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A negative electrode material of nano vanadium nitride/interconnected porous carbon (Nano-VN/IPC) is
fabricated via a novel method combining surface-initiated electrochemical mediated ATRP and heat-
treatment process. The structural and composition characterization display that a low crystallinity of
VN nanoparticles is obtained, which distributes uniformly in the interconnected pores of the carbon
scaffold materials. The high-distribution of nano-VN particles in the interconnected pores significantly
enhances the usage efficiency of the electrochemistry-active materials to ensure the high electro-
chemical performance of the electrode materials. The interconnected pore structure is convenient for
diffusion and transfer of electrolyte ions during charging-discharging process. The Nano-VN/IPC elec-
trodes exhibit a high specific capacitance of 284.0 F/g at 0.5 A/g in 2 M KOH aqueous electrolyte with a
low resistance and good rate capability. In addition, an asymmetric supercapacitor is assembled with
Ni(OH),; and Nano-VN/IPC electrodes as the positive and negative electrodes. The device presents a high
specific capacitance of 122 F/g at the current density of 0.5 A/g, and when the current density increases to
5 A/g the capacitance still remains 70 F/g. Remarkably, the device delivers an ultrahigh power density of

35.6 Wh/kg at a power density of 362.5 W/kg.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

With growing concerns on overfossil energy and ever-
increasing environmental pollution, it is necessary to develop
clean and sustainable and renewable energy, such as wind energy,
solar energy, water energy, and so on. As the new natural energy is
cyclical, the application of energy storage devices had become an
indispensable key part in new energy industry. To accommodate
future societal and environmental demands, there is a strong and
growing demand for developing efficient energy-storage systems
for applications of portable electric devices. Supercapacitor (SC) is
an emerging energy storage device with high charging and dis-
charging efficiency, long cycle life, high power density as well as
high safety [1-5]. Electrode material is the key component of SCs,
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largely determining the device performance. According to charging
and discharging mechanism, supercapacitor is generally divided
into electric double-layer capacitors (EDLCs) and pseudocapacitors
[6,7].

Carbon materials with high specific surface area [8—10], such as
activated carbon, graphene, and carbon nanotubes, are commonly
used as double layer electrode materials. EDLCs exhibit a high po-
wer density, rapid charging/discharging performance, and excel-
lent cycle stability, but their specific capacity remain at a low level
[11]. The conductive polymers [12,13], such as polyaniline, poly-
thiophene, and polypyrrole, provide a large pseudocapacitance, but
it is easy to swell and shrink [13], and had a large internal resis-
tance. The transitional metal oxide electrodes, such as manganese
oxides [14] and nickel oxides [15], had a high specific capacity, but
its conductivity is poor, seriously affecting the electrode cycle sta-
bility. Transitional metal nitrides (MxNy, M = Ti [16,17], V [18—20],
and Mo [21,22]) are promising electrochemical electrode materials
for SCs due to high conductivity and large specific capacitance.
Among all of the reported transitional metal nitrides, vanadium
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nitride (VN) has attracted particular attention due to its high con-
ductivity and wide potential range (1.2 V). However, the electro-
chemical performance of VN needs to be largely enhanced, and it
can be foreseen that hybrid electrode materials would attract
extensive attention for the fabrication of high performance SCs.
Many vanadium nitride/carbon (VN/C) hybrid electrode materials
had been reported [23—25], but the distribution of the active ma-
terials on carbon surface to form a high efficient electrode system
during electrochemistry process need to be improved.

Herein, we report a new method combining surface-initiated
electrochemical mediated ATRP and heat-treatment process to
fabricate VN/C hybrid electrode materials. The key step is the SI-
eATRP for grafting the ionic polymer chains, where vanadium-
based compound was adsorbed and used as precursor to synthe-
size VN nanoparticles by thermo-treatment. The use of inter-
connected porous carbon (IPC) offered a convenient scaffold for
diffusion and transfer of electrolyte ions during charging-
discharging process. This strategy also ensured the nano VN was
uniformly doped in the porous carbon substrates, which showed
high electrochemical performance like high capacitance, good rate
performance electrochemical reversibility as negative electrode for
SCs.

