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Vanadium nitride nanoparticle decorated N-doped
carbon nanotube/N-doped carbon nanosheet
hybrids via a CzN,4 self-sacrificing method for
electrochemical capacitorst

Jinghua Liu,® Xiong He,*® Fei Guo,? Baosheng Liu,? Zijun Sun,® Li Zhang?®
and Haixin Chang (2 *®

Owing to the wide negative potential window (~1.2 V) along with high specific capacitance (1340 F g~ in
alkaline electrolyte, vanadium nitride (VN) has been served as promising negative supercapacitor electrode
material. However, VN is easy to dissolve during cycling process and shows low capacitance retainability.
Herein, a hybrid electrode (marked as VN/NCNT/NCN), featuring VN nanoparticles and N-doped carbon
nanotube inserted in N-doped carbon nanosheets, has been fabricated with a facile CsN4 self-sacrificing
method. The porous structure and high conductive carbon skeleton, as well as the uniform distribution
of VN nanoparticles give VN/NCNT/NCN a great amount of active site and fulfill excellent
electrochemical performance for VN/NCNT/NCN-based electrode. The as-fabricated hybrid electrode
exhibits a maximum specific capacitance of 232.9 F gt at 1 A g~1. Moreover, the cycling performance
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Introduction

The growing consumption of natural energy and the conse-
quent environmental problems have triggered efforts to explore
clean and sustainable resources.'? Supercapacitors (SCs), as
a promising candidate for energy storage, have been intensively
studied because of the high power density and long life span.**
The electrochemical performance of SCs is greatly influenced by
the capacitive performance of electrode material, which is
generated by the electric double layer capacitance (EDLC) and/
or pseudocapacitance.”® In EDLCs, energy storage involves
a non-faradaic process along with ion adsorption on the
electrode/electrolyte. Nevertheless, the unsatisfied specific
capacitance of EDLCs electrode material restricts the develop-
ment of SCs. Pseudocapacitive electrode materials accumulate
electron through fast reversible surface redox reactions and
obtain high specific capacitance.

Vanadium nitride (VN)-based supercapacitor electrode
demonstrates a highest mass specific capacitance of 1340 F
g '.° Moreover, VN fulfills appropriate negative potential
working window and good electron conductivity, which makes
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has been greatly improved and the specific capacitance remains 91% after 5000 cycles.

it charming negative electrode materials.'>'* But the SCs con-
structed with VN electrode suffer from poor stability in aqueous
electrolytes, because VN is easy to be oxidized.® In order to
improve their stability, great efforts have been devoted to
protect VN from oxidizing, involving heteroatoms doping to
stabilize VN intrinsic structure and coating protective shells on
VN. Various protective shells have been coated on the VN
surface, such as metal oxides, conductive polymers, and carbon
materials.”*** Among them, carbon shells are highly conductive
and capable of fast ion transport. For instance, Bhat et al.
fabricated porous graphene using an eco-friendly procedure,
which can be used as promising supercapacitor electrode
material.*> Moreover, carbon-based materials, combined the
advantages of carbon materials and pseudocapacitive materials,
have been intensively synthesized. Bhat et al. synthesized
porous graphene-NiO nanocomposites again via a simple sol-
vothermal approach and applied to supercapacitor, which pre-
sented good capacitance performance and high cyclic
stability.® Except for metal-oxides, lots of VN/carbon nano-
composites have been fabricated and achieved enhanced elec-
trochemical performance.'”*°

Recently, C;N, was chosen as N-doped source for prepara-
tion of N-doped carbon materials.>**" In addition, C3N, can also
be used for the synthesis of nitrides, such as VN, TiN, MoN
et al.>>** During these processes, C3N, decomposes under high
temperature and is easy to eliminate. Based on this, C;N, can
behave as a self-sacrificing template for preparing the hybrids of
nitrides and N-doped carbon materials. For example, Xing et al.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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fabricated vanadium nitride/nitrogen-doped carbon composite
materials by utilizing C;N, as eco-friendly nitrogen source and
applied the materials for supercapacitors, which exhibited
favorable specific capacitance and cycling stability.*® According
to the previous reports, carbon nanotubes (CNTs) can insert
into the carbon nanosheets to fabricate a 3D porous structure.
The inserted CNT could effectively inhibit the aggregation of
carbon nanosheets and further enhance conductivity.>”**

