Electrochimica Acta 318 (2019) 635—643

Contents lists available at ScienceDirect

Electrochimica Acta

journal homepage: www.elsevier.com/locate/electacta

V,03/C nanocomposites with interface defects for enhanced
intercalation pseudocapacitance

Check for
updates

Jiqi Zheng *°, Yifu Zhang * ", Changgong Meng °, Xiaofei Wang ?, Chaofeng Liu °,
Mengke Bo ?, Xiaoyu Pei ?, Yuanan Wei ?, Tianming Lv %, Guozhong Cao >

@ School of Chemical Engineering, Dalian University of Technology, Dalian, 116024, PR China
b Department of Materials Science and Engineering, University of Washington, Seattle, WA, 98195, USA

ARTICLE INFO

ABSTRACT

Article history:

Received 7 February 2019
Received in revised form

16 June 2019

Accepted 20 June 2019
Available online 20 June 2019

Keywords:

V20s-Based composites

Highly dispersed nanostructure
Interface defects

Specific intercalation pseudocapacitance

V»03 nanoparticles highly dispersed in amorphous carbon composites (VO-C) were successfully syn-
thesized by the calcination of (NH4);V30g/C precursor, which was fabricated through the hydrothermal
reaction using commercial NH4VO3 and glucose as raw materials. The release of gaseous byproduct
during the formation of V5,03 and amorphous carbon resulted in the formation of highly dispersed oxide
nanoparticles dispersed in porous carbon matrix. The composites exhibited a high specific intercalation
pseudocapacitance of 4586 Fg ' at 0.5Ag ' with a retention of 86% after 1000 cycles in aqueous
electrolyte. Such good electrochemical properties is attributed to the high diffusion coefficient and
promoted electron transfer of the composites possibly as a result of surface modification of V503
nanoparticles. In addition, highly porous carbon network with homogeneously dispersed V,03 permits
efficient intercalation reaction with much enhanced stability of V,03. Flexible asymmetric super-
capacitors using synthesized VO-C and active carbon electrodes were assembled and demonstrated

excellent electrical energy storage performance.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The development of rechargeable energy storage devices with
high performance is considered as one of the effective ways to
alleviate the energy crisis by improving the efficiency of energy
storage and utilization. Supercapacitors (SCs) have received much
attention because they can bridge the gap of power and energy
density between batteries and conventional capacitors, as well as
their excellent reversibility and long cycling life [1—6]. SCs can be
classified into two categories according to their different mecha-
nisms, electrochemical double layer capacitors (EDLCs) and pseu-
docapacitors. The former stores charges by the adsorption of ions
on the electrode-electrolyte interface; while the latter storages
charges by faradaic redox reactions of transition metal oxides
(TMOs) or conductive polymers, and can display much higher ca-
pacitances than EDLCs [7—9]. Though the charge mechanisms of
TMO for supercapacitors and batteries are both redox reaction, the
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mainly difference is that unlike in batteries, the typical pseudoca-
pacitive behavior only occurs near the surface of electrode mate-
rials, making the process non-diffusion controlled [10,11]. Whereas,
this merit also leads to the low utilization of TMOs compared to
batteries. Recently, a new concept “intercalation pseudocapaci-
tance” was proposed, which is generated by intercalation of ions
into the bulk materials, and is not limited by the ions diffusion
because of the sufficient and accessible ionic pathways of the active
material [11—15]. Various kinds of materials with such character
were developed, such as TiO, [16], HTigO43 [17], M0oO; [13], VO,
[18], etc. Intercalation pseudocapacitive materials combine the
advantages of both batteries (high capacitance) and super-
capacitors (high rate), making them promising electrode materials
for high performance supercapacitors.