2. Experimental
2.1. Chemicals

Styrene (St), acrylamide (AM), potassium iodide (KI), triethyl-
amine (TEA), divinylbenzene (DVB, technical grade, 80%), toluene,
sorbitanmonooleate (Span-80), potassium persulfate (KS204),
calcium chloride (CaCly), N, N, N, N'-Tetramethylethylenediamine
(TMEDA), benzyltri-n-butylammonium chloride (BBAC), 2-
bromoisobutyryl bromide (BIBB), and ammonium vanadate
(NH4VO3) were analytical reagents. St was distilled until colorless
under reduced pressure prior to use, AM was recrystallized in
acetone solution, and other reagents were directly used without
further purification.

2.2. Fabrication of carbon-scaffold

In a typical procedure, the oil phase containing DVB, St (DVB/
St = 1:2, V/V), toluene (5 mL, used as porogen), and Span-80 (3 g,
used as surfactant) was placed in a three-neck bottle and stirred
with mechanical stirrer at 55 °C for 30 min to form a homogeneous
phase. Subsequently, the water phase involving DI water (85 mL),
K3S204 (0.2 g), and CaCl; (1.0 g) was slowly added over a period of
30 min and the reaction was lasted at 55 °C for 10 min. A creamy
white high internal phase emulsion slowly formed. After all the
water phase was added, the stirrer paddle was gently withdrawn
and the emulsion was transferred to a glass container. The
container covered with a polyethylene film to reduce evaporative
losses was then clamped in a water bath at 60 °C for 48 h. After this
period, the product was dried in a vacuum oven at 60 °C over 24 h.
The obtained product was pre-oxidized at 320 °C for 5 h at air and
carbonized under N, atmosphere in a tube furnace at 700 °C for 2 h
to fabricate carbon-scaffold, which was named as IPC.

2.3. Chemical treatment of carbon-scaffold surface

Typically, the obtained IPC was immersed into a nitric acid so-
lution (65 wt. %) at the temperature of 80 °C under refluxing process
for 4 h. After oxidation, the sample was recovered and washed
thoroughly with distilled water until the pH was close to 7. The
resultant product was further dried at 60 °C for 24 h, and then put
into a single-neck bottle that containing 30 mL of isopropyl alcohol.

After that, 1.5 mL of glacial acetic acid and 15 mL of saturated iso-
propyl alcohol of KI were added, respectively; and the reaction was
lasted at 60 °C for 5 h. Then the IPC-OH was washed by DI water and
methanol for several times, and dried at 60 °C for 24 h.

2.4. Initiator-immobilization

In typical, a flask containing 0.5 g of IPC-OH, 50 mL of THF, and
2.5 mL of TEA was placed into an ice bath; after being cooled to 0 °C,
the mixture solution from a combination of 2.5 mL BIBB and 25 mL
THF was add dropwise to the mixture with continuous stirring. The
reaction was allowed to proceed at 0 °C for 5 h and then transferred
into a 30 °C water bath for 24 h. After that, the obtained surface
initiator (IPC-Br) were washed with the mixture of DI water and
methanol for several times and dried at 60 °C for 24 h.

2.5. SI-eATRP for polymer brush

Before SI-eATRP polymerization of monomer, Firstly, the vol-
tammograms were recorded at room temperature with an elec-
trochemical workstation (CHI660E, Shanghai, China) using three-
electrode system, a platinum plate as the working electrode, a
platinum plate counter electrode, and saturated calomel electrode
(SCE) as the referenced electrode. The experimental set-up is
shown in Scheme S1. Cyclic voltammetry (CV) measurement was
carried out at a scan rate of 5 mV/s in 45 mL blue solution of H,0/
MeOH (2:1, V/V) containing monomer AM (2.86 g), supporting
electrolyte BBAC (0.7 g), the catalyst CuBr; (0.09 g) and the ligand
TMEDA (0.06 g). The reduction potentials for converting Cu" to Cu!
can be read from CV curve. Then the nickel foam coated with IPC-Br
was placed around the working electrode parallel. SI-eATRP was
carried out with different initiation potential (-0.08, —0.16, —0.26
and —0.30 V) in the molecular solution. After polymerization, the
polymer modified carbon materials (IPC-PAM) was immersed into
ethanol for 1 days, followed by being centrifuged and dried at 60 °C
for 24 h.

