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ABSTRACT: V,0;/poly(3,4-ethylenedioxythiophene) nanocables with oxygen vacancies gradually decreasing from the surface
to the core (G-V,0,/PEDOT nanocables) were prepared as electrodes for supercapacitors. Gradient oxygen vacancies formed
when 3,4-ethylenedioxythiophene monomers polymerized conformally on the surface of V,O5 nanofibers, providing G-V,05/
PEDOT nanocables with much improved charge storage kinetics and structural durability. The role of gradient oxygen
vacancies in enhancing charge transfer/transport was also evidenced by means of density functional theory calculations. G-
V,05/PEDOT nanocable-based supercapacitors showed excellent electrochemical performance with a high specific capacitance
of 614 F g™! and energy density of 85 W h kg™" in neutral aqueous electrolyte. The synergistic combination of gradient oxygen
vacancies and polymer shell provided the G-V,0;/PEDOT nanocable-based supercapacitors with an excellent long cycling life
with 122% capacitance retention after 50 000 cycles. Without any additional oxidizing agent, this simple synthesis method is
cost competitive and ready for scale up manufacturing for such energy storage electrode materials.
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1. INTRODUCTION

Renewable and sustainable energy has attracted much research
and commercialization interest due to increasing environ-
mental concerns, and energy storage technologies capable of
high energy and high power densities are imperatively needed
to meet the rapid increasing energy demands.'”" Super-
capacitors are attractive as electrochemical energy storage
devices in applications such as electric cars, due to their high
power density, good charge/discharge rates, and long cycling
life.>°

supercapacitors to achieve wider applications. To date,

However, a higher energy density is required for

significant attention has been paid to explore and develop
electrode materials for high-performance supercapacitors.”””
Among these supercapacitor electrode materials, pseudocapa-
citive transition-metal oxides and conducting polymers have
been extensively studied, and fast faradaic reactions render
much higher specific capacitance and energy density than those
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purely based on electric double-layer capacitive (EDLC)
carbon-based materials.'"™"?

Vanadium pentoxide (V,0O;), a transition-metal oxide, is
promising for its low cost, material abundance, multiple
oxidation states (V—II) that create a wide potential window,
and high theoretical capacitance."*™"* However, V,0; as a
supercapacitor electrode material suffers from its intrinsically
low electrical conductivity (4 X 107" S cm™) and electro-
chemical instability caused by chemical dissolution or
structural pulverization during fast charge/discharge cy-
cling."”"*" The poor electrical conductivity can greatly retard
the practical capacitive performance of V,O; with poor charge
transfer/transport, and soluble species (e.g., H,VO,~, HV,0;",
VO*) which form in aqueous electrolyte during cycling
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processes will affect the morphology and crystal structure of
vanadium oxides and lead to a serious capacity degrada-
tion.”””>* Various strategies have been studied to improve the
electrochemical properties and device performance. For
example, nanostructured V,O; with much increased specific
surface area or surface to volume ratio and much reduced
dimension for short transport distance has been demonstrated
to be effective in improving both the electrochemical
properties and the device performance.”® Engineering the
surface chemistry has been another active research direction,
such as through the introduction of a surface carbonaceous
coating or surface defects. Introducing oxygen vacancies into
transition-metal oxides, such as MoO; and MnO,*® has
been reported as an effective strategy to retain the structures,
improve the intrinsic conductivity, and promote pseudocapa-
citive charge storage kinetics of redox-active materials, because
oxygen vacancies can change the structural and charge storage
properties of electrode materials. Research studies on V,0q
lithium-ion batteries also show that oxygen vacancies on the
V,0; surface could improve the intrinsic conductivity and the
cycling stability of V,0;5 during repeated lithium-ion
intercalation/deintercalation processes.”””® A proper ratio of
low vanadium valence states (like V*) in vanadium oxide
supercapacitor electrode materials also can restrain instability
so that there is better pseudocapacitive performance.””
Therefore, creating oxygen vacancies in V,0; and the
corresponding reduced vanadium ions should be feasible for
enhancing the electrochemical performance of supercapacitors.