As a kind of typical TMOs, vanadium oxides are ideal materials
for energy storage because of their abundant sources, variable
oxidation states and unique layered structure, which is beneficial
for redox reactions and fast diffusion of ions in the 2D interlayers
[19—21]. Among numerous vanadium oxides, V,03 exhibits a quasi-
metallic behavior with a conductivity of 10°Q~'ecm™), which is
much higher than V,0s5 (10’3 o cm”) and monoclinic VO,
(=40 em™), and comparable with RuO, (104 Q~! cm™?1), making
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it a suitable material for energy storage [22,23]. According to cur-
rent research, V,03 has shown huge potential as an anode material
for lithium batteries with high capacities [24—26]. However, the
reported specific capacitances of V,03-based materials for super-
capacitors are less satisfactory, suggesting that existing structures
or compositions can't make full use of V5,03 [20]. The design and
synthesis of new structured V»03-based materials with high per-
formance require further studies. Though synthesis of nano-
structured materials is an effective way to improve the utilization of
vanadium oxides, it also causes the problem of poor cycling sta-
bility because large contact area is created between active material
and active oxides, and vanadium oxides are liable to form soluble
species in aqueous solutions [27,28]. Previous research has proven
that combined nanostructured vanadium oxides with carbon can
not only protect them from dissolution and structural deteriora-
tion, but also enhance the electron transfer efficiency and prevent
the agglomeration of nanoparticles [29]. Several V,0s/amorphous
carbon composites for high performance supercapacitors were
developed [30], such as the amorphous carbon coated V»05 nano-
rods reported by Saravanakumar et al. [31], which achieved a high
specific capacitance of 417 Fg~! at 0.5A g . Recently, Zhao et al.
[32] synthesized the nest-like V307 nanowires coated by N-doped
carbon exhibited a high specific capacitance of 660Fg ! at
0.5Ag . It was also reported B phase and A phase VO, and
amorphous carbon composites; their specific capacitances are 182
and 144Fg ' at 1 Ag~!, respectively [33,34]. V203-based compos-
ites were also studied in recent years. Li et al. [35] reported the in-
situ synthesis of V5,03 nanoflakes@C core—shell composites using
hexadecyltrimethylammonium bromide (CTAB) as the carbon
source. The composites exhibited a capacitance of 205Fg™!
0.05Ag ! in 1M NaNO; aqueous solution, which is higher than
bulk V505 (159F g~ 1) and 76% of the capacitance can be retained
after 500 circles. Hu et al. [36] synthesized hierarchical porous
structured V503@C core-shell nanorods with high surface area,
which had a capacitance of 228 Fg~! at 0.5A ¢! and retained 81%
after 1000 cycles in 5 M LiCl aqueous solution. These works certified
that encapsulating V,03 into carbon is a feasible strategy to
improve its electrochemical properties, but the poor contact at the
interface can still be the drawback of the composites. In this
contribution, a highly dispersed architecture with surface-modified
V5,03 nanoparticles and amorphous carbon was designed and
synthesized.

In the present study, V»>03 nanoparticles were dispersed in
amorphous carbon (VO-C) through the hydrothermal reaction and
the subsequent calcination using commercial NH4VO3 and glucose

Glucose

Commercial NH,VO;

Hydrothermal
reaction

(NH4) ZV308/C nanoparticles

as raw materials. Such structure of the composites has several ad-
vantages when used as the electrode material for supercapacitors.
The modification at the interface is beneficial for the electron
transfer; the highly dispersed nano-sized V503 with crystalline
layered structure can enhance the diffusion coefficient of ions; the
protection of the outer carbon can improve the cycling stability of
the composites. The study of their energy storage mechanism
showed that though the capacitance was generated by the inter-
calation of lithium ions in to V4,03 bulk, the process was predomi-
nantly non-diffusion controlled in kinetics. Thus, the composites
exhibited specific intercalation pseudocapacitance of 458.6 Fg~!
0.5Ag ', which is higher than the reported V,03-based materials.
The excellent electrochemical performance makes the composites a
promising electrode material for supercapacitors. The electro-
chemical properties of the asymmetric supercapacitor device
assembled by the as obtained VO-C and active carbon are also
studied and used in practical applications.

2. Experimental section
2.1. Synthesis of VO-C

Analytical grade ammonium metavanadate (NH4VO3) and
glucose (CgH1206-Hy0) were used without further purification in
this work. The V,03 nanoparticles highly dispersed on amorphous
carbon composites (VO-C) were synthesized through a hydrother-
mal reaction and the subsequent calcination, as shown in Fig. 1. In
detail, 1.98 g of glucose (0.01 mol) was dissolved in 35mL of
distilled water, then 2.43 g of NH4VO5 (0.02 mol) was dispersed into
the solution through magnetic stirring for 30 min. The mixture was
transferred into a 50 mL Teflon-lined stainless-steel autoclave and
heated at 180°C for 12 h. The obtained product was centrifuged,
washed with distilled water and ethanol for several times, and
dried in vacuum at 75 °C. The obtained (NH4);V30g/C precursor was
then calcined in a tube furnace at 700°C (with a heating rate of
5°C/min) for 2 h to get VO-C. For comparison, amorphous carbon
was also synthesized in the same hydrothermal and calcination
process using the same amount of glucose as the raw material, and
mixed with commercial V503. The mixture was named as VO+C.

