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ABSTRACT: To push the energy density limit of asymmetric supercapacitors
(ASCs), a new class of anode materials is needed. Vanadium nitride (VN) holds
great promise as anode material for ASCs due to its large specific capacitance,
high electrical conductivity, and wide operation windows in negative potential.
However, its poor electrochemical stability severely limits its application in SCs.
In this work, we demonstrated high energy density, stable, quasi-solid-state ASC
device based on porous VN nanowire anode and VO, nanowire cathode for the
first time. The VO,//VN-ASC device exhibited a stable electrochemical window
of 1.8 V and excellent cycling stability with only 12.5% decrease of capacitance
after 10 000 cycles. More importantly, the VO, //VN-ASC device achieved a high
energy density of 0.61 mWh cm™ at current density of 0.5 mA cm™> and a high
power density of 0.85 W cm™ at current density of S mA cm™. These values are
substantially enhanced compared to most of the reported quasi/all-solid-state SC
devices. This work constitutes the first demonstration of using VN nanowires as
high energy anode, which could potentially improve the performance of energy storage devices.
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Despite great progress having been made in improving the
capacitance of cathode materials, the anode material is rarely
studied. Carbon-based nanomaterials are commonly used as
anode in ASCs because of their high surface area, excellent
electrical conductivity, and large power density.” 2161819
However, the low specific capacitance of carbon materials
severely limits the energy density for ASCs. It is highly desirable
to explore new anode materials. Metal oxide based anodes such
as MoO;_,'” and iron oxide® have shown much higher energy
density than carbon-based materials; however, they suffered
from limited power density due to their poor electrical
conductivities. Vanadium nitride (VN) holds great promise as
anode for ASCs due to its large specific capacitance (1340 F
g™') and high electrical conductivity (opy = 1.67 X 10°
Q'm™). More importantly, VN has a suitable working
window in negative potential for anode.”' ™ Yet, VN anode is
electrochemically instable in aqueous solution due to the

As the electricity consumption by electronic devices and
electric vehicles continues to grow, it urges the develop-
ment of novel energy storage devices with high power and
energy density.'~® Flexible quasi/all-solid-state supercapacitors
(SCs) are emerging as one of the most promising energy-
storage devices due to their outstanding properties such as high
power density, fast charge/discharge capability, light weight,
ease of handing, and excellent reliability over a wide range of
operating temperatures.” > These unique features enable them
to be potentially used as power sources for portable and flexible
electronics, paper-like personal gadgets, and miniature bio-
medical devices, etc.'>~'°> However, for practical applications, it
is essential to increase the energy density and operating voltage
of quasi/all-solid-state SCs, without sacrificing the device power
density and cycle life. A promising strategy to increase the
energy density and cell voltage is to develop asymmetric quasi/

all-solid-state supercapacitors (ASCs).””'*!” ASCs are mostly
consisting of a battery-type Faradic electrode (cathode) as
energy source and a capacitor-type electrode (anode) as power
source.””'""” ASCs take advantage of different potential
windows of the two electrodes to increase the device operating
voltage (up to 2.0 V) and hence significantly improve the
energy density.
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irreversible electrochemical oxidation reaction of forming
vanadium oxide (VO,) on the surface.”>”** While the formed
VO, is electrochemically active and could improve the
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Figure 1. (a) Digital micrograph of carbon cloth substrates coated with VO, and VN nanowires. (b) SEM image of VO, nanowires grown on carbon
cloth substrate. Inset: magnified SEM image of the nanowires. (c) TEM image of a VO, nanowire. Inset: corresponding SAED pattern. (d) SEM
image of VO, nanowires thermally annealed in ammonia (VN nanowires). Inset: magnified SEM image of the nanowires. () TEM image of a
porous VN nanowire. Inset: corresponding SAED pattern. (f) Magnified TEM image collected at the edge of the porous nanowire. Inset: lattice-