Despite a long study of oxygen vacancies in V,0O; for
batteries, most oxygen vacancies were created by heating V,04
under vacuum, inert, or reducing conditions (e.g,, N, or H,);
electrochemical reduction and self-dropping,®® and the effects
of oxygen vacancies caused by chemical reduction, especially
by the oxidative polymerization of conducting polymers, on
supercapacitor electrode materials need to be further explored.
Moreover, the distribution of oxygen vacancies is difficult to
control directly. When the polymerization of conducting
polymers starts from the surface of V,O;, like upon building
a core—shell structure, the chemical reduction caused oxygen
vacancies in V,O; that might possess an ordered distribution.
At the same time, core—shell V,05/polypyrrole nanoribbons®"
confirm that the polypyrrole coating can extrinsically improve
electrical conductivity and prevent V,05 from pulverizing.
However, their electrochemical performance (308 F g' at 100
mA g ', 42 Wh kg ') still cannot meet daily requirements, and
the synthesis is complicated because the polymerization of
conductive polymer requires additional surfactant and/or
oxidants (such as anionic dodecylbenzenesulfonate, FeCly).
Since multifunctional properties of materials can significantly
enhance the electrochemical performance via the synergistic
influences between intrinsic and extrinsic improvements, it is
of great significance to identify the contribution of polymer-
ization-induced oxygen vacancies to the surface morphology
and electrochemical performance of vanadium-based electrode
materials for better energy storage devices.

In this work, a gradient distribution of oxygen vacancies is
induced in V,0; nanofibers (V,O,-NF) via the in situ
polymerization of poly(3,4-ethylenedioxythiophene)
(PEDOT) at the surface of V,04-NF to significantly boost
the charge transfer and stability of V,0;-NF. PEDOT is used
because its doped state possesses remarkable conductivity
(300—500 S cm™) and stability over other doped conducting
polymer families, such as polypyrrole (PPy, 10—50 S cm™)

and polyaniline (PANI, 0.1-5 $ cm™)."" Gradient oxygen-
vacant V,0/poly(3,4-ethylenedioxythiophene) (denoted as
G-V,0,/PEDOT) nanocables are synthesized by a vapor-
phase polymerization method, which ensures a homogeneous
PEDOT layer and renders V,0;-NF a gradually reduced
concentration of oxygen vacancies from the surface to the
inner volume. The vacuum system allows the preparation of G-
V,0,/PEDOT under mild conditions (80 °C). The synthesis
process becomes simple without involving additional oxidizing
agents. Gradient oxygen vacancies and PEDOT shells of G-
V,0;5/PEDOT nanocables cause changes not only in their
surface morphology, but also in their electrochemical perform-
ance. Applied in supercapacitors, G-V,05/PEDOT nanocables
exhibited superior specific capacitance and excellent cycling
stability without capacitance decay after 50 000 cycles. Density
functional theory calculations were performed and showed the
role of oxygen vacancies in enhancing the charge transfer of
V,0;. The morphology and oxygen vacancies of G-V,0;/
PEDOT nanocables after cycling were further investigated for
the excellent cycling performance.

2. EXPERIMENTAL SECTION

2.1. Synthesis of G-V,0;/PEDOT Nanocables. G-V,0/
PEDOT nanocables with a gradient distribution of oxygen vacancies
were prepared by a vapor-phase polymerization method. First, a glass
reactor containing V,0;-NF prepared according to a reported
method® was evacuated by a pump at room temperature (25 °C).
Then, 0.5 mL of a hydrochloric acid (HCI, 36 wt %) solution was
injected into the sealed container after the system reached vacuum
conditions. Vapor-phase HCl filled the container and diffused into the
V,04-NF skeleton to sufficiently acidify the V,04-NF. About 1 h later,
the acidified V,05-NF was transferred to another container and
evacuated again, and then 0.5 mL of poly(3,4-ethylenedioxythio-
phene) monomers was added into this reactor at 80 °C. Vaporized
monomers diffused into the inner regions of the V,0,-NF and
polymerized as it deposited on the V,O-NF surface. The color of the
sample changed from yellow to dark green after 6 h, suggesting the
successful formation of G-V,04/PEDOT nanocables. The G-V,04/
PEDOT nanocables were cooled in air for a few hours and then
heated in a vacuum oven at 80 °C for 12 h.

