V6 in V,0;. (a) Vo
locates outside of the top V,0Oj layer with a Gibbs free energy of
—306.58 eV (b) V6 is inside of the top V,0Os layer with a Gibbs free
energy of —306.88 eV, accompanied by the V¥**—~O—V*" (blue shade)
moved inward.

=
Lyege

top V,0s layer (Figure 8b). From the DFT calculations, the
Gibbs free energy of the former (G,,,) is estimated at —306.58
eV and the value of the latter (G, ) is —306.88 eV, which
suggests that it is energetically possible for V6 to form in the
inner layers of V,O;. Moreover, the top-layer V6 induces the
formation of V**—~O—V* below. When the V6 moves into the
inner layer of V,05, V¥*—0O—V* also migrates into the inner
layers. Since the formation ratio of defects normally depends
on the Gibbs Free energy (G), as follows

n/N = e—AG/kBT

where #n is the number of defects on the surface, N is the total
number of atoms, AG is the formation energy of two balance
states, kg is the Boltzmann constant, and T is the temperature.
Here, AG is the difference between Gibbs Free energy G, and
Gin- Therefore, approximately 9.75 X 107° of total atoms of V&
will migrate into the inner layers of V,05 at room temperature
(300 K). Consistent with XANES analysis, this calculation
result further confirms the migration of Vo. This calculation is
applicable for other V,04 samples with V6 distributed at the
surface and provides reference for other V6 contained
transmission metal oxides.

B CONCLUSIONS

Oxygen vacancies (Vo) have been created in the near surface
region of V,0;/PEDOT nanocables (V5-V,05/PEDOT) and
applied as electrode materials for high-energy and durable
supercapacitors. XPS and XANES measurements show that the
concentration of Vo in V6-V,0,/PEDOT increases as the
PEDOT shell becomes thicker from ~1.8 to ~12.2 nm. V6-
V,05/PEDOT nanocables with an overall concentration of Vo
of 1.3% deliver a high energy density (85 W h kg™ with a
power density at 250 W kg™') and a prolonged cycling life
(105% capacitance retention after 10 000 cycles at S A g™'),
due to the synergy between V6 and PEDOT in enhancing the
charge transfer and ion diffusion kinetics and cycling stability.
This work not only explores the effects of tunable V6 on the
electrochemical performance of V,0s-based supercapacitors
but also provides an in-depth understanding of V6 for other
transition metal oxides (like Fe,O; MoOs;, etc.) in energy
storage.
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