2.2. Material characterizations

X-ray diffraction (XRD) carried out on Panalytical X'Pert powder
diffractometer (40KkV, 40 mA) was used to characterize the com-
positions and structures of the products. Fourier transform infrared

Nz, 700 °C

Calcmatlon

V,0;/C nanoparticles

Fig. 1. A schematic illustration of the synthesis of highly dispersed VO-C.
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spectroscopy (FTIR) spectra were collected on a Nicolet 6700
spectrometer from 4000 to 400 cm ™! using the KBr pellet tech-
nique. Raman spectra were recorded on a Thermo Scientific spec-
trometer with a laser of 532 nm. X-ray photoelectron spectrum
(XPS) was taken on a Kratos Axis Ultra DLD spectrometer with
monochromatized Al Ka X-ray. Elemental analysis (EA) measure-
ment was carried out on a Vario EL equipment. Differential scan-
ning calorimetry (DSC 3+ STAR® System, Mettler Toledo) was
measured in flowing air (50 sccm) from 40 to 700 °C. The mor-
phologies of the products were characterized by a field-emission
scanning electron microscope (FE-SEM, NOVA NanoSEM 450) on
which an Energy-dispersive X-ray spectrometer (EDS) is attached
to characterize the chemical compositions of the products. Trans-
mission electron microscopy (TEM, FEI TECNAI F30) was used to
investigate the nanostructures of the samples. Nitrogen adsorption
desorption isotherms were determined by Brunauer-Emmet-Teller
(BET) method using Quantachrome Nova 4200e and samples were
degassed at 250°C for 12 h.

2.3. Electrochemical characterizations

Active material, carbon black and polyvinylidene difluoride
(PVDF) were mixed in a mass ratio of 8: 1: 1 using N-methyl-2-
pyrrolidone (NMP) as the solvent to prepare working electrodes.
The obtained slurry was painted on nickel foam and heated at
100 °C to remove NMP, then pressed at 10 MPa. The mass loadings
of the working electrodes are about 3mgcm™2. In the three-
electrode experimental system, 5M LiCl aqueous solution was
used as the electrolyte. A Pt wire and a saturated calomel electrode
(SCE) were served as the counter electrode and the reference
electrode, respectively. Cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD) were performed in a potential window
of 10 to 03V on a CHI 660D electrochemical workstation.
Electrochemical impedance spectroscopy (EIS) measurements were
tested in the frequency range from 100 kHz to 0.01 Hz. The ion
diffusion coefficient of the electrode material was calculated from
the low frequency region of EIS plots based on the following
equation [37]:

R2T2

DS -
U 2AZnAF 2 e,

(1)

where F (96500 Cmol™') and R (8.314 ] mol~' K~ ') are the Faraday
and gas constant respectively; T (298 K) is the absolute tempera-
ture, A (cm?), C (mol-cm™3) and n are the surface area of the
electrode, concentration of ion in the electrolyte and number of
electrons transferred per molecule, respectively. Warburg coeffi-
cient (o) is the slope of Z-w 2,  (Rad-s ') is the angular
frequency.