2.2. Chemical and Structural Characterizations. The
morphologies and structures of the samples were systematically
investigated by field emission scanning electron microscopy (FESEM,
S-4800), high-resolution transmission electron microscopy (HRTEM,
field emission JEOL-2100), and transmission electron microscopy
(TEM, JEOL-2100). Fourier transform infrared spectroscopy (FTIR)
was measured by a Bruker-TENSOR27 FTIR spectrometer in the
range 400—4000 cm ™. X-ray powder diffraction (XRD) patterns were
obtained by using a Rigaku D/max-C diffractometer with a Cu Ko
radiation source (4 = 1.5406 A). X-ray photoelectron spectroscopy
(XPS) experiments were carried out on RBD upgraded PHI-5000C
ESCA system (PerkinElmer) with Mg Ke radiation (hv = 1,253.6 eV).
Thermogravimetric and differential scanning calorimetry (TG-DSC)
analyses were carried out on SDT Q600 over the temperature range
from 25 to 800 °C at a heating rate of 10 °C min ' in flowing air. The
X-ray absorption near edge structure (XANES) measurements of the
vanadium K-edge were performed at the University of Washington
using laboratory-based instrumentation (see Supporting Information).

2.3. Electrochemical Property and Performance Measure-
ments. A symmetrical two-electrode configuration was used to
measure the performance of an electrode material’s electrochemical
performance with 1 M Na,SO, aqueous solution as the electro-
lyte.**** The electrodes were prepared with active materials, acetylene
black and poly(vinylidene fluoride) (PVDF) in N-methylpyrrolidone
(NMP) mixed at a mass ratio of 8:1:1. The obtained mixed slurry was
used to coat 1 cm® of a 1 em X 3 cm strip of graphite paper. These
electrodes were dried at 120 °C for 12 h under vacuum. The loading
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Figure 1. (a) FTIR spectra; (b) XRD patterns of as-prepared G-V,05/PEDOT nanocables, V,0; powder, and V,05-NF; (c) SEM image; (d)
TEM image; (e) HR-TEM images; and (f) SEDS line scanning profile and corresponding element mapping profiles of G-V,05/PEDOT

nanocables with a uniform PEDOT coating,

of mixed materials is about 1 mg. The potential of the samples as
electrode materials applied to symmetrical two-electrode super-
capacitors was evaluated by cyclic voltammetry (CV), galvanostatic
charge/discharge, and electrochemical impedance spectroscopy (EIS).
CV and galvanostatic charge/discharge measurements were carried
out with a CHI 660C electrochemical workstation, with a potential
range of —1 to 1 V.** The specific capacitance of a single electrode (C,
F g ') was calculated from the galvanostatic discharge curves by the
formula C = 2IAt/AV, where I was the constant discharging current
density based on the total mass of a single electrode, At was the
discharging time, and AV was the potential window. The energy
density (E, W h kg™') and average power density (P, W kg™"') of the
device in Ragone plots were calculated with the formula E = (1/8)
C(AV)*/3600 and P = E/At, respectively. EIS measurements were
performed in a CHI 660C electrochemical workstation in the
frequency range 0.01 Hz to 100 kHz with a ac amplitude of §
mV.>* To investigate the improvement in the electrochemical
performance, raw V,0; powder and V,0,-NF were also tested
under the same condition for supercapacitors.

3. RESULTS AND DISCUSSION

Fourier transform infrared spectroscopy (FTIR) results of G-
V,0;/PEDOT nanocables, V,O;-NF, and raw V,0O; are shown
in Figure la. For all the samples, the peaks at 1628 and 3440
cm™' are caused by the stretching and bending vibration
modes of H—O and H—O—H bonds in absorbed or bound
water molecules. The feature peaks of G-V,0/PEDOT
nanocables at 1016, 833, 613, 528, and 416 cm™! correspond
to the vibration modes of terminal oxygen bonds, doubly
coordinated oxygen (bridge oxygen) bonds, and triply
coordinated oxygen (chain oxygen) bonds in raw V,0O; and
V,05-NF, respectively, showing the existence of V,Oj5 in the
composite.’® The presence of PEDOT is confirmed by peaks at
1522 and 1397 ecm™ caused by aromatic C=C and C—C
stretching in the thiophene rings; peaks at 1207, 1143, and
1090 cm™' assigned to C—O—C bond stretching; and peaks
at 934, 833, and 692 cm™’ which are related to C—S bond
stretching vibrations in the thiophene rings.”” All peaks in the
G-V,0,/PEDOT structures display the successful compositing
of V,0; and PEDOT. The X-ray diffraction (XRD) profile in
Figure 1b shows the crystallographic information on G-V,0;/
PEDOT composites. Compared to the raw V,0; powder and

