Open Access Article. Published on 14 July 2020. Downloaded on 3/14/2026 2:27:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
Advances

W) Check for updates ‘

Cite this: Nanoscale Adv., 2020, 2,
3865

Received 12th April 2020

I ROYAL SOCIETY
PPN OF CHEMISTRY

Fabrication of a vanadium nitride/N-doped carbon
hollow nanosphere composite as an efficient
electrode material for asymmetric supercapacitorsy

*a

Xin Jiang,® Wei Lu,}? Xiaodan Yu,® Shuyan Song {2° and Yan Xing

Low-cost materials and facile processes to obtain novel electrode materials for assembling asymmetric
supercapacitors (ASCs) are urgently needed. Herein, a vanadium nitride/nitrogen-doped carbon
nanosphere (VN/NCS) composite composed of VN nanoparticles and N-doped carbon (NC) covering the
surface of VN has been prepared by the nitridation of a V,03/C nanocomposite. The hollow VN/NCS
composite with a mesoporous structure and the dispersion of VN NPs in N-doped carbon result in a VN/
NCS composite with good electrochemical behavior. Moreover, the N-doped carbon layer on the
surface of VN effectively inhibits the oxidation of VN during cycling in an alkaline electrolyte. With the
VN/NC composite utilized as a novel active electrode material for SCs, good rate capability, specific
capacitance, and cycling stability are exhibited. Strikingly, using the VN/NCS composite as a negative
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1. Introduction

The excessive consumption of nonrenewable energy and the
ever-growing demand for portable electronics have triggered
a great deal of scientific exploration into novel energy storage
devices with high power and energy densities." Super-
capacitors (SCs) have been propelled to the forefront of the field
of energy storage due to their considerable merits, such as their
high power densities, long cycle lives, fast recharging capabil-
ities, and environmental benignness.*® Nevertheless, the low
energy density of SCs severely hinders the commercialization
process.”® Therefore, an effective strategy to enhance the energy
density while ensuring the power density of SCs is urgently
needed. According to the function, E = 0.5CV?, the energy
density (E) of SCs can be enhanced by designing a novel nano-
scale electrode material with a favorable specific capacitance
(C) or broadening the voltage window (V) of SCs.**° The
assembly of asymmetric supercapacitors (ASCs) is considered
a promising pathway to take full advantage of the voltage
windows of both the positive and negative electrodes. As ASC
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its precursor, the V,03/C composite,

as a positive electrode, an asymmetric

supercapacitor (ASC) device, with a good energy density of 19.8 W h kg™t at 801 W kg~* and a short
charging time of 89 s, was assembled.

devices are operated at a wide voltage window (up to 2.0 V), an
improved energy density could be achieved.*

Strikingly, as a novel negative material for SCs, vanadium
nitride (VN) has dominated current research because of its high
specific capacitance (1340 F g~ '), which is higher than that of
carbon-based materials. In addition, VN shows better electrical
conductivity (1.67 x 10° S m™") than transition metal
oxides,”” ™ hydroxides, and sulfides.>*"*° Nevertheless, the
poor stability of VN in alkaline electrolytes always leads to rapid
capacitance fading.”**° Recently, Ahn et al. reported a novel VN/
CF structure, with VN nanoparticles (NPs) encapsulated in
carbon fiber networks. The structure showed an outstanding
specific capacitance of 800 F ¢~ at a current density of 4 A g™ .
Moreover, the assembled VN/CF//Ni(OH), ASC device exhibited
a favorable energy density and cycling stability.”* In addition, an
intercalation structure with VN NPs incorporated into the GO
layer was prepared by Ran et al. The obtained VN/GO displayed
a good specific capacitance of 109.7 F g " and excellent cycling
stability of 93% capacitance retention after 5000 cycles.”” Gao
et al. reported a remarkable strategy for the synthesis of a hybrid
electrode composed of VN nanodots intercalated in carbon
nanosheets, which displayed a high volumetric capacitance and
a favorable cycling stability.>® Therefore, combining carbon-
based material with VN NPs is beneficial for improving the
cycling stability and specific capacitance of an electrode
material.>*>°