Inspired by this structure, a facile and efficient C;N,
template method is used to fabricate N-doped carbon nano-
sheets (NCNs) inserted with N-doped CNT (NCNT) and VN
nanoparticles (VN/NCNT/NCN). As a sacrificial template, C3N,
not only functions as C and N sources for the preparation of VN/
NCNT/NCNSs, but also creates plenty of pores among the carbon
skeleton. The porous structure of VN/NCNT/NCN and the
decoration of VN, as well as the doping N elements give VN/
NCNT/NCN a great amount of active site. Moreover, NCNTs
linked with carbon nanosheets fulfill electrode materials fast
electron transport and ion transfer. When used for super-
capacitor electrode material in 6 M KOH aqueous electrolyte,
the specific capacitance of 232.9 F g~ can be obtained for VN/
NCNT/NCN electrode at 1 A g~ '. Furthermore, the unique
structure greatly improves its cycling stability. After 5000 cycles
at 10 A g~', VN/NCNT/NCN electrode maintains 91% of the
initial capacitance. Moreover, the possible formation mecha-
nism of the hybrids was discussed.

Experimental

Materials

Dicyandiamide (DCDA, 99%), potassium hydroxide (KOH,
95%), and ethyl alcohol (95%) were purchased from Aladdin
Chemical (China). Vanadium(v) sulfate oxide hydrate (VOSOy,,
99.9%) was purchased from Alfa Aesar. Polytetrafluoroethylene
(PTFE, 60%) was purchased from Daikin corporation. Carbon
black (98%) was purchased from Lion corporation. Carbon
nanotube (CNT, 95%) was purchased from Xfnano corporation.
Ni foam (99.9%) was purchased from Lizhiyuan corporation. All
chemical reagents were used directly without further
purification.

Synthesis of VN/NCNT/NCN hybrids

The synthesis of VN/NCNT/NCN hybrids were fabricated as
follows. Briefly, 1 g of DCDA, 0.01 g of CNT, and a certain
amount of VOSO, were mixed together and grinded into
uniform powder. With heating step of 5 °C min~", straight
calcination of the mixture was applied at 550 °C for 4 h under N,
flow. Then, with increasing the temperature to 800 °C and
keeping for another 2 h, the final products were obtained. The
amount of VOSO, was 0.02 g, 0.05 g and 0.08 g. The corre-
sponding samples were marked as VN/NCNT/NCN-1, VN/NCNT/
NCN-2, and VN/NCNT/NCN-3, respectively. In addition,
a mixture without VOSO, was adopted via a similar synthesis
method to prepare NCNT/NCN nanocomposite for comparison.
Pure VN nanoparticles were fabricated under NH3 atmosphere
at same heating step.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Material characterization

The phases of different nanocomposites were investigated by X-
ray diffractometer (XRD, Ultima IV, RIGAKU) with Cu-Ka radi-
ation (A = 0.1504 nm). The morphologies of the samples were
captured by scanning electron microscope (SEM, Gemini 300,
Zeiss) and transmission electron microscope (TEM, Tecnai
TF20, FEI). Thermogravimetric analysis was conducted on an
analysis instrument (Discovery TGA5500, USA) under N, atmo-
sphere with heating step of 5 °C min". Nitrogen adsorption/
desorption isotherms were obtained on (AUTOSORB-IQ-MP,
Quantachrome) to analysis the pore size distribution with Bar-
ret-Joyner-Halenda (BJH) model and specific surface area with
Brunauer-Emmett-Teller (BET) equation. The element content
and composition on the surface of samples were carried out on
X-ray photoelectron spectroscope (XPS, Scientific K-Alphat,
Thermo fisher). Fourier transform infrared (FT-IR) spectrum
was performed with a Nicolet 50 spectrometer.