V,05-NF, no obvious change in the position of diffraction
peaks suggests that G-V,05/PEDOT nanocables retain the
main crystalline phase of V,Os-NF. Relatively broader peaks in
G-V,03/PEDOT nanocables indicate an amorphous phase
existing in G-V,0;/PEDOT nanocables, which can be
attributed to oxygen vacancies and PEDOT.*® Similar to the
scanning electron microscopy (SEM) image of V,0O;-NF
(Figure Sla), the SEM image in Figure lc exhibits a smooth
surface of G-V,0;/PEDOT nanocables without agglomeration.
Transmission electron microscopy (TEM) images of G-V,05/
PEDOT in Figure 1d directly deliver a nanocable structure
with a dark core and a pale coating layer at a uniform thickness
of 5.0 nm. The HRTEM image (Figure le) reveals that the
core is a crystalline phase with lattice fringes corroborating
with the XRD result. The interface between the core and the
shell appears disordered without an obvious boundary,
probably attributable to the large quantity of oxygen vacancies.
The TEM-EDS (energy-dispersive X-ray spectrometry) line
scan profile of G-V,03/PEDOT for sulfur (S), oxygen (O),
and vanadium (V) and its corresponding element mapping
profiles were presented in Figure 1f. In the EDS line scanning
profile crossing the nanocable, the signals for O and V from
V,0;-NF are intense at the core region and relatively reduced
at the edge region, and a broader peak for S in PEDOT
remains at the same intensity across the diameter, signifying a
uniform PEDOT coating for V,0.-NF. Consistent with the
radial line scan profile, the corresponding element mapping
profiles also present uniform element distributions of S, O, and
Vin G-V,0;/PEDOT nanocables. The distribution of S from
PEDOT is wider than that of O and V from V,0;-NF. This
uniformity arises from the deep penetration, deposition, and
polymerization of vapor-phase monomers in the V,04-NF
internal skeleton. Thermogravimetry and differential scanning
calorimetry (TG-DSC) results shown in Figure S2 indicate
that the content of PEDOT in G-V,0;/PEDOT is
approximately 25%.

As to the gradient distribution of oxygen vacancies in G-
V,05/PEDOT nanocables, detailed understanding and re-
search were conducted. It is known that oxygen vacancies can
be created by heatin% nanostructured oxides in an oxygen-
deficient environment.”® In the present study, gradient oxygen
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Figure 2. (a) XPS V 2p,/; spectra of G-V,05/PEDOT and V,04-NF. The increased content of V¥ and V** suggests the existence of gradient
oxygen vacancies. (b) Normalized vanadium K-edge XANES spectrum of G-V,0s/PEDOT as compared to several oxides. (c) Schematic
illustrating the synthesis process of gradient oxygen vacancies in G-V,0;/PEDOT nanocables.

vacancies are presumably obtained when 3,4-ethylenediox-
ythiophene monomers polymerize on the surface of V,04-NF
in vacuum. A stepwise reaction mechanism is widely accepted
for the oxidative polymerization process of PEDOT where
oxidants are usually involved.”” Since no extra oxidizing agent
was added in this experiment, it is reasonable to suppose that
V,04-NF act as an oxidant to oxidize monomers to polymerize,
leading to the formation of oxygen vacancies. It has been
reported that V,0Oy is one of the most easily reduced transition-
metal oxides, because it can easily lose a double-bonded
oxygen atom leaving a terminal vanadium atom.” This
terminal vanadium oxygen vacancy readily accepts and donates
oxygen, making V,O; a strong candidate for the oxidization of
organic molecules. Thus, it is supposed that terminal vanadium
oxygen vacancies form during a series of oxidizing. The
synthesis process and structure are illustrated schematically in
Figure 2c. As more monomer vapors deposit and undergo in
situ oxidative polymerization along the backbone of V,0;-NF,
more oxygen vacancies are created and G-V,0;/PEDOT
nanocables are obtained. X-ray photoelectron spectroscopy
(XPS) was used for hypothesis testing by analyzing the
vanadium valence states associated with oxygen vacancies in G-
V,0,/PEDOT nanocables. The peak of V 2p;,, is
deconvoluted into three synthetic peaks of V™, V¥, and
V¥ .2%% The amount of vanadium of each valence state is
calculated by comparing its corresponding peak area to the
total vanadium peak areas (V*', V*', and V**) in XPS spectra
(Figure 2a). As shown in Table 1, the content of V>* reduces