Based on the above considerations, in this study, a facile
template-free solvothermal strategy is utilized for the prepara-
tion of spherically structured V,03/C. Vanadium nitride/
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nitrogen-doped carbon nanosphere (VN/NCS) composites are
obtained via the further nitridation of the as-obtained V,0;/C
precursor. The as-prepared hollow VN/NC nanosphere is
composed of numerous VN NPs with a thin nitrogen-doped
carbon layer covering the surface of VN. The existence of
a nitrogen-doped carbon layer effectively suppresses the oxida-
tion of VN during cycling in alkaline electrolytes, resulting in
the improvement of the cycling stability of the electrode mate-
rial. The hollow cavity and the mesopore of the VN/NCS
composite can provide more space for effective electrolyte
penetration and rapid ion/electron transportation. Further-
more, the nitrogen-doped carbon helps to enhance the elec-
trical conductivity of the composite. In addition, low-lost
vanadium-based oxides have been considered as a class of
outstanding pseudocapacitive materials and are widely used in
energy storage in view of the rich valence states of vana-
dium.**** Thus, the V,0;/C precursor is used as a positive
electrode (0-0.5 V) for assembling an ASC device with VN/NCS
as the negative electrode (—1.1 to 0 V). The favorable electro-
chemical performance of the (+) V,03/C//VN/NCS (—) ASC device
is presented.

2. Experimental
2.1 Materials

Ammonium metavanadate (NH,VO;) was acquired from
Yongda Chemical Reagent Development Center. Glucose
(C¢H1,06) and absolute ethanol (CH3;CH,OH) were purchased
from Beijing Chemical Factory.

2.2 Synthesis of the VN/NCS composite

0.25 mol of ammonium metavanadate was dissolved in 20 mL
water and ethanol (volume ratio of 3:1) solvent mixture.
0.50 mol of glucose was added to 15 mL of water and ethanol
(volume ratio of 1:2) solvent mixture. Then, the above two
solutions were mixed together and transferred into a 50 mL
reaction kettle. The solvothermal reaction was kept at 180 °C for
12 h. After centrifugation and washing several times, the black
precipitate was dried at 80 °C for 12 h and then heated under an
N, atmosphere at 700 °C for 1 h, leading to the formation of the
V,0;/C composite. Finally, the VN/N-doped carbon nanosphere
(VN/NCS) composite was obtained by annealing the as-prepared
V,05/C nanospheres in an NH; atmosphere at 600 °C for 1 h.
For comparison, VN nanowires (VN NWs) and N-doped carbon
nanospheres (NCS) were also synthesized in the same way
without the addition of glucose and ammonium metavanadate,
respectively.

The material characterizations
measurements are given in ESL{

and electrochemical

3. Results and discussion

A novel VN/NCS nanocomposite was prepared via a facile
template-free solvothermal method and followed by an
annealing process in N, and NH; atmosphere. The details are
presented in Scheme 1. First, the V,0;/C hollow nanosphere
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Scheme1l Schematic representation of the fabrication strategy for the
VN/NCS composite.

composite was obtained via a solvothermal reaction at 180 °C,
followed by a carbon thermal reduction process at 700 °C in a N,
atmosphere, with NH,VO; as the vanadium source and glucose
as both the carbon source and the guiding agent for the
spherical structure. Then, the VN/NC nanosphere (VN/NCS)
composite was obtained via a further nitridation treatment in
an NH; atmosphere. X-ray powder diffraction (XRD) patterns of
bare VN NW, NCS, V,0;/C, and VN/NCS composites are given in
Fig. 1 and S1.7 All of the diffraction peaks in the XRD pattern of
the as-prepared V,03/C composite correspond to the V,0; phase
(JCPDS 34-0187). The diffraction peaks of the as-prepared VN
NWs at around 37.6°, 43.7°, 63.6°, and 76.3° are in good
agreement with the (111), (200), (220), and (311) planes of the
VN phase (JCPDS 73-2038), respectively. The broad diffraction
peak of the N-doped carbon sphere at around 22° is associated
with amorphous carbon.*® The VN/NCS composite shows the
diffraction peaks of both VN and the amorphous carbon phase,
indicating the coexistence of VN and N-doped carbon.
Furthermore, the surface electronic states of the as-obtained
VN/NCS composite were investigated via X-ray photoelectron
spectroscopy (XPS) (Fig. 2). The XPS C 1s spectrum can be curve-
fitted into two peaks with binding energies of 284.6 eV and
285.8 eV, which are attributed to C-C and C-N bonds, respec-
tively. The above result indicates the successful preparation of
NC.” The N 1s spectrum shows the three chemical states of N,
namely quaternary N (400.7 eV), graphitic N (401.1 eV), and
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Fig. 1 XRD patterns of the VN, NCS, and VN/NCS nanocomposites.
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Fig.2 XPS spectra of (a) C 1s, (b) N 1s, (c) O 1s, and (d) V 2p for the VN/
NCS nanocomposite.