2.6. Adsorption experiment

The homogeneous VO3 solution with maximum concentration
was prepared by dissolving NH4VOs3 in distilled water at room
temperature. The same mass of IPC-PAM samples prepared at
different initiation potentials were added into the NH4VOj3 solution,
and stirred at room temperature for 15 h. After that, the samples
were centrifuged and dried under vacuum at 60 °C for 24 h.

2.7. Preparation of nano-VN/IPC

The precursors were heated in a tube furnace equipped at
600 °C for 1.5 h under a mixed atmosphere of N, (40 sccm) and NH3
(60 sccm). The heating rate was controlled at 5 °C/min. The ob-
tained Nano-VN/IPC material synthesized at different initiation
potentials of 0.08, 0.16, 0.26, and 0.30 V were named as Nano-VN/
IPC-0.08V, Nano-VN/IPC-0.16V, Nano-VN/IPC-0.26V, and Nano-
VN/IPC-0.30V, respectively.

2.8. Materials structural characterization

FTIR spectrum was measured with FT-IR Nexus 670 instrument.
The morphology and microstructure of the fabricated materials
were characterized using transmission electron microscope (TEM,
JEOL, JEM-2010, Japan) and scanning electron microscope (SEM,
JSM-6701F, JEOL, Japan). Energy dispersive X-ray spectroscopy
(EDS), and X-ray photoelectron spectra (XPS, physical Electronics
UK) were measured to analyze the surface chemical composition of
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the samples. The specific surface area and pore structure of the
samples was characterized by Nitrogen adsorption and desorption
experiments at 77 K (Micromeritics, ASAP 2010M, USA). The spe-
cific surface area was calculated from the nitrogen adsorption
isotherm using Brunauer-Emmett-Teller (BET) method and Non
Local Density Functional Theory (NLDFT) model was used to
analyze the pore size distribution of samples.

2.9. Electrochemical performance

The working electrode was prepared for electrochemical mea-
surement as follows:

For the single electrodes: the fabricated active material (4.0 mg),
conducting graphite (0.375 mg), acetylene black (0.375 mg), and
poly-tetrafluoroethylene (0.25 mg) at the weight ratio of 80: 7.5:
7.5: 5 were mixed in an agate mortar, which was coated on the
nickel foam of geometric surface area of ca. 1 cm? as current col-
lector. The electrode was dried under vacuum at 60 °C for 6 h, and
compressed at a pressure of 10 MPa for ca.15 s to minimize the loss
of electroactive materials during the electrochemical testing
process.

For the asymmetric supercapacitor: to build a supercapacitor
with high operating voltage and high energy density, it was
important to balance the charges stored at the positive electrode
(Q,) and the negative electrode (Q.): the mass ratio of positive and
negative electrodes were calculated by the equation: m./m.=
(C. x AV)/[(C, x AV,), where m was the mass of eletrode ma-
terial, C was the specific capacitance of eletrode material, and AV
was the potential drop of positive or negative electrode during the
discharging process. In this study, the calculated optimal mass ratio
of Ni(OH); and Nano-VN/IPC was 1:3.6. Therefore, the active ma-
terial loading is 2.0 mg and 0.55 mg, respectively. The nickel foam of
geometric surface area of ca. 1 cm? as current collector, the other
steps are consistent with the single electrode.

The performance of electrochemical properties was tested using
cyclic voltammetry, galvonostatic charging-discharging and elec-
trochemical impedance spectroscopy in an electrochemical work-
station (CHIG60E, Shanghai, China). The cycling stability test was
performed using LAND CT2001A instrument.