Electrochemical measurements

To prepare the working electrodes, a slurry made of active
materials, carbon black, and polytetrafluoroethylene with
a mass ration of 8 : 1 : 1 was spreaded on nickel foam (1 cm x 1
cm). After drying at 100 °C, the working electrode was pressed
into pieces. All the electrochemical performance, including
cyclic voltammetry (CV), galvanostatic charge/discharge (GCD),
and electrochemical impedance spectroscopy (EIS) were carried
out with a three-electrode system in 6 M KOH aqueous solution.
A Pt foil electrode and a Hg/HgO electrode were used as the
counter electrode and reference electrode, respectively. The
specific capacitance (Cs, F g ') of the as-prepared electrode
materials was calculated from the discharge curve of GCD
according to the following equation.

I x At
mx AV

s =

where, I (A) is the discharge current, At (s) represents the
discharge time, m (g) is the mass of the active material, and AV
(V) is the voltage change during the discharge process.

Results and discussion
Synthesis mechanism of VN/NCNT/NCN hybrids

The synthesis of VN/NCNT/NCN nanocomposites was adopted
a two-step pyrolysis process, as shown in Scheme 1. At first,
DCDA was condensed into C;N, at 550 °C and VOSO, was
decomposed into vanadium oxide (VO,) at the same time. When
the temperature increased up to 700 °C, C3;N, decomposed

550 °C high T : j%‘:gf

1&'{ é/ ‘,;\}4‘

DCDA+CNT+VOSO, VO, CNT C;Ng VN

Scheme 1 Scheme for the synthesis of VN/NCNT/NCN hybrids.
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thoroughly, which produced lots of small molecules with N
atom and C atom.* After rearrangement of N, C atoms, N-doped
carbon nanosheets were left, along with the introduction of N
atom into CNT and formation of N-doped CNT. Besides, the
transformation of VO, to VN was occurred in this stage.*
Finally, the hybrid consisted with NCN, NCNT, and VN was
fabricated. This phenomenon was evidenced through the TGA
curves in Fig. 1a. After calcination, CNT shows no mass loss but
DCDA totally decomposes. VOSO, decomposed before 600 °C
and simultaneously reacted with the small N-rich molecules. At
last, VN nanoparticles, NCNT along with NCN were left and
their hybrid product was formed.

The intermediate synthesized at 550 °C was investigated by
XRD, FTIR, and SEM in Fig. 1b-d. As presented in Fig. 1b, the
Bragg diffraction peak located at 27.3° corresponds to the (002)
plane of C3N,.*"** In addition, the FT-IR spectrum further shows
the evidence of C;N,. The characteristic peak at 807.5 cm s
corresponding to the triazine breathing vibration. Several peaks
located at the range of 1200-1600 cm ™" come from the typical
C=N, C-N bond in the triazine (C¢N) ring.** The peak noticed
around 3400 cm " is related to vibrational mode of N-H/O-H
surface-active species. These results indicate the presence of
C;N, at 550 °C. The SEM image of the intermediate showed
obvious bulk morphology of C;N,, with randomly dispersed
particles on the surface. All these results demonstrate the
formation of C;N, intermediate, which was further used to
regulate the fabrication of VN/NCNT/NCN hybrids.