metal N (398.7 €V).** V 2p in the XPS spectrum is divided into
three main peaks: the peak centered at 513.9 eV corresponds to
V-N, indicating the formation of VN, while the other two peaks
at 515.2 eV and 516.8 eV are assigned to V-N-O and V-O,
respectively.® In addition, the presence of V-O (530.2 eV) and
V-O-N (531.8 eV) bonds in the O 1s spectrum imply the exis-
tence of VO, on the surface of VN.>3¢

As observed in Fig. S31 and 3a—c, the VN/NCS nanocomposite
inherits a sphere-like structure from the V,0;/C precursor after
the NH; reduction treatment. The corresponding magnified
scanning electron microscopy (SEM) image (inset in Fig. 3c)
demonstrates that the VN/NCS composite has a rough surface

Fig.3 SEM images of the (a) V,03/C and (c) VN/NCS nanocomposites,
(b) TEM image, (d) HRTEM image, (e) SAED pattern, and (f) TEM
mapping images of the VN/NCS nanocomposite.

This journal is © The Royal Society of Chemistry 2020
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and a mean size of 250 nm. Without the addition of NH,VO;,
the obtained N-doped carbon nanospheres display a smooth
surface (Fig. S2at). Without the presence of glucose, only VN
nanowires can be observed in Fig. S2b,T indicating that glucose
acts as a guiding agent for the spherical structure. The trans-
mission electron microscopy (TEM) image of the VN/NCS
composite in Fig. 3b shows that the as-prepared hollow VN/
NC nanosphere is composed of ~20 nm-sized VN NPs, with
a thin N-doped carbon layer covering the surface of VN NPs. In
the HRTEM image (Fig. 3d), the lattice fringe with a distance of
0.238 nm can be ascribed to the typical (111) crystal plane of
cubic VN. In addition, the selected area electron diffraction
(SAED) pattern of the VN/NCS nanocomposite (Fig. 3e) shows
the good crystallinity of VN NPs. The TEM elemental mapping
images of the VN/NCS nanocomposite indicate that the
elements of carbon, nitrogen, and vanadium are homoge-
neously distributed throughout the nanocomposite (Fig. 3f).

The N, adsorption-desorption isotherms of the VN/NCS
nanocomposite in Fig. 4 show a typical IV isotherm with an
H;-type hysteresis loop, indicating the mesoporous feature of
the composite. The abundant mesopores with wide pore size
distributions (inset in Fig. 4) will endow the VN/NCS electrode
with more effective electrolyte penetration and rapid ion/
electron transportation, leading to good electrochemical
behavior.?”**

The capacitive properties of the VN NW, NCS, and VN/NCS
electrodes were tested on a three-electrode system in a 2 M
KOH electrolyte. As observed in Fig. 5a, the cyclic voltammetry
(CV) curve of the VN/NCS electrode shows redox peaks, which
indicate that the capacitive mechanism in VN/NCS consists of
faradaic reactions,” and the dispersion of VN NPs in N-doped
carbon results in more exposed VN active sites, leading to
a larger CV curve area than that of VN NWs and NCS. The Cy
values of the VN NW, NCS, and VN/NCS composites calculated
from the galvanostatic charge-discharge (GCD) curves (Fig. 5b)
are54Fg ', 76 Fg~',and 148 Fg ', respectively, suggesting the
favorable capacitance performance of the VN/NCS composite.
As listed in Table 1, the C; of the VN/NCS electrode is better than
that of reported metal nitride-based electrodes or carbon-based

A —v— Adsorption
; 1604 0.005 —— Desorption
- TN) 0.004
"on " ;\J\
o 1204 5 0.003 N\,\I \
g % 0.002
e ] 80 - = o001
B 0 15 30 45 60 75
15 Pore diameter (nm)
) 40
=
]
£ o
- T T T T T T
= 00 02 04 06 08 10
= .
(] Relative pressure (P/P )

Fig. 4 Nitrogen adsorption—desorption isotherms and the corre-
sponding pore size distribution curve (inset) of the VN/NCS
nanocomposite.
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Fig. 5 (a) CV curves and (b) GCD curves of the VN NW, NCS, and VN/
NCS electrodes, (c) Nyquist plots of the VN NW, NCS, VN/NCS, and
V,05/C electrodes with the equivalent circuit of the VN/NCS electrode
from impedance spectroscopic analysis and (d) long-term cycling
stability at a current density of 10 A g~* for the VN NW, NCS, and VN/
NCS electrodes.