Regarding the Single Electrodes Test: electrochemical measure-
ment was conducted at room temperature in a traditional three-
electrode configuration containing the working electrode, a plat-
inum gauze counter electrode, and a saturated calomel reference
electrode. The alkaline solution (2 M KOH) was used as the elec-
trolyte for electrochemical tests. Cyclic voltammetry was recorded
between —1.15 and 0 V at different scan rates from 5 to 50 mV/s. For
galvonostatic charging-discharging measurement, the current
density was varied from 0.5 to 5 A/g within the same potential
range as cyclic voltammetry measurement. Electrochemical
impedance spectroscopy was acquired with a frequency range from
1072 to 10° Hz.

Regarding the Asymmetric Supercapacitor Test: the solid-state
two electrodes asymmetric supercapacitor was assembled with
Ni(OH), and Nano-VN/IPC-0.26V electrodes acted as positive and
negative electrodes, respectively, using 2M KOH aqueous as elec-
trolyte. Cyclic voltammetry was recorded at different scan rate from
10 to 50 mV/s with a potential windows ranging from 0 to 1.45 V.
For galvanostatic charging-discharging measurement, the current
density was varied from 0.5 to 5 A/g within the same potential
range as CV measurements. Electrochemical impedance spectros-
copy spectrum was acquired with a frequency range from 1072 to
10° Hz. The cycling test was performed using LAND CT2001A in-
strument at a current density of 2 A/g.

The specific capacitance of electrode can be calculated from the
discharging curve at different current densities by according to

following equation (1):
C=1Ixt] (AV x m) (1)

Where C (F/g) is the specific capacitance, I (A) is the constant
discharge current, /At (s) is the discharge time, AV (V) is the
voltage change during discharge (excluding the IR drop) and m (g)
is the mass of active materials of single electrode.

Energy density of the device was calculated by according to
following equation (2):

E=Cx AV?/ (2 x 3.6) (2)

Power density of the device was calculated by according to
following equation (3):

P =E x 3600/ (At) 3)

Where E (Wh/kg) is the energy density of device, P (W/kg) is the
power density of device, C (F/g) is the specific capacitance, AV (V)
is the voltage change during discharging process (excluding the IR
drop) and At (h) is the discharging time.

3. Results and discussion

Fabrication strategy of nano vanadium nitride/IPC (Nano-VN/
IPC) can be summarized into three steps as shown in Scheme 1.
Interconnected porous carbon (IPC) was synthesized as according
to our previous publication [26], and showed hierarchical porous
structure interconnected each other, which was beneficial to the
electrochemical process during charging and discharging process.
Firstly, grafting polyacrylamide (PAM) brushes onto IPC by SI-
eATRP method. Electrochemically mediated polymerization was
carried out at room temperature in a traditional three-electrode
configuration. A negative potential was applied to reduce Cu" to
cu' at the working electrode, and there was a high Cu' concentra-
tion near the working electrode. The initiator-immobilized IPC was
placed on the working electrode, where polymerization was con-
ducted [27—29]. Then, the IPC-PAM samples prepared at different
initiation potentials were added into a NH4VO3 solution, which was
stirred at room temperature. After that, the samples were centri-
fuged and dried under vacuum. Finally, the IPC-PAM-VO3 was heat-
treated in an NH3 atmosphere to obtain Nano-VN/IPC composite
material.

It should be noted that the eATRP was the very important pro-
cess for the successfully grafting the polymer brushes. The mech-
anism of eATRP was that air-stable Cu" deactivator was reduced to
Cu' activator to trigger polymerization, and electrochemical
methods allowed a lower oxidation state catalyst (Cu') to be
reverted back to its original higher oxidation deactivator state (Cu")
by simply shifting to more positive potential values [30]. Therefore,
the CV curve of the electrolyte system was tested ranging
from —0.35 to 0.35 V. As shown in Fig. 1, there was a pair of obvious
redox peaks, and the reduction potential was —0.05 V versus SCE. In
addition, the CV curve of the electrolyte system without initiator-
modified electrode on the WE was tested for reading the reduc-
tion potential for Cu'' to Cul. There was a pair of obvious redox
peaks, and the reduction potential was —0.05 V versus SCE (the red
trace in Fig. S1). After confirming the reaction system was stable,
the CV curve of the electrolyte system with initiator modified
electrode on the WE was tested, the shape of CV curve showed no
obvious change (the black trace in Fig. S1 and Fig. 1), indicating the
permeability of the initiator modified electrode was not con-
founding a well defined redox peak. Furthermore, the growth ki-
netics of polymerization reaction depend on the Cu'/Cu' ratio,
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Fig. 1. Cyclic voltammogram curve of the electrolyte system at a scan rate of 5 mV/s
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the web version of this article.)