Morphologies and structures of VN/NCNT/NCN hybrids

The XRD patterns were performed to verify the successful
preparation of VN/NCNT/NCN hybrids. As shown in Fig. 2a,
pure VN exhibits typical diffraction peaks at 37.9°, 44.1°, 64.0°,
and 76.8°, corresponding to (111), (200), (220), and (311) plane
of VN (PDF#35-0768)."*** The VN/NCNT/NCN hybrids also show
these characteristic peaks. At the same time, a distinct peak at
26.4° from (002) plane of carbon skeleton can be seen,

100
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Fig.1 (a) TGA curves of DCDA, CNT, VOSQ,, and the mixture. (b) XRD
pattern. (c) FT-IR spectrum. (d) SEM image of the intermediate calci-
nated at 550 °C.
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Fig. 2 (a) XRD patterns of VN and VN/NCNT/NCN hybrids. (b) XPS
spectra of VN/NCNT/NCN hybrids. (c) V 2p XPS spectra. (d) N 1s XPS
spectra.

suggesting the hybrid structure of carbon material with VN.
Moreover, the temperature greatly influences the structure of
VN/NCNT/NCN. With the increasing temperature, the peak
intensity of VN gradually increases, but the (002) peak of carbon
slightly decreases, indicating the increased crystallinity of VN.

The XPS survey spectra of VN/NCNT/NCN indicate the pres-
ence of C, O, N, and V elements (Fig. 2b). As presented in Table
1, the C and V element in the hybrids calcinated at 800 °C shows
similar atomic ratio. But the N element content gradually
increased with the increasing content of VOSO,, indicating
that V atom captures more N atom. Fig. 2¢ and d show the high-
resolution peak of V 2p and N1s. For V 2p spectra, the peaks
centered at 517.2 eV and 524.4 €V can be assigned to V°* in V-0
bond, while the peaks at 515.3 eV and 522.5 eV belong to V** in
V-0 bond. The peak at 514.0 eV and 520.1 eV can be attributed
to VN.*® The N 1s spectra show four separated peaks related with
graphitic-N (401.2 eV), pyrrolic-N (399.9 eV), pyridinic-N (398.7
eV), and V-N bonds (397.1 eV).*** The V-N bond in V 2p and N
1s spectra further demonstrates the successful formation of VN
by the template sacrificing method. With the increasing amount
of VOSOy,, the content of V-N bond in V 2p and N 1s spectra
obviously increases, which is in agreement with the XRD
results.

N, adsorption and desorption isotherms of VN/NCNT/NCN
were displayed in Fig. 3a. Typical type-IV isotherm with the

Table 1 XPS results and SSA of VN/NCNT/NCN hybrids

Sample C (at%) N (at%) O (at%) V (at%) Sgpr(m*g™)
VN/NCNT/NCN-1 66.39 3.04 18.63 11.94 226.8
VN/NCNT/NCN-2 67.77 5.79 15.49 10.95 183.2
VN/NCNT/NCN-3 67.87 6.52 15.19 10.43 143.3

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Nitrogen adsorption/desorption isotherms. (b) Pore size
distribution of VN/NCNT/NCN hybrids.

hysteresis loop represents the mesoporous structure of VN/
NCNT/NCN hybrids. The corresponding specific surface areas
of VN/NCNT/NCN-1, VN/NCNT/NCN-2, and VN/NCNT/NCN-3
(in Table 1) are 226.8 m®> g ', 183.2 m* g !, and 143.3 m* g .
The increasing amount of VOSO, results in the accumulation of
VN nanoparticles, further decreasing the specific surface area of
VN/NCNT/NCN hybrids. Simultaneously, pore size distribution
curves are demonstrated in Fig. 3b and further verify the porous
structure.

The morphology of VN/NCNT/NCN-2 was observed with SEM
and TEM images. As exhibited in Fig. 4a-c, VN/NCNT/NCN-2

C-map s

O-map

V-map

Fig. 4 SEM images (a—c) and TEM images (d—f) of VN/NCNT/NCN-2.
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exhibits layered structure with plenty of nanoparticles
dispersed on its surface. The corresponding element mapping
represents uniform distribution of C, N, O, and V elements.
TEM and HRTEM images reveal more details about VN/NCNT/
NCN hybrids in Fig. 4d-f. It can be seen that tubular structure
inserts into the layered carbon sheet and nanoparticles around
5 nm are embedded into the carbon skeleton, forming an inter-
connected structure. CNT structure combined with layered
carbon sheets can be observed more clearly in the TEM images
from Fig. S1.7 A lattice spacing of 0.206 nm is indexed to the
(200) facet of VN, corresponding with XRD and XPS results.*”
This unique structure protects VN nanoparticles from dissolu-
tion in aqueous electrolyte, which could improve the cycling
stability.