Table 1. Changes in the Content of Vanadium Valence
States from Gradient Oxygen Vacancies in G-V,0,/PEDOT
from XPS

sample vt vt v
V,04NF 90.3% 5.0% 4.7%
G-V,0,/PEDOT 52.1% 40.6% 7.3%

from the original 90.3% in V,04-NF to 52.1% in G-V,0s/
PEDOT, and the total valence decreases from 4.9 to 4.4 on the
surface layer based on XPS analyses. It should be noted that
although a large fraction of low-valence vanadium cations is
measured in G-V,0;/PEDOT, the crystalline phase of V,Os is
retained as clearly indicated by the XRD patterns. These
seemingly contradictory results are reasonable considering the
fact that XPS measurements investigate the shallow surface,
particularly considering the fact that there is a PEDOT shell of
5.0 nm. The surface layer might consist of a large fraction of
oxygen vacancies since the polymerization occurs on the
surface of V,04-NF. However, with a low processing
temperature, the diffusion of oxygen vacancies would be
limited. The inner core of the V,0Os-NF retains its original
valence states and crystal structure, as shown in Figures le and
2¢. Therefore, it is more likely that G-V,0,/PEDOT
nanocables possess a concentration of oxygen vacancies
gradually decreasing from the highest concentration at the
surface, i.e., the interface between V,04 and PEDOT, to nearly
zero inside. This would also explain the fact that V>*, V*, and
V3* coexist in the same sample, as it is likely the excessive
oxidation at the surface that creates V** and V" at the
subsurface, and V°' inside the V,0;-NF. Since the XPS
measurements characterized the shallow surface of G-V,0;/
PEDOT, X-ray absorption near edge structure (XANES)
characterization was used to further investigate the vanadium
oxidation states in the bulk, and the results are presented in
Figure 2b. The energy position of the edge (highlighted with
red), a known indicator of the oxidation state of a material,"" is
consistent between the G-V,0./PEDOT and the V,0O;
reference compound, confirming that the bulk of the sample
is mainly composed of V,0Os, which corroborates the HR-TEM
and XRD analysis. Together with XPS analysis, the result
further supports the gradient distribution of oxygen vacancies
with V** and V3 at the subsurface, and V7 inside in G-V,0;/
PEDOT.
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Figure 3. (a) CV curves of G-V,0,/PEDOT, V,04-NF, and raw V,0; at S mV s ". (b) Galvanostatic charge/discharge curves of G-V,0,/PEDOT,
V,04-NF, and raw V,0q at 0.5 A g% (c) Specific capacitances of G-V,05/PEDOT, V,04-NF, and raw V,0Os at different current densities. {d)
Ragone plots of supercapacitors based on G-V,0,/PEDOT, V,0,-NF, and raw V,0;. Data of recently reported electrode materials are also
illustrated for comparison, such as V,00.6H,0O nanoribbons (29 W h kg™" at the power density of 70 W l<g71),16 V,0,/PEDOT/MnO,
nanosheets (39 W h kg™" at the power density of 2200 W kg™'),® PEDOT array (30 W h kg™ at the power density of 529 W kg™),*” MnO,@
PEDOT@MnO, (48 W h kg™ at the power density of 180 W kg™'),** V,0,/PPy network (21 W h kg ™' at the power density of 19 kW kg™"),>"
core/shell V,0,/PPy (14 W h kg™ at the power density of 250 W kg™"),%* and CN'T/V,0; nanowires (16 W h kg™" at the power density of 75 W
kg 1).> (e) EIS spectra of G-V,05/PEDOT, V,0,-NF, and raw V,05 (the equivalent circuit model is inserted). (f) Calculated electronic DOS of
stoichiometric V,0; with terminal vanadium oxygen vacancies. (g) A PDOS calculation for the surface vanadium in vanadyl. (h) The cycling
performance of G-V,05/PEDOT and V,04NF. G-V,0,/PEDOT nanocables show a stable increase in capacitance retention over 50 000 charge/
discharge processes.