resolved TEM image.
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Figure 2. (a) CV curves and (b) specific capacitance of VN nanowire electrode collected at various scan rates. (c) Cycling performance of single VN
electrode and symmetric VN SC devices collected at a scan rate of 100 mV s~ for 10 000 cycles in 5 M LiCl aqueous electrolyte and LiCl/PVA gel
electrolyte. (d) Volumetric capacitance calculated from the galvanostatic charge—discharge curves as a function of current density in LiCl aqueous
electrolyte and LiCl/PVA gel electrolyte. (e) SEM image of VN nanowires embedded in LiCl/PVA gel electrolyte after testing for 10 000 cycles. (f)
Core level V 2p XPS spectra collected for VN nanowires before and after testing for 10 000 cycles in LiCl aqueous electrolyte and LiCl/PVA gel
electrolyte. Empty circles are the experimental results. The red curves are the summation of the fitting curves (dashed curves).

electrochemical performance of VN and prevent VN surface
from further oxidation, VO, is soluble in aqueous solution. The
poor electrochemical stability of VN causes severe cagacitance
loss during charging/discharging cycling process.”"*® For
instance, VN nanoparticles grown on carbon nanotubes
retained about 60% of their initial capacitance after 600 cycles
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in 1 M KOH electrolyte.”* Nanocrystalline VN electrode with
an ultrahigh specific capacitance of 1340 F g™' has been
recently developed. However, it retained 90% of its initial
capacitance after 1000 cycles in 1 M KOH solution.”!

In this work, we demonstrated high energy density,
asymmetric quasi-solid-state supercapacitors based on porous
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VN nanowire anode. Anode based on porous VN nanowire
arrays grown on carbon cloth substrate not only offers good
conductivity and high surface area but also avoids the use of
binder. The stability of the VN nanowire anode was
significantly improved by using a LiCl/PVA gel electrolyte,
which retains more than 95% of initial capacitance after 10 000
cycles. The success of stabilizing VN nanowires in a LiCl/PVA
gel electrolyte also offers new opportunities in design and
fabrication of high-performance ASC devices. Here we
demonstrate a quasi-solid-state ASC device based on VN
nanowire anode and VO, nanowire cathode achieved a
remarkable volumetric energy density of 0.61 mWh cm™,
which is higher than most of reported quasi and all-solid-state
§Cs LS912,13,162627

Porous VN nanowires were fabricated through a two-step
approach. First, VO, nanowires were grown on a carbon cloth
substrate by the hydrothermal method reported elsewhere
(Experimental Section, Supporting Information),*® followed by
postannealing in ammonia at 600 °C for 1 h. The digital image
(Figure 1a) shows that carbon cloth substrates covered by VO,
and VN nanowires are green and black in color. The
hydrothermal growth method enables uniform growth of
nanowires over the entire substrate. Scanning electron
microscopy (SEM) images reveal that individual carbon fibers
were uniformly wrapped by interlaced VO, nanowires (Figure
1b). The average diameter of VO, nanowires is between 300
and 800 nm, while the length is up to tens of micrometers. The
transmission electron microscopy (TEM) image shows that the
VO, nanowire is uniform in diameter with smooth surface.
Selected area electron diffraction (SAED) diffraction pattern
confirmed that the VO, nanowire is a single crystal (Figure 1c).
Powder X-ray diffraction (XRD) analysis proved that the VO,
nanowires were successfully transformed into cubic VN
nanowires (Figure S1, Supporting Information). The SEM
image (Figure 1d) shows that the nanowire-like morphology
was essentially preserved after nitridation. Interestingly, TEM
studies further revealed that the VN nanowires are single
crystalline porous structures (Figure le). The lattice-resolved
TEM image collected at the edge of the porous structure
revealed a lattice fringe of 0.239 nm that is consistent with the
d-spacing of (111) plane of the cubic VN structure.