The specific capacitance (C, F-g ') can be calculated on the basis
of discharge curves according to the equation (2):

I-At
- mAU (2)

where m (g) is the mass loading of the product on the working
electrode; At (s) is the discharge time in the potential window AU
(V) under the charge-discharge current I (A). Flexible asymmetric
supercapacitors (ASCs) were fabricated using commercial activated
carbon (AC) as the counter electrode and 5 M LiCl/polyvinyl alcohol
(PVA) as the electrolyte. A separator (NKK-PF30AC) was sand-
wiched in between to separate two electrodes. The mass ratio of the
two electrodes were optimized based on the following equation to
balance the charge:

m, (C_-AU)

m_ (C.AU) %)

The areal capacitance (C, F-cm™2 on S, cm?), energy density E
(W-h-m ?) and power density P (W-m ?) of ASCs were calculated
based on following equations [38]:
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3. Results and discussion
3.1. Composition and morphology of VO-C

The VO-C was synthesized through a two-step process, as
shown in Fig. 1. (NH4)2V30s/C precursor was synthesized first
through hydrothermal reaction [39], and the XRD pattern of the
precursor is shown in Fig. S1, Supplementary information. Then the
calcination process was taken in Ny atmosphere to remove the
ammonium and reduce the V (+4) to V (+3) using the organic
carbon of the composites as the reductant. XRD patterns of the
products calcined at different temperatures are shown in Fig. S2,
Supplementary information. The reduction process was incomplete
at a calcination temperature of 400 °C, resulting in the impurity of
the product, such as VO, and V015, as well as low crystallinity.
When the calcination temperature was over 500 °C, the product
was well crystallized and all the diffraction peaks can be indexed to
hexagonal V203 (JCPDS, No. 34-0187), denoting that the crystal
product is pure V,03, as shown in Fig. 2a. With increasing calci-
nation temperature, the crystallinity of the product increased.
When the calcination temperature rose to 800 °C, peaks belonging
to VN (JCPDS, No. 65-5288) began to appear, which can be ascribed
to the reaction between the vanadium species and N at high
temperature. No obvious peak of carbon species is observed in XRD
patterns, indicating that carbon in the composites is amorphous.
Product calcined at 700°C, i.e. VO-C, was chosen for further char-
acterization as it has the best crystallinity, which is beneficial for
the ion diffusion between the layers. The average crystal size
calculated from its XRD pattern based on the fitting of the whole
spectrum using Scherrer equation is 25.8 nm, which can be a sup-
porting evidence that the V,03 particles in the composites are
nano-sized.

FT-IR spectrum of VO-C is shown in Fig. 2b. Peaks at 3428 and
1627 cm~! can be indexed to the stretching and bending vibration
of O-H bonds of water. Peaks around 2885 and 2975cm™' are
assigned to the stretching vibration of C-H bonds, of which peaks of
bending vibration are located at around 1400 cm™. The peak at
1050 cm ™ corresponds to the asymmetrical stretching vibration of
C-0. The peak at 987 cm™ ! is the characteristic of V>* caused by the
symmetric stretching vibration of V3*=0 [35]. Peaks at 768 and
560 cm™! are associated with the stretching vibration of V-O bonds.
All these peaks indicate that the product consists of V,03 and
organic carbon. Raman spectrum was used to further investigate
the composition of the composites. As labelled inset Fig. 2b, peaks
with Raman shifts lower than 1000cm ! are all attributed to the
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Fig. 2. (a) The XRD pattern of VO-C; (b) the FT-IR spectrum of VO-C, inset the Raman spectrum; (c-e) XPS spectra of VO-C: survey scan, V 2p and C1s; (f) EDS spectrum; (g) a SEM
image and its corresponding elemental mapping images; (h, i): Nitrogen adsorption-desorption isotherms of VO-C and the corresponding pore size distribution data.

different modes of vibration of V,03 [40]. Characteristic peaks of
carbon, D-band and G band, are located at 1350 and 1585cm™!
respectively. Both peaks are broad with a Ip/I; value of 0.94, indi-
cating the carbon is disordered with poor crystallinity, i.e. amor-
phous carbon. Both FT-IR and Raman spectra prove that carbon of
the product is organic and amorphous.