G-V, 0/PEDOT nanocables were tested as supercapacitor were tested under the same conditions for comparison. The
electrodes in a symmetric two-electrode system with a 1 M cyclic voltammetry (CV) curves of samples obtained at 5 mV
Na,SO, aqueous electrolyte. Raw V,0; powder and V,0,-NF s™' (Figure 3a) exhibit extremely symmetrical and nearly
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element mapping profiles of cycled G-V,0;/PEDOT electrode. (f) XPS V 2p,,; spectra of cycled G-V,0,/PEDOT electrode with G-V,0/
PEDOT as comparison. (g) Schematic illustrating the migration and redistribution of oxygen vacancies in cycled G-V,0;/PEDOT electrode.

rectangular shapes, demonstrating the ideal capacitive perform-
ance. No obvious redox peaks are shown due to oxygen
vacancies (low valence vanadium cations) at the surface of the
G-V,04/PEDOT nanocables.””** With an increased scan rate
from S to 100 mV s~ the lack of significant distortion in the
CV loops (Figure S3) indicates excellent kinetic reversibility
and a high rate of the pseudocapacitive reactions. In agreement
with CV curves, the galvanostatic charge/discharge curves of
G-V,0,/PEDOT with neatly isosceles triangle shapes (Figure
S4) further reveal high Coulombic efficiency, superior
reversibility, and good charge propagation. The specific
capacitance of G-V,0;/PEDOT nanocables is 614 F g~' at
0.5 A g ' calculated from galvanostatic charge/discharge
curves (Figure 3b), while the value of raw V,0; powder is
only 170 F g~' and that for V,0O4-NF is 251 F g~'. This
improved capacitive capability can be ascribed to the gradient
oxygen vacancies and PEDOT shells, which will be discussed
in the following paragraph. The specific capacitance of G-
V,04/PEDOT at various current densities and the Ragone plot
are presented in Figure 3cd, respectively. G-V,0;/PEDOT
nanocables exhibit excellent electrochemical performance with
an energy density of 85 W h kg™! when the power density is

250 W kg™, higher than that of raw V,O5 powder (24 W h
kg'), V,Os-NF (44 W h kg'), other vanadium-based
materials, and PEDOT-based materials illustrated in the
Ragone plot in Figure 3d. G-V,05/PEDOT nanocables hold
great promise toward practical application in supercapacitors.