The electrochemical properties of the porous VN nanowires
were examined in a three-electrode cell using S M LiCl aqueous
solution as electrolyte, a Pt wire as counter electrode, and an
Ag/AgCl electrode as reference electrode. The mass loading of
VN nanowires on carbon cloth was about 0.71 mg cm ™. Figure
2a shows the cyclic voltammograms (CV) collected for porous
VN nanowire electrode in a potential window between —1.2
and 0 V at different scan rates. The CV curves present
essentially the same shape as the scan rate increases from 10 to
100 mV s7', indicating the good capacitive behavior of VN
nanowires. The VN nanowire electrode achieved an excellent
specific capacitance of 298.5 F g™* (for detailed calculation see
Supporting Information) at the scan rate of 10 mV s™" (Figure
2b), which is substantially higher than that of conventional
carbon-based electrodes™”***” as well as recently reported VN
nanostructured electrodes.”>™>>*® Furthermore, VN electrode
exhibited excellent rate capability, with a retention rate of 71.5%
when the scan rate increased from 10 to 100 mV s, which is
higher than that of nanocrystallne VN particles®** and
comparable to other VN nanostructures.”>**** The superior
electrochemical performance of VN nanowires can be
attributed to the large accessible surface area of the porous
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structure, low interfacial resistance as a result of direct contact
between carbon cloth substrate and VN nanowires (without the
need of binder). However, the VN nanowire electrode suffered
from a poor cycling stability in aqueous solution, which is
consistent with the previous studies.”> >° As shown in Figure
2¢, the capacitance of VN electrode decreases continuously in
aqueous solution, and only about 10% of the initial capacitance
was retained after 10 000 cycles. XPS analyses indicated that the
VN nanowires were oxidized to VO, after cycling measurement
(Figure 2f and Figure S2). Moreover, the insertion/extraction
of Li* into cubic VN would lead to the formation of a solid
solution since the cubic VN does not have rigid layered
structure, and it seems not likely for the structural recovery of
the cubic phase from the solid solution.*"** In addition, SEM
images revealed the coverage of nanowires on carbon cloth
substrate was significantly lower after 10 000 cycles (Figure S3).
Therefore, the instability of VN electrode was due to
irreversible oxidation reaction, irreversible phase change, and
the detachment of nanowires from substrate. It is clear that a
substantial improvement of the electrochemical stability of VN
nanowires is needed.

Our strategy to improve the stability of VN nanowires was to
use LiCI/PVA gel electrolyte. We have recently demonstrated
that LiCl/PVA gel electrolyte can prevent the chemical
dissolution of vanadium oxides by minimizing the water
content and avoid structure pulverization of vanadium oxides
by holding the direct contact between electrochemically active
materials and substrate during cycling.”® We hypothesized that
this neutral gel electrolyte with limited amount of water can
also effectively suppress the electrochemical oxidation reaction
of VN nanowires and increase their mechanical stability. We
fabricated SSCs based on the as-prepared VN nanowires
(Experimental Section) and investigated their cycling stability
in both a 5 M LiCl aqueous solution and a LiCI/PVA gel
electrolyte. Significantly, the LiCl/PVA gel electrolyte prom-
inently improved the stability of VN electrode, with an
extremely high capacitance retention of 95.3% after 10 000
cycles (Figure 2c). This is the best cycling performance
reported for VN nanostructures. More importantly, the VN
electrode measured in LiCl/PVA gel electrolyte and S M LiCl
aqueous electrolyte showed similar electrochemical behavior
(Figure S4) and volumetric capacitance (Figure 2d and Figure
SS; for a detailed calculation see Supporting Information) at
various current densities, indicating the ion diffusions are
equally efficient in both electrolyte medium. Electrochemical
impedance spectroscopy measurements further showed that the
corresponding time constant t, (=1/f,) for the VN SSCs with
gel electrolyte is 0.27 s, which is comparable to the value of 0.38
s obtained in aqueous electrolyte (Figure S6; for details see
Supporting Information). These rapid frequency responses
obtained for the VN SSCs support the efficient mass transport
in both gel and aqueous electrolyte. Furthermore, there is no
obvious change in the nanowire morphology after testing for
10000 cycles (Figure 2c). Core level V 2p and N 1s spectra
also showed that the compositional modification of VN
electrode was minor (Figure 2f and Figure S2). These results
confirmed our hypothesis that the LiCl/PVA gel electrolyte can
effectively suppress the irreversible oxidation reaction and
structural pulverization of VN nanowires, without sacrificing
their electrochemical performances.