which can be adjusted by varying the applied potentials. When
eATRP was carried out at positive potential or zero point no poly-
merization happened. The more negative potential leads to a higher
Cu', and therefore the reaction occurred more rapidly but with less
control [29]. Here we selected the four negative potentials
from —0.35 to —0.05 V (highlighted with red solid point in Fig. 1),
which will be used for the following eATRP. The reduction of Cu' to
Cu' was an initiation step for the SI-eATRP polymerization of the
PAM, so the eATRP was carried at constant applied potential. As
shown in Fig. 1 with the same three-electrode system in the blue
solution and as above-mentioned in Scheme S1b, there was a dif-
ference that an initiator-modified substrate was placed in coun-
terpart position of the working electrode. Cu' activator was
generated at the platinum working electrode under a constant
potential [28,29], and eATRP was initiated when Cu! diffused to the
initiator modified substrates faced to platinum working electrode
and continued for 10 h at room temperature to yield polymer
brushes. The surface initiator of IPC-Br and the polymer brushes
grafted carbon of IPC-PAM were characterized by FTIR measure-
ment, as shown in Fig. S2. Compared with the spectrum of IPC-Br,
the band centered at 1690 cm~' was the stretching vibration of
C=0 of -PAM block; the peak at 1566 cm~! was corresponded to
the bending vibration of N-H at the amide group of PAM blocks.
The morphologies and microstructures of Nano-VN/IPC com-
posite material were examined by SEM, TEM, EDX and elemental
mapping analysis as shown in Fig. 2. The microscopy image of the
material exhibited obvious interconnected pore structure and there
were many micrometer length scale pores of IPC (Fig. 2a). Further,

from the TEM images of IPC and nano-VN/IPC as shown in Fig. S3, it
was observed that there were a number of particles with nano
structure (highlighted with red rings) distributed throughout the
whole nano-VN/IPC surfaces of the carbon substrate (Fig. S3b),
compared with that of pristine carbon of IPC. The average grain
diameter was about 10—15 nm. On the other hand, the TEM image
of nano-VN/IPC with high magnification has been tested and shown
in Fig. 2b and c. One can find that the crystallinity of the VN was
very low, while the lattice fringe can be obviously observed
(0.239 nm), which is characterized to the VN material [23]. The EDS
analysis shown in Fig. S3c exhibited the existences of C, O, N, V and
Cu peaks, the peak of Cu was corresponding to the grid used to
support the sample during the test of TEM [31]. In addition, it was
no doubt that Cu ions will remain in the sample after the SI-eATRP
polymerization, due to the fact that the concentration values of Cu
ions was very small (ca. 8.954 x 10> mol/L). Therefore, the amount
of copper ions contained in the sample is also very low, and the
effect on electrochemical performance was almost negligible. The
SAED (the inset in Fig. 2c) exhibited low crystallinity of VN nano-
particles in composite material, indicating to the presence of un-
replaced oxygen atoms of the VN lattice [32], which provided
more active sites for both adsorption and faradic reaction. There-
fore, the lower degree of crystallinity was beneficial to electro-
chemical performance [33]. In addition, Fig. 2d shows the TEM
elemental mapping images of composite material, and the C, O, N,
and V elements were homogeneously distributed in the composite
material. From these results, it can be concluded that the VN
nanoparticles with a low crystallinity distributed uniformly in the
surface carbon scaffold materials.