Electrochemical impedance spectroscopy (EIS) was em-
ployed to investigate the kinetic factors behind the significant
increase in the electrochemical performance of G-V,0/
PEDOT nanocables. In the Nyquist plots (Figure 3e), the
G-V,05/PEDOT curve possesses a steeper straight line in the
low-frequency region, and a reduced charge transfer resistance
(R,) value (2.1 Q) compared to those of V,O,-NF (8.5 Q)
and raw V,0; (35.0 Q) in the high-frequency region. The
charge transfer kinetics at the G-V,0,/PEDOT electrode—
electrolyte interface is improved after the oxygen vacancies are
created.””*” In this work, it is difficult to experimentally isolate
the effects of the PEDOT coating, oxygen vacancies, and
associated low-valence vanadium cations, because the gradient
oxygen vacancies and reduced vanadium are created by the
polymerization of PEDOT. On the basis of the previous
research studies, all can improve the charge transfer kinetics of
V,0;. For example, the PEDOT coating guarantees a short
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transfer/transport distance and electrolyte accessibility for
electrons and ions in a core—shell structure,” which can also
be found in «-Fe,O;/PEDOT nanoparticles for super-
capacitors."* Gradient oxygen vacancies formed in G-V,05/
PEDOT, and some V°' species were reduced to V*" and
further to V** during the PEDOT formation. The presence of
oxygen vacancies and corresponding low-valence vanadium
cations (V™ and V*) at the surface benefits the charge
transfer/transport and redox reactions (proved by theoretical
calculations in the next paragraph). With V** and V** created
at the subsurface and V° inside the V,04-NF, gradient oxygen
vacancies likely facilitate the charge transfer kinetics and
promote the redox reactions at the surface of V,0;-NF with
little or no sacrifice of the storage capacitance. The presence of
gradient oxygen vacancies at the surface also helps to preserve
the morphology integrity by reducing stress and the electro-
static repulsion between adjacent oxygen layers, and to provide
vacancies for ion intercalation and a microchannel for charge
transfer,””** as reported in 0{-M003.25 Nevertheless, it should
be mentioned that V,0;/PEDOT nanosheets with conformal
PEDOT coating”® exhibited different properties when
prepared by oxidative polymerization, but in solution. Without
forming oxygen vacancies, V,O;/PEDOT nanosheet-based
supercapacitors (tested under the same electrolyte) present a
specific capacitance of about 325 F g™ at 0.5 A ¢! and energy
density of 28.9 W h kg™". These values are higher than that of
V,04-NF in this work (251 Fg™ at 0.5 A g”!, 4 Wh kg™),
which suggests the contribution of PEDOT shells to the
improved electrochemical performance. However, the perform-
ance of V,0,/PEDOT nanosheets without oxygen vacancies is
still much farther from that of G-V,03/PEDOT nanocables in
this work (614 F g™ at 0.5 A g%, 85 W h kg™!). Therefore, the
gradient oxygen vacancies and PEDOT shells synergistically
render G-V,0;/PEDOT with excellent performance.

Considering the fact that it is difficult to experimentally
separate the gradient oxygen vacancies from PEDOT without
involving new oxidants, theoretical calculations were per-
formed. The terminal vanadium oxygen vacancies can facilitate
electron transfer at the interface, which is proved by detailed
density functional theory calculations (the Supporting
Information and Figure SS). The density of states (DOS) for
V,0; and oxygen vacancy-containing V,0; are shown in
Figure 3f. The oxygen vacancy-containing V,O;s (001) plane
exhibits a semiconducting characteristic with a band gap of
123 eV, smaller than that of bulk V,0"" which was also
detected by others.'® The DOS for the V,O; (001) plane with
isolated surface defects lowers the bottom of the conduction
band to —0.4 eV, resulting in metallic character as observed in
Figure 3f. After removal of the vanadyl oxygen, V¥'—O—V*
forms between the surface vanadium site (vanadium in
vanadyl, position A) and the vanadyl group of the layer
beneath (position B). More specifically, a projected density of
states (PDOS) calculation for the surface vanadium in vanadyl
(position A) in Figure 3g indicates that the excess electrons
localize at the V sites and occupy V 3d states at the bottom of
the conduction band.

Cycling life is another important parameter for high-
performance pseudocapacitors because instability of V,0; is
another main factor limiting its practical application. To this
aim, the cycling performance of G-V,0,/PEDOT was tested
under a current density of 10 A g~ (Figure 3h). G-V,0s/
PEDOT nanocables display a long-time cycling durability with
122% of the original specific capacitance retained after 50 000

charge/discharge cycles, and the cycling performance is
repeatable and reproducible, while the specific capacitance of
V,0;-NF retains only 71% after 2000 charge/discharge cycles
(inserted in Figure 3h). The cycling performance of G-V,0;/
PEDOT is also better than values reported by others, such as
PEDOT array (96% retention after 20 000 cycles),"”” MnQO,/
PEDOT (93% retention after 5000 cydcles),”® V,0,/PANI
(92% retention after 5000 cycles),”” and V,0,/PPy (73%
retention after 2000 cycles).*