The success of stabilizing VN nanowires in the LiCl/PVA gel
electrolyte offers new opportunities in using VN nanowires as
high energy anode (vs conventional carbon materials) for

dx.doi.org/10.1021/nl400760a | Nano Lett. 2013, 13, 2628—2633
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Figure 3. CV curves collected for VN and VO, nanowire electrodes at a scan rate of 10 mV s™". (b) Volumetric capacitance and energy density
calculated for the VO,//VN-ASC device based on galvanostatic charge—discharge curves collected at 4 mA cm™2 as a function of potential window.
(c) Volumetric capacitance and specific capacitance calculated for the VO,//VN-ASC device based on the galvanostatic charge—discharge curves as a
function of current density. (d) Capacitance retention of the VO,//VN-ASC device measured at different bent conditions. Insets: pictures of the

device.

ASCs. We fabricated ASC devices by using VN nanowires as
anode and VO, nanowires as cathode (denoted as VO,//VN-
ASC). CV curves and specific capacitance for VO, nanowires
collected at different scan rates are shown in Figure S7. In order
to obtain the maximum performance of the ASC device, the
charge between the positive and the negative electrodes should
be balanced.'”"” The mass ration between the VO, electrode
and VN electrode is about 1.65:1 (for details, see the
Supporting Information). Taking advantage of the different
potential windows of VN and VO, electrodes (Figure 3a), it
was expected that the operating cell potential can be extended
to 2.2 V when they are assembled into ASCs. However, a
Faradic reaction was observed in the CV and charge—discharge
curves beyond the potential of 1.8 V (Figure S8). This Faradic
reaction could be ascribed to the electrochemical oxidation of
VN electrode. When the ASC devices were tested in the
potential windows of 2 and 22 V for 10000 cycles, their
capacitances dropped more than 61% and 84%, respectively
(Figure S9). In contrast, the ASC device exhibited excellent
cycling stability with only 12.5% decrease of capacitance after
10000 cycles, when it was operated in a potential window
between 0 and 1.8 V. The cell capacitance depends on the
capacitance of VN anode and VO, cathode.”'” The capacitance
of VN nanostructured electrode is a combined contribution of
electrical double-layer capacitance and pseudocapacitance due
to the Faradic reactions occur on the surface of VN.*"***° XP§
analyses (Figure 2f) revealed the presence of a small amount of
vanadium oxide and vanadium oxynitride on the VN nanowire
surface. Therefore, the possible Faradic reations in LiCl
electrolyte can be described as follows:
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V,

X

+ - +
+2y/3NxOy +zM" + ze < \/x+(2y—z)/3NxOyMzz
(M* = Lit, HY)

For the VO, cathode capacitance, it mainly arises from the
pseudocapacitance due to reversible redox transitions involving
the insertion/extraction of protons and/or Li* ions as well as
the transitions between different valence state of V.>*** The
possible reaction mechanism is expressed as follows:

VO, + yM* + ye~ & V,._ O

e, QM T (MT = Li", HY)
To confirm this mechanism, more detailed investigations are
needed, which is not the scope of this work. Figure 3b shows
the volumetric capacitance (based on the volume of the entire
device) of the ASCs measured at 4 mA cm™> at different
operation potentials from 0.8 to 1.8 V. As expected, the
volumetric capacitance dramatically increases from 0.65 to 1.1 F
cm™ as the operation potential increases from 0.8 to 1.8 V.
Meanwhile, the volumetric energy density of the ASC was also
greatly improved from 0.057 to 0.50 mWh cm™ with an
enhancement more than 800%.