Further information regarding the composition of VO-C was
confirmed by XPS, EA, EDS and element mapping. V, O and C ele-
ments are clearly identified in full XPS spectrum (Fig. 2c). The two
peaks in the V 2p core level spectrum (Fig. 2d) can be attributed to V
2p1j2 and V 2p3p respectively. The fitted peaks at 516.0 and
523.7eV can be indexed to V 2p3pz and V 2pip2 of V3t in V503
[41,42]. Peaks with lower binding energy (513.9 and 521.7 eV) can
be attributed to V-C bond at the interface [43]. Besides, the bending
energy of V> is also in this range [44,45]. As V>* ions were formed
when oxygen vacancies were generated near the surface [46,47].
These results indicate that the vanadium in the composites is
mainly +3 state, while lower state can also be observed because of
the surface modification, i.e. the combination of vanadium and
carbon as well as the oxygen vacancies at the interface of vanadium
oxide and carbon. C 1s spectrum (Fig. 2e) can be resolved into three
peaks. Peaks at284.8, 286.6 and 290.0 eV are indexed to C-C of
amorphous carbon, C-O species and O-C=0 species, respectively
[34,48]. EDS spectrum {Fig. 2f) also confirms that the composites
are consist of C, O and V elements. The content of C is 46.4 wt¥%,
which is much higher than the actual content (12.41 wt%)
measured through EA, indicating that some carbon might coat on

the V,03. The mass fraction of V5035 is further confirmed by TG-DSC
curves, as shown in Fig. S3, Supplementary information. A small
mass increase (1.8%) was observed between 120 and 270 °C, which
is likely due to the partial oxidation of V505. From 270 to 540 °C,
there was a rapid decrease of weight, attributable to the oxidation
of carbon which is coated on vanadium oxide nanoparticles. At
higher temperatures, the mass ratio increased to 94.6% and became
stable after 620 °C, which is due to the formation of V,05. The sharp
endothermal DSC peak at 680 °C corresponds to the melt of V,0s.
The mass fractions of V,03 and organic carbon calculated based on
the weight ratio of V,05 are 78.0% and 22.0%, respectively.
Elemental mapping images shown in Fig. 2g suggest the three el-
ements are uniformly distributed in the sample. All above experi-
mental data prove that the obtained product is a composite
material consisting of surface modified V,03 nanocrystals and
amorphous carbon. To study the effect of ammonium on the
product’s pore structure, a comparative sample {V,03-C) was syn-
thesized in the same route as VO-C, but using V,03 instead of
NH4VO3 as raw material. The BET surface area of VO-C calculated
from N, adsorption-desorption isotherms (Fig. 2h) is 106.8 m*g~’,
which is higher than that of V,03-C (66.5 m® g, Fig. S4a, Supple-
mentary information). This result suggests that decomposition of
NH4VOj; during the calcination is beneficial to the formation of new
pores because of the release of the generated ammonia [36]. The
pore size distribution calculated by the Barrett-Joyner-Halenda
(BJH) method in Fig. 2i and Fig. S4b, Supplementary information
shows that mesopores exist in both VO-C and V,03-C. While VO-C
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has higher percentage of pores with diameter less than 3.5 nm,
indicating the releasing process of ammonia created small pores.

SEM images in Fig. 3a, b revealed that the product consists of
nanoparticles with diameters of less than 50 nm, which are smaller
compared that in the un-calcined precursor (about 80 nm, as
shown in Fig. S5, Supplementary information). Furthermore, serious
aggregation of the nanoparticles can be observed in the precursor
because of the large amounts of carbon coating. While after calci-
nation, each nanoparticle can be clearly observed. TEM images of
the precursor (Fig. S6, Supplementary information) and VO-C
(Fig. 3c—f) revealed the presence of mesopores. TEM images of
VO-C also show that the diameter of V,03 nanoparticles highly
dispersed in the amorphous carbon is in the range of 7—30 nm, in a
good agreement with the data calculated from XRD patterns
(25.8 nm). Two different phases are also distinguished in HRTEM
(Fig. 3f). The phase with obvious lattice is assigned to well crys-
tallized V503, with inter-laminar spacing of 0.247 nm, corre-
sponding to (11 0) plane. The amorphous carbon shows no lattice
fringes, in consistent with no peak of carbon in XRD patterns. All
these data indicated that VO-C are successfully synthesized, in
which well crystallized V,03 nanoparticles are highly dispersed in
amorphous carbon.