Table 1 Comparison of the specific capacitance of the VN/NCS
electrode with that of previously reported electrodes

Current density  Specific capacitance

Samples Aag™ (Fg™ Ref.
Urchin-like VN 0.5 98.5 9

Ni/VN 0.5 143.2 11
VN/GO 1.0 109.7 22
VN/V,0;/C 0.5 138.0 24
Mo,N@PANI 0.5 111.8 40
VN/NCS 1.0 148.0 This work

electrodes.®"?**>?%* Moreover, the Nyquist plots of the VN/NCS,
VN NW, and NCS electrodes obtained via electrochemical
impedance spectroscopy (EIS), and the equivalent circuit of the
VN/NCS electrode are shown in Fig. 5¢. Cp,s and CPE refer to the
pseudocapacitive element from the redox process of VN and the
constant phase element involving the double-layer capacitance,
respectively. The Nyquist plot of the VN/NCS electrode has
a steeper slope, lower intercept with the x-axis, and smaller
semicircle loop that the VN NW and NCS electrodes. This results
in better capacitive behavior, lower intrinsic resistance (R;), and
lower charge transfer resistance (R.),*"** resulting in the better
electrical conductivity of the VN/NCS electrode compared to
that of the VN NW and NCS electrodes.”®** In addition to the
favorable capacitance performance and electrical conductivity,
the VN/NCS electrode also exhibits good cycling stability of 78%
capacitance retention at a current density of 10 A g~ after 5000
cycles. Comparatively, VN NWs show very poor stability after
a 5000 cycle test, suggesting that the NC layer on the surface of
VN is good for the cycling stability of the active electrode
(Fig. 5d). Moreover, the capacitive contribution is associated
with a fast-electrochemical process including the ion
adsorption/desorption process of NC and fast faradaic reactions
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of VN NPs.* As observed in Fig. 6, the VN/NCS electrode has
a capacitive contribution of 52%, which is much higher than
that of the NCS electrode (14%) and the VN NW electrode (18%),
indicating the good capacitance behavior of the VN/NCS elec-
trode, which may be ascribed to the synergistic effect between
N-doped carbon and VN NPs. The above results are consistent
with the CV and GCD results. Furthermore, CV and GCD tests at
various scan rates and current densities were further performed
to access the rate capability of the VN/NCS electrode. As shown
in Fig. 7a, the CV curve of the VN/NCS electrode remains its
original shape even at a high scan rate of 500 mV s~ ', implying
the excellent rate capability of the VN/NCS electrode. The GCD
curves of the VN/NCS electrode (Fig. 7c) measured at various
current densities (0.5-20 A g~ ') exhibit a nearly symmetrical
triangle, implying the good charge-discharge reversibility of the
composite electrode. In addition, the coulombic efficiency of
the VN/NCS electrode (in Fig. S4f) at a current density of
20 A g7' is 98.5%, confirming good electrochemical revers-
ibility. The favorable electrochemical properties of the VN/NCS
composite may be ascribed to the following reasons: (I) the
dispersion of VN NPs in N-doped carbon results in more
exposed VN active sites, leading to a good specific capacitance;
(I) quaternary N and graphitic N in the N-doped carbon are
beneficial for the improvement of the electrical conductivity for
the electrode material;>*® (III) the mesoporous structure and
hollow cavities of VN/NCS endow the composite electrode with
more effective electrolyte penetration and rapid ion/electron
transportation, leading to good electrochemical behavior; (IV)
the thin layer of NC on the surface of VN NPs effectively inhibits
the oxidation of VN NPs, thus producing excellent cycling
stability.

Strikingly, in our study, the V,0;/C composite is utilized not
only as a precursor for the fabrication of the VN/NCS composite
but also as a positive electrode for the assembling the ASC
device. The CV curves of the V,0;/C electrode at different scan
rates shown in Fig. 7b suggest a good rate capability for V,0;/C.
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Fig. 6 Capacitive contribution of the (a) VN/NCS; (b) NCS, and (c) VN
NW electrodes at a scan rate of 5 mV s™%; (d) capacitive and diffusion-
controlled contribution fractions of the VN/NCS, NCS, and VN NW
electrodes at a scan rate of 5mV s ..
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Fig. 7 CV curves, at various scan rates, of the (a) VN/NCS electrode
and (b) V,0/C electrode; GCD curves at various current densities for
the (c) VN/NCS electrode and (d) V,03/C electrode.