Nitrogen sorption experiment was performed to evaluate the
overall porosity of the Nano-VN/IPC, as shown in Fig. 3a and 3b. The
N, adsorption-desorption isothermal showed a typical type IV
adsorption-desorption isotherm, indicative of a uniform mesopore
structure [34,35], and the BET specific surface area was calculated
to be 483 m?/g. The corresponding pore size distribution repre-
sented that the obtained Nano-VN/IPC possessed mesoporous
(2—6 nm), which was beneficial to the electrolyte ions to penetrate
into pores of the material and improve its electrochemical capaci-
tive properties.

The surface chemical composition of Nano-VN/IPC sample was
further analyzed by XPS as shown in Fig. 4. The full XPS spectrum
showed that the prepared composite material mainly composed of
C, N, V, and O elements, which was consistent with the results from
the EDS measurements, where O signal was attributed to the sur-
face oxidation of VN [31,36]. The peaks at 285, 400, 535, and 520 eV
in full spectra corresponded to C 1s, N 1s, O 1s and V 2p, respec-
tively (Fig. 4a). The curve fitting of C 1s core level peak of the XPS
spectrum was divided into three main peaks, including C=C
(284.8 eV), C-N (286.4 eV), and C=0 bonds (288.9 eV) [32,37],
respectively (Fig. 4b). Due to the binding energy of the character-
istic peaks of O 1s and V 2p was very close, they were usually put
together for analysis. As shown in Fig. 4c, the O 1s spectrum was
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Fig. 2. a) SEM image of IPC; b and c) TEM image of Nano-VN/IPC composite material (inset is the selected-area electron diffraction pattern); and d) TEM elemental mapping images

for C, N, O, and V elements.
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Fig. 3. a) Nitrogen adsorption and desorption isotherms, and b) pore size distribution of Nano-VN/IPC.

divided into two main peaks centered at 530.1 and 532.7 eV,
respectively. Moreover, the peak at 530.1 eV indicated the existence
of a complex mixture of vanadium oxides on the surface of Nano-
VN/IPC, which include several vanadium oxides with different
valence states of V that cannot transform to nitrides completely
[38]. Another peak at 532.7 eV belonged to presence of oxygen in
—OH groups at the surface of Nano-VN/IPC [39]. Bondarenka et al.
[40] have conducted a useful statistical analysis of XPS data on the
binding energies of V 2p spectrum, V 2p' and V 2p> appear to be a
sum of the special lines from several valence states. The curve
fitting of V 2p? core level peak was divided into tow main peaks;
and the peaks at 514.1 eV belonged to the main structure of VN
[38,39,41], and the peaks at 517.2 eV corresponded to the V-O bond
on Nano-VN/IPC [41—43]. Additionally, for the N 1s spectra, it was
fitted with two peaks occurred at 397.4 and at 401.0 eV (Fig. 4d),
corresponding to the characteristic of VN [44] and N-O or N-H bond
[45], respectively. Through the analysis of the XPS spectra, one
could be provided definite evidence that Nano-VN/IPC composed of
VN and carbon, together with little amount of complex vanadium
oxide on the surface. The XPS spectra of the other samples are
shown in Fig. S4.

Fig. 5 depicts the electrochemical performance of Nano-VN/IPC
and IPC electrodes. By comparison of the CV curves at 10 mV/s
(Fig. 5a), the IPC electrode presented quasi-rectangular shape
without obvious redox peaks, showing a typical electrical double
layer capacitive behavior. It was found that the surrounded area of
Nano-VN/IPC electrode increased profoundly with two