3.2. Electrochemical properties of VO-C

The electrochemical performance of the synthesized VO-C as
electrode material for supercapacitors was measured in a three-
electrode experimental system. CV curves collected at different
scan rates are shown in Fig. 4a. Two pairs of redox peaks can be
observed when the scan rate is 5mV s~ as shown in Fig. S7, Sup-
plementary information. While as the scan rate increases, the redox
peaks shift slightly, indicating the increasing degree of electrode
polarization. The redox peaks still exist when the scan rate in-
creases to 100 mV s, suggesting a good ionic and electronic con-
duction [1]. The charging mechanism of VO-C can be further
analyzed by the following equation [49,50]:

i—ab (7)

in which i is the peak current, v is the scan rate, a and b are both
adjustable parameters. If b=0.5, the electrochemical process is
totally controlled by the bulk diffusion process, which means that
the electrode material is typical battery-type. Whereas b=1 in-
dicates a surface reaction-controlled capacitive behavior. The b

value can be calculated by evaluating the logarithm and linear
fitting of i and v, as shown in Fig. 4b. In this case, the slope of log(i) —
log(v) plot of the VO-C electrode peaks (marked with arrow in
Fig. 4a) is 0.931, which is close to 1, demonstrating a hybrid charge
storage mechanism. As amorphous carbon shows negligible
double-layer capacitance (Fig. 4d), most of the capacitance arises
from the pseudocapacitance of V03 [11,35]. To further investigate
the charge storage mechanism of V,,0s, ex-suit XRD patterns of the
initial electrode and electrodes after 2 cycles of CV at a scan rate of
5 mV/s were taken, as shown in Fig. S8, Supplementary information.
No significant change was observed, suggesting there is neither the
formation of new phase nor disappearance of existing phase during
the charge-discharge process. While compared with the initial and
charged to 0.3V electrodes, the peaks of the electrode discharged
to —1V have a slight shift to the left at high angles (insert Fig. S8),
which indicates a subtle expansion of lattice constants, and sug-
gests the redox reactions are likely due to the intercalation reaction.
The intercalation pseudocapacitance is imply referred to the
capacitance arising from intercalation redox reaction in the bulk
material, while its kinetics is limited by surface reaction process
instead of the diffusion of ions in the bulk material. The shift of
peaks is not obvious in this work because Li™ is much smaller than
K*, leading to a less expansion of lattice [42,51]. Besides, the
Coulomb attraction force between inserted Li cations and O anions
in the host crystal would counter act the expansion of the lattice
space. The inferred electrochemical redox reaction is as follow:

V503 +xLiT +xe =LixV,03 (8)

Though the intercalation pseudocapacitance is generated by the
battery-type intercalation/de-intercalation of electrolyte ions in the
interlayer of crystalline V503, which can be proved by the redox
peaks in the CV curves, the kinetics of this process is predominantly
surface reaction controlled and similar to the pseudocapacitive
behavior [11]. For comparison, CV curves of VO+C at different scan
rates are also measured, as shown in Fig. S9, Supplementary infor-
mation. The peaks displacement is more pronounced as compared
with that of VO-C. Moreover, the b value of the same redox peaks in
VO+C is 0.635 (Fig. 4b), indicating a slow diffusion rate. The
excellent diffusion rate in VO-C is attributed to the special structure
of the composites. First, the open, layered structure of crystalline
V,03 enables fast ion diffusion on the 2-D plane. Second, the highly
dispersed V,03 nanoparticles provide large interface between the
active material and the electrolyte, which can shorten the pathway

Fig. 3. SEM images (a, b) and TEM images (c-f) of the synthesized VO-C.
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of ion diffusion. Third, highly porous carbon matrix provided
minimized electric polarization. All these factors led the extremely
fast ion diffusion rate in the electrode material, so the kinetics of
the energy storage process is predominantly pseudocapacitive.
The EIS of VO-C is shown in Fig. 4c. The high slope of the Nyquist
plot of VO-C at low frequencies indicates fast diffusion of ions in the
active material [27]. The calculated ion diffusion coefficients of VO-
C, VO-+C and commercial V503 using equation (1) are 1.02*10° 1,
3.65*10° 12 and 1.26*10 2 cm? s}, respectively. The fitting of Z'-
w2 is shown in Fig. S10, Supplementary information. This result
indicates that physically mixed with amorphous carbon can only
improve the ion transfer rate slightly, even though the synthesized
carbon has a large surface area of 367.4m?g~" (Fig. S11, Supple-
mentary information). In high frequencies, the intersection of the
plot at x-axis represents the equivalent series resistance (Rs). The R
of VO-C is about 0.34 ©, which is lower than that of VO+C (1.68 Q)
and commercial (2.02 Q), revealing the lowest intrinsic resistance
of the composites [52]. The semicircle that represents the charge
transfer resistance (Ry) is negligible in VO-C; while an obvious
semicircle occurred in VO+C, demonstrating the surface modifi-
cation played a pivotal role in the acceleration of electron transfer