As calculated from Fig. 7d, Cs of the V,0;/C electrode is 431 F
g 'at1Ag 'anda C;0f 199 F g~ ' is maintained even at a high
current density of 20 A g~ '. In addition, the EIS test of the V,03/
C composite in Fig. 5c indicates favorable electrical
conductivity.

Based on the good electrochemical behavior of the V,05/C
positive and VN/NCS negative electrodes, an ASC device was
established. As shown in Fig. 8a, the voltage window of the (+)
V,0;/C//VN/NCS (—) ASC device could reach 1.6 V, which is
beyond that of most traditional symmetrical supercapacitors
(~1.0 V). GCD tests in various voltage windows were carried out
at1Ag ' (Fig. 8¢) and C, increased from 40 to 59 F g~ ' with the
increase in the voltage window from 1.0 V to 1.6 V owing to the
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Fig. 8 (a) CV curves of the V,03/C and VN/NCS electrodes at a scan

rate of 50 mV s~ in a three electrode system with 2 M KOH as the
electrolyte. The electrochemical performances of the assembled ASC
device: (b) CV curves of the two-electrode system at different scan
rates in a voltage window of 1.6 V, (c) GCD curves in different voltage
windows at a current density of 1 A g%, (d) GCD curves at various
current densities.
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occurrence of continuous redox reactions between two active
electrodes in the KOH electrolyte. In addition, the CV curves
measured at various scan rates in a two-electrode system are
exhibited in Fig. 8b. The shape of the CV curves for the two-
electrode system is slightly different from that of the V,0;/C
and VN/NCS electrodes, which may be ascribed to the syner-
gistic effect between the V,03/C and VN/NCS electrodes.'® Cg of
the ASC device calculated from the GCD curve in Fig. 8d is 59 F
g 'at1Ag " and was maintained at 18 F g~ ' at a high current
density of 10 A g7, testifying the favorable rate capability of the
assembled two-electrode system. In addition, the coulombic
efficiency of the ASC device at the current density ranger of 1-
10 A g~ ' is observed in Fig. S5a.}

At a low current density of 1 A g™, the assembled ASC device
exhibits a low coulombic efficiency, which may be ascribed to
adverse reactions involving the two electrodes and the electro-
Iyte, resulting in an incomplete discharge process.”® As the
current density increases, the charge-discharge time decreases
and the electrochemical process is mainly affected by the elec-
tric double layer, thus the coulombic efficiency becomes
higher.?® Moreover, a good energy density of 19.8 W h kg™ " and
a power density of 801 W kg~ ' are observed in the Ragone plots
(power density vs. energy density vs. charge time) for the (+)
V,03/C//VN/NCS (—) ASC device, as illustrated in Fig. 9, and the
corresponding charging time is only 89 s. Even with a shortened
charging time of 4 s, a good energy density of 6.6 W h kg™ " at
7680 W kg™ can be achieved. In addition, the cycling test
results for the (+) V,03/C//VN/NCS (—) ASC device reflect rela-
tively good long cycle stability with an initial capacitance
retention of 66.5% after 5000 cycles (Fig. S5b¥). In addition, the
Nyquist plots from the impedance spectroscopic analysis with
the equivalent circuit for the ASC device before and after cycling
have also been tested. As shown in Fig. S6, there is no obvious
increase in the internal resistance (Ry), indicating good contact
between the electrode material and current collector over the
cycle test.** Therefore, vanadium-based oxide and nitride are
considered to be a class of novel electrode materials with
excellent power and energy densities for SCs.

Fig. 9 Ragone plot of the ASC device (energy density vs. power
density vs. charge time).
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4. Conclusions

In summary, a VN/NCS composite composed of VN NPs and N-
doped carbon covering on the surface of VN was successfully
prepared by the nitridation of the V,03/C precursor. As the VN/
NCS composite was used as a negative electrode for SCs,
favorable rate capability and specific capacitance were attained
in view of the synergistic effect between VN NPs and N-doped
carbon. More significantly, an ASC device was established
with V,0;/C as the positive electrode and VN/NCS as the nega-
tive electrode and excellent energy density of 19.8 W h kg™ ! at
a power density of 801 W kg~ ' was achieved. This study has set
up a novel concept for the fabrication of both positive and
negative electrodes with low-cost materials as promising
candidates for ASC devices in the energy storage field.
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