The morphologies of cycled G-V,0;/PEDOT and cycled
V,04-NF electrodes were studied. As shown in SEM images in
Figure 4a,b, most V,0;-NF species dissolve from nanofibers
into nanoparticles, and their structure collapses. This reveals
their electrochemical reactions with a longer transfer distance
for electrons and leads to rapid collapse of effective capacitance
of supercapacitors (71% retention after 2000 cycles in Figure
3h). In contrast to V,05-NF, the morphology integrity of G-
V,03/PEDOT nanocables is preserved and structural pulver-
ization is restrained after 50 000 cycles (Figure 4b). Further
explorations reveal that the core—shell structure of G-V,0,/
PEDOT nanocables is still well-retained, as shown in TEM
images (Figures 4c,d), EDS line profile, and element mapping
profiles (Figure 4e). Although the PEDOT shell appears to
change slightly with a partially rough surface (in red circles)
and with thickness ranging from 3.5 to 5.0 nm, the PEDOT
shell is still tightly attached to the V,O;-NF core. This suggests
that the PEDOT shell works as a protective layer to prevent
V,05-NF from being directly exposed to the electrolyte,
shielding V,0;-NF from structural{zf disintegrating during
charging and discharging processes.”* The increased specific
capacitance also suggests a minimal contribution of PEDOT
shells to the specific capacitance of G-V,0O/PEDOT.

Oxygen vacancies in a cyded G-V,05/PEDOT electrode
were analyzed by V 2p2/3 XPS spectra (Figure 4f). There are
noticeable changes in vanadium valence states after 50 000
cycles as presented in Table 2. The content of V°' increases

Table 2. Contents of Various Vanadium Valence States in
G-V,0,/PEDOT Electrode after 50 000 Cycles

sample Ve v V3
G-V,0,/PEDOT 52.1% 40.6% 7.3%
cyded G-V,0,/PEDOT 61.0% 30.2% 8.8%

from 52.1% to 61.0% along with a relative decrease of V** from
40.6% to 30.2%, while the amount of V** changes slightly from
7.3% to 8.8%. The total vanadium valence calculated from XPS
data increases from 4.4 to 4.5. Such a change in redistribution
of vanadium cations with different valence states seems to
suggest some migration and redistribution of oxygen vacancies
during the charge/discharge processes. The gradient oxygen
vacancies are induced in a low processing temperature, so the
diffusion of oxygen vacancies is limited for G-V,0,/PEDOT.
As depicted in Figure 4g, when the electrochemical perform-
ance was measured with a voltage applied, the electric field
would assist and promote the migration of oxygen vacancies
and reduce the concentration gradient at the surface. As the
XPS is only capable of characterizing a very shallow surface
layer, the decreased concentration in V** compensated by an
increased concentration of V3* can be explained as an inward
migration of oxygen vacancies, with a more homogeneous
distribution of oxygen vacancies. Since the amount of oxygen
vacancies in G-V,0O;/PEDOT remains unchanged and the
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concentration of V** increases at the surface, there are more
V" species available for redox reactions, resulting in the
increased capacitance in the long cycling process. The gradient
oxygen vacancies at the surface can also help to preserve the
morphology integrity as discussed above. Thus, the excellent
cyclic performance of G-V,0;/PEDOT is attributed to the
synergy of gradient oxygen vacancies and the PEODT coating
(discussed above). Since the polymerization of PEDOT can be
controlled by synthesis conditions, such as polymerization
time,"”’ the control of gradient oxygen vacancies will be our
future work to further explore their effects on energy storage
materials.

4. CONCLUSIONS

A gradient distribution of oxygen vacancies was induced into
G-V,0,/PEDOT nanocables by vapor-phase polymerization.
The concentration of oxygen vacancies decreased from the
surface of V,0;-NF to the core, due to the oxidative
polymerization of PEDOT on the V,04-NF surface. The
charge transfer kinetics of G-V,05/PEDOT nanocables was
significantly enhanced after the formation of gradient oxygen
vacancies, which was proven by density functional theory
calculations. Thus, G-V,0,/PEDOT nanocables exhibited a
high specific capacitance of 614 F ¢! and energy density of 85
W h kg~' when applied in supercapacitors. With the synergistic
effects of gradient oxygen vacancies and the PEDOT shell, the
structural disintegration of G-V,03/PEDOT nanocables was
suppressed effectively, and a steadily increased capacitance was
obtained with 122% capacitance retention over 50 000 cycles
as oxygen vacancies migrated and redistributed during the
charge/discharge processes. This synthesis of ordered oxygen
vacancies has potential for preparing electrode materials for
high-performance supercapacitors.
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