in the composites. Oxygen vacancies could facilitate the electron
transfer by narrowed the band gap of the metal oxides [53,54]; the
low valence vanadium ions (divalent) induced simultaneously
when oxygen vacancies are formed to maintain the electro-
neutrality are likely to introduce the hoping conduction. Besides,
the V-C bond at the interface allows the unobstructed pass of
electron between these two compositions. While though VO+C
consists of the same composition, the physical mixing of VO and C
would not improve the conductivity, but created barriers among
V405 particles, leading to a larger R than that in pure V,03. Low
resistance, excellent ion and electron transfer efficiency would lead
to a significantly enhanced specific capacitance, as shown in Fig. 4d
and inset of Fig. 4f.

The GCD curves of VO-C collected at various current densities
are shown in Fig. 4e. The specific capacitance of the electrode
calculated according to equation (2) is 458.6Fg ' at a current
density of 0.5 Ag~!, which is much higher than the reported V;0s3
and carbon composites (as shown in Table 1), and comparable with
that of MoS, coated V,03 composite (485 Fg~! at 0.5Ag™ 1) [55]. A
synergistic effect exists between vanadium oxides and moderate
amount of carbon, which can significantly improve the specific

Table 1

Comparison of the electrochemical performance of V,03/C composites with important literature reports.
Types of V203 material Electrolyte Specific capacitance Cyclic performance References

[Fg'

VO-C nanocomposites 5M Licl 458,05A¢g ! 86% after 1000 cycles This work
V,0-@C core-shell nanorods 5M LiCl 228,05Ag " 81% after 1000 cycles [36]
V105 nanoflakes @C composites 1M NaNOs 205, 005Ag ! 76% after 500 cycles [35]
V,03/N-rGO composites 1M Na,S0,4 206, 1TmAcm 2 - [56]
V,0:@C core-shell composites 1M Na,S0,4 180, 05A¢g™! 39.7% after 100 cycles [57]
V203@C core-shell nanorods 1M Na,yS0, 192, 1Ag ! 66% after 1000 cycles [58]
V»05 nanofoam @ € composites 1M NaNOs 185, 0.05Ag ! 49% after 100 cycles [59]
V,03-MWOCNT composites 0.5 M Na,S0, 147, 2mVs ' 78% after 1000 cycles [60]
V103/V0,/C composites 1M KNO3 171,0.1Ag ! - [61]
MoS, coated V205 composite 1M NayS0, 485,05Ag ! - [55]
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capacitance of the composites as suggested in literature [31,51].
Though the amorphous carbon exhibits a quite low capacitance
(5Fg! at 1Ag™}, as shown inset Fig. 4f), it can provide efficient
pathways for the conductivity of the active material [34,36] and
result in a much higher specific capacitance than pure V,03
(99Fg~! at 1Ag™"). When the current densities are 1, 2, 5 and
10A g |, the corresponding specific capacitances are 404.7, 254.6,
188.6 and 147.1 Fg~}, respectively. Incremental IR drop is observed
at high current densities, confirming the good conductivity of the
electrode, which is consistent with the EIS results.

Cycling stability of the electrode was measured at a scan rate of
100mVs . The capacitance suffers a rapid decline to 90.7% of the
initial capacitance after 40 cycles (Fig. 4f) which might be ascribed
to some irreversible electrochemical process. Then the capacitance
represents a slightly fluctuating decline to 86% of the initial
capacitance after 1000 cycles and 75.6% after 2000 cycles, which is
a satisfactory performance compared with other vanadium oxides-
based materials, especially those in aqueous electrolytes [62—64].
Vanadium oxides species usually suffer poor cycling stabilities
because of their unavoidable dissolution in aqueous solutions [65].
The initial release rate of V503 is about 3.5*10 2 mmolm 2h~!
when the PH is 7 (5 M LiCl) [66]. The carbon coating could enhance
the stability of V03 nanoparticles by avoiding the structure
degradation and limited the direct contact between V,03 and
aqueous electrolyte without affecting the ion transfer. However, the
slow dissolution of V03 can still proceed and lead to slow capac-
itance decay [67]. The degradation of layered structures during the
ions intercalation/de-intercalation in the cycling process is another
reason for the irreversible capacity loss of vanadium oxides [68].