symmetrical redox peaks, due to the presence of OH™ ions, an
equilibrium reaction could occur on the nitride or oxy-nitride
surface as follows: VNxOy + OH™ < VNyOy||OH™ + VNxOy—OH,
where VN,Oy||OH™ represented the electric double-layer capaci-
tance formed by the adsorption/desorption of hydroxylions on the
surface of VNand electrolyte, and VNyOy—OH represented the part
of pseudo-capacitance derived from the faradaic reaction that oc-
curs on the surface of partially oxidized VN [41]. Meanwhile, the IPC
electrode also provided partial electric double layer capacitance. In
addition, due to the larger the specific surface area of the Nano-VN/
IPC, the large contact area between the electrode and the electro-
lyte, and the more active sites for the electrochemical process could
provide more electrical double-layer capacitance and pseudoca-
pacitance. The GCD curves of the samples were tested at the current
density of 0.5 A/g. As shown in Fig. 5b, IPC showed a closely linear
and almost symmetrical triangular shape, suggesting a good elec-
trical double layer capacitive behavior; while the GCD curve of
Nano-VN/IPC electrode showed slightly shift from linear property,
indicating that VN nanoparticles provided a certain pseudo-
capacitance. The calculated specific capacitances of Nano-VN/IPC
and IPC electrodes were 284.0 and 99.0 F/g, respectively. The rate
performances of Nano-VN/IPC and IPC remained about 65% and 73%
of the initial specific capacitances when the current density was
increased from 0.5 to 5 A/g (Fig. 5¢). It should be noted that the
potential range of Nano-VN/IPC electrode was 1.15 V, higher than
that of IPC. To further revealing the essence of electrochemical re-
action, the electrochemical impedance spectroscopy (EIS) was
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Fig. 5. Electrochemical performance for IPC and Nano-VN/IPC: a) CV curves at 10 mV/s, b) GCD curves at 0.5 A/g, c) specific capacitances at different current density, and d) Nyquist

plots.
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Fig. 6. a) CV curves at various scan rates; and b) GCD curves at various currents density for Nano-VN/IPC electrode.

tested, as shown in Fig. 5d. In the high frequency region, the
semicircle shape represented the charge-transfer resistance (Rct),
R mainly came from the electronic and ionic resistances at the
interface between the electrode and the electrolyte [46]. The in-
tercepts with the x-real axis was sintrinsic ohmic resistance (Rg),
where Rs mainly came from the intrinsic resistances of electrode
material, electrolyte, current collector, leads and separator, as well
as the contact resistances between them [47]. In the low frequency
region of the EIS was Warburg diffusion resistance (Ry), where Ry
came from the resistance for ion diffusion from electrolyte into the
electrode, Ry also depended on the influencing factors for R
[48,49]. Compared to IPC electrode, Nano-VN/IPC electrode dis-
played small Rg and R (inset in Fig. 5d), due to the fact that VN
nanoparticles homogeneously distributed throughout the carbon
substrate improve electrical conductivity and wettability of the
electrode materials. And it also displayed vertical slope at the low
frequency region, indicating a nearly ideal capacitive behavior and
low Ry, at electrode/electrolyte interface.

All CV curves showed approximately aquasi-rectangular shape
with a pair of redox humps observed at the potential ranging
from —0.6 to —0.4 V (Fig. 6a), implying the capacitive mechanism of
Nano-VN/IPC composed of both electrical double layer capacitive
behavior and pseudo-capacitance behavior [23]. And the shape of
CV curves at different scan rates showed no obvious change, indi-
cating an ideal capacitive behavior of the electrode materials. In
addition, the GCD curves of Nano-VN/IPC at different current den-
sities showed linear and symmetric triangular shapes and low IR
drops, indicating excellent columbic efficiency and good electro-
chemical reversibility during the process of charge storage (Fig. 6b).
The calculated specific capacitance of the electrode material was
284 F/g at the current density of 0.5 A/g. The other samples of Nano-
VN/IPCs were also prepared through synthesizing polymer brushes
on IPC by using SI-eATRP under different electrochemical potential.
The Nano-VN/IPCs under —0.08, —0.16, and —0.30 V were termed as
Nano-VN/IPC-0.08V, Nano-VN/IPC-0.16V, and Nano-VN/IPC-0.30V.
All of the CV and GCD curves for those samples are also shown in
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Fig. 7. a) CV curves for Ni(OH), and Nano-VN/IPC electrodes at 10 mV/s in a three-electrode cell in 2 M KOH, respectively, and electrochemical performance of Ni(OH),||Nano-VN/
IPC ASC device: b) CV curves at various scan rates; c) GCD curves at various currents density; d) The specific capacitances at different current density; e) Ragone plot; and f) cycling

stability.
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Fig. S5. One can see that the electrochemical performances for
Nano-VN/IPC-0.08V, Nano-VN/IPC-0.16V, and Nano-VN/IPC-0.30V
were as good as IPC, revealing that the potential range of
from —0.30 to —0.08 V was the efficient potential windows for
grafting polymer brushes and further fabricating Nano-VN/IPC
electrode materials.