To further study the electrochemical performance of the
ASC device, CV curves and galvanostatic charge—discharge
curves were collected for the VO,//VN-ASC device at various
scan rates and current densities, in a range of potential windows
between 0 and 1.8 V. These CV curves exhibited rectangular-
like shapes without obvious redox peaks, even at a scan rate of
200 mV s~', indicating outstanding capacitive behavior and fast
charge/discharge property (Figure S10). Additionally, the
triangle shape of charge—discharge curves also confirmed the
excellent capacitive behavior of the ASC device (Figure S11).
The ASC device achieved a volumetric capacitance (based on
the volume of the entire device) of 1.35 F cm™ (60.1 F g7/,

dx.doi.org/10.1021/nl400760a | Nano Lett. 2013, 13, 2628—2633
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based on the total mass of active materials) at current density of
0.5 mA cm™?, which is considerably higher than the values
obtained from recently reported quasi/all-solid-state SSCs and
ASCs at the same current density (Figure 3¢). 521213152627
The ASC device also demonstrated a remarkable rate capability,
which retained about 74.7% of the initial capacitance (1.01 F
cm™3, 449 F g7') as the scan rate increased from 0.5 to S mA
cm™2. Moreover, the ASC device has excellent mechanical
flexibility. The folding and twisting of the device do not affect
its electrochemical performance (Figure 3d), which ensures it
to be potentially used as flexible energy storage device.
Energy density and power density have been widely used to
evaluate the performance of SCs. Figure 4 compares the
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Figure 4. Ragone plots of the quasi-solid-state VO,//VN-ASC devices
measured in the gel electrolyte. The values reported for other SC
devices are added for comparison.">%'317%7

volumetric power and energy densities of the VN-SSCs and
VO,//VN-ASCs reported in this work to the values reported
for other quasi/all-solid-state SCs (for detailed calculation, see
the Supporting Information). The Ragone plot shows that the
energy density and power density of the VO,//VN-ASC device
are considerably higher than those of VN-SSC devices
measured at the same current density. For instance, the
VO,//VN-ASC device achieved a remarkable volumetric
energy density of 0.61 mWh cm™ at current density of 0.5
mA cm™?, which is 7 times higher than that of the VN-SSC
device (0.079 mWh cm™). Significantly, the volumetric energy
density of the VO,//VN-ASC is also substantially higher than
those of recent reported quasi/all-solid-state SCs,">!514%7
such as TiN-based SSCs (0.045 mWh cm™, PVA/KOH),"
graphene-based SSCs (0.06 mWh cm™, PVA/H,PO,),'
MnO,/carbon particles (CNPs)-based SSCs (0.09 mWh
ecm™3, 0.5 mA cm~2, PVA/H;PO,),”> and hydrogenated
TiO,@MnO,//TiO,@C-based ASCs (0.30 mWh cm™3, 0.5
mA cm %, PVA/ LiCl).9 More importantly, the VO,//VN-ASC
device also exhibit a superior power density 0.85 W cm™ at
current density of S mA cm™?, which is higher than those values
reported for most of quasi/all-solid-state SSCs>'>*” and
ASCs.”'%' Moreover, the VO,//VN-ASC device achieved a
maximum specific energy density of 2.1 Wh kg_l, which is also
considerably higher than others solid-state SCs.>”'>'>'> B
minimizing the thickness of the electrolyte and the carbon cloth
substrate, the performance based on total mass of ASC device
can be further improved.
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In summary, an effective strategy has been developed to
stabilize VN nanowire anode without sacrificing its electro-
chemical performance by using LiCl/PVA gel electrolyte. By
suppressing the oxidation reaction and structural pulverization,
the VN nanowire electrode exhibited remarkable cycling
stability in LiClI/PVA gel electrolyte with a capacitance
retention of 95.3% after 10000 cycles, which is much higher
than that (14.1%) obtained in S M LiCl aqueous electrolyte.
Significantly, we have successfully demonstrated a high
performance ASC device based on the stabilized VN nanowire
anode and VO, nanowire cathode. The VO,//VN-ASC device
achieved a maximum energy density of 0.61 mWh cm™ at
current density of 0.5 mA cm™ and a maximum power density
of 0.85 W cm™ at current density of 5 mA cm™2 These values
are substantially enhanced compared to most of the reported
quasi/all-solid-state SC devices. This work constitutes the first
demonstration of using VN nanowires as high-energy anode,
which could potentially improve the performance of energy
storage devices.
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Synthetic and analytical methods, capacitive equations, SEM
images, XPS and XRD spectra, EIS spectra, CV, charge/
discharge curves, and Ragone plot. This material is available
free of charge via the Internet at http://pubs.acs.org.
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