3.3. Electrochemical performance of ASC devices

Flexible asymmetric supercapacitors (ASCs) were assembled by
combining the electrodes of VO-C and active carbon, as shown inset
Fig. 5¢. CV curves of the ASC device measured at different scan rates
in the potential range of 0—0.7 V (shown in Fig. 5a) exhibit quasi-
rectangular shapes without severe distortion even at a high scan
rate of 100 mV s~ suggesting the excellent capacitive behavior of
the device [69]. The areal capacitances calculated from the CV
curves collected at 5, 10, 20, 50, 100 mV's ' are 262, 220, 183, 141
and 113 mFcm 2, respectively. The Ragone plot of the device
(Fig. 5b) shows that the ASC device exhibits a maximum energy
density of 0.145Whm 2 and a corresponding power density of
1.43W m~? at a current density of 0.5 mA cm 2. The Nyquist plot of
the device is shown in Fig. S12, Supplementary information. At low
frequencies, the high slope confirms the excellent rate of ion
diffusion in the bulk of electrode material, which is consistent with
the result of a three-electrode system [70]. As the R; of the system is
determined not only by the intrinsic resistance of active materials,
but also by the resistance of the electrolyte, the higher R¢ (2.7 Q) of
the device compared with the result in three-electrode could be
attributed to the increasing electrolyte resistance because of the
addition of PVA [ 71]. However, the small increase of R suggests the
addition of PVA did not have much influence on the interface
conductivity of the electrolyte and the electrode materials.

The mechanical flexibility of the device is proven by testing the
CV curves of the device at different bend conditions, as shown in
Fig. 5¢. The capacitances are almost constant while bending the
device, demonstrating the device is flexible. A red light emitting
diode (LED) was lit by a series of four devices in order to reach the
standard voltage of the LED, as shown inset Fig. 5d and in Fig. S13,
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Fig. 5. Electrochemical performance of the ASC device assembled by VO-C//AC: (a) CV curves collected at different scan rates; (b) the Ragone plot; (¢) capacitance retention of the
VO-CJ/AC device measured under different bend conditions, inset is a schematic illustrating the configuration of the ASC device; (d) cycling performance measured at 100 mv's ! for
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Supplementary information. The LED illuminated for more than
180 s, indicating the assembled ASCs function well in practical ap-
plications. Cycling performance of the devices is measured by CV at
a scan rate of 100 mVs~!, and the calculated result is shown in
Fig. 5d. Similar to the phenomenon observed in the three-electrode
system, the device also suffers a rapid decline of over 15% at the first
500 cycles. Then a slow reduction can be observed in the next 1500
cycles with a whole retention of 73.9% after 2000 cycle. All the
above analyses reveal that VO-C can be a promising electrode
material for supercapacitors in practical application.

4. Conclusions

V03 nanoparticles highly dispersed in amorphous carbon
composites were designed and synthesized through the calcination
of fabricated (NH,4),V30g/C composites using NH4VO3 and glucose
as the vanadium and carbon sources, respectively. The resulting
VO-C composites composed of nanocrystal V,03 with surface de-
fects highly dispersed in porous amorphous carbon. The energy
storage mechanism was studied. The composites exhibited a high
intercalation pseudocapacitance of 458.6Fg~! at 0.5A¢g™! due to
the unique highly dispersed microstructure, and the high ion
diffusion and charge transfer rate attributed to the promoted sur-
face properties of V,05. The composites exhibited an excellent
cycling stability with a retention of 86% after 1000 cycles in
aqueous electrolyte. The flexible ASC device assembled by VO-C
and active carbon was characterized. This work suggests that
V503 can be a promising electrode material for supercapacitors
with excellent electrochemical properties. Meanwhile, creating
surface defects at the interface of the composite can significantly
enhance its electrochemical properties by improving the conduc-
tivity of the composites. The work also proves that employing a
highly dispersed architecture is an effective way to realize the high
utilization of metal oxides, thus improving the specific capacitance
and stability of the active material.
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