An asymmetric supercapacitor (ASC) was assembled with
Ni(OH); and Nano-VN/IPC electrode acted as the positive and
negative electrodes, respectively. The Ni(OH); was employed due to
its potential window ranging from —0.2 to 0.6 V, matched well to
that ranging from —1.15 to 0 V of Nano-VN/IPC electrode. The Nano-
VN/IPC electrode and Ni(OH); electrode were tested at a scan rate of
10 mV/s at the potential window ranging from —1.15 to 0 V,
and —0.2 to 0.6 V, respectively, as shown in Fig. 7a. As such, the
Ni(OH);||Nano-VN/IPC ASC was operated up to 1.45 V without
obvious increase of anodic current (Fig. S6). The electrochemical
performance of Ni(OH),||Nano-VN/IPC ASC device was measured in
2M KOH aqueous solution as electrolyte. CV curves of the ASC at
scanning rates from 10 to 50 mV/s (Fig. 7b) exhibited a couple of
little oxidation and reduction humps, which represented the
pseudo-capacitive properties corresponding the redox reactions on
the surface of Ni(OH); and Nano-VN/IPC. The shape of CV curves at
different scan rates showed no obvious change, indicating an ideal
capacitive behavior and remarkable rate performance. The GCD
curves at different current densities from 0.5 to 5 A/g showed non-
linear symmetric triangular shapes and low IR drops (Fig. 7c),
indicating excellent columbic efficiency and low internal series
resistance. The maximum specific capacitance values calculated
from GCD curve was 122 F/g at the current density of 0.5 A/g, and
when the current density increased to 5 A/g the capacitance still
remained 70 F/g. Fig. 7d shows the rate capability of a ASC,
approximately 57.4% of initial specific capacitance was remained
when the current density increased from 0.5 to 5 A/g. Energy
density and power density were two important parameters for the
evaluation of the device, and the Ragone plots of ASC (Fig. 7e) were
calculated, which showed energy density of 35.6 Wh/kg when the
power density was 362.5 W/kg. Even when the power density
increased to 3625.0 W/kg, the energy density still remained
20.2 Wh/kg, which was higher than these of recently reported
various VN-based device, such as VOx||VN-ASCs [50], VN||Co(OH),-
ASC [51], VNJ||VN-SSCs [52], VN||[MnO,-ASCs [53], and VN||AC-ASCs
[54]. As shown in Fig. 7f, the ASC exhibited excellent cycling sta-
bility with 65% capacitance retention after 10000 cycles at the
current density of 2 A/g.

4. Conclusions

In summary, a negative electrode of composite material Nano-
VN/IPC was prepared via a method with surface-initiated electro-
chemical mediated ATRP and heat-treatment method, which in-
tegrates interconnected pore structure with nano VN particles
uniformly doped in the porous carbon substrates. Good electro-
chemical behaviors, such as low resistance, high specific capaci-
tance, and excellent cycling stability were obtained. When the
applied trigger potential was —0.26V, the specific capacitance of
Nano-VN/IPC had a maximum value was 284.0 F/g at the current
density of 0.5 A/g in 2M KOH aqueous electrolyte. Further, the ASCs
based on Ni(OH); and Nano-VN/IPC electrodes delivered the ul-
trahigh power density of 35.6 Wh/kg at a power density of 362.5 W/
kg, which was higher than these of recently reported various VN-
based device. This work not only provided a novel method for the
preparation of composite VN/C electrode materials, but also
expanded to other transition-metal nitride for the application
supercapacitors and other energy storage device.
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