Electrochemical performance

The electrochemical behavior of the as-prepared VN, NCNT/
NCN, and VN/NCNT/NCN hybrids was characterized with
a three-electrode configuration in 6 M KOH aqueous electrolyte.
Fig. 5a depicts the CV curves of VN, NCNT/NCN, and VN/NCNT/
NCN hybrids at 10 mV s~ . The different shapes of the CV curves
demonstrate their different capacitance characteristics. The CV
curve of pure VN exhibits distinct redox peaks at about —0.6/
—0.9 V derived from redox processes between V element with
different valence. This intensity of redox peaks in VN/NCNT/
NCN hybrids decreases significantly and the hybrids exhibit
distorted rectangular shapes, due to the capacitance contribu-
tion of EDLC from carbon materials. Besides, the NCNT/NCN
curve displays a pair of small peaks, which may be ascribed to
the impurity in CNT. Moreover, the enlarged CV integral area of
the VN/NCNT/NCN-2 than that of VN, NCNT/NCN, VN/NCNT/
NCN-1, and VN/NCNT/NCN-3 suggests higher capacitance of
VN/NCNT/NCN-2 electrode. The GCD curves of VN, NCNT/NCN,
and VN/NCNT/NCN hybrids at 1 A g~ " are presented in Fig. 5b.
All the curves display triangular shape with slight distortion.
From the discharge time curve, it can be seen that the longest
discharge time of VN/NCNT/NCN-2 indicates largest capaci-
tance capacity, which agrees well with the CV curves. The
specific capacitance of the five samples is 226.8 F g~ ' (VN/
NCNT/NCN-1), 232.9 F g~' (VN/NCNT/NCN-2), 198.0 F g '
(VN/NCNT/NCN-3), 89.0 F ¢! (NCNT/NCN), and 135.8 F g~ *
(VN), respectively.

Fig. 6a presents the CV curves of VN/NCNT/NCN-2 at various
scan rate from 5 to 100 mV s~ '. The distorted rectangular
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Fig. 5 (a) CV curves at 10 mV s%. (b) GCD curves at 1 A g~* for VN,
NCNT/NCN, and VN/NCNT/NCN hybrids.
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Fig. 6 (a and b) CV curves at different scan rates and GCD curves at

different current density of VN/NCNT/NCN-2, (c and d) Specific
capacity and cycling performance, (e and f) Nyquist plots and Bode
plots of VN, NCNT/NCN, and VN/NCNT/NCN hybrids.

shapes demonstrate EDLC and pseudocapacitance are co-
existed in VN/NCNT/NCN-2 electrode. Fig. 6b depicts the GCD
curves of VN/NCNT/NCN-2 electrode at various current density.
On the basis of discharge time, the specific capacitances of VN/
NCNT/NCN-2 electrode are 232.9 Fg™' (1 Ag™"), 2049 F g™*
(2Ag"),185.5Fg ' (4Ag "), 180.0Fg ' (5A¢g "),167.3Fg "
(8Ag"),and 160.9 F g ' (10 A g '), respectively. Moreover, the
specific capacitances of VN, NCNT/NCN, and other VN/NCNT/
NCN hybrids are recorded in Fig. 6c. Fig. 6d shows the cycle
stability of the five electrodes after 5000 cycles at 10 A g™ . It can
be observed that the electrochemical stability of VN/NCNT/NCN
hybrids greatly improves compared with the stability of pure
VN. After 5000 cycles, the specific capacitance of VN/NCNT/NCN
hybrids remains about 95% (VN/NCNT/NCN-1), 91% (VN/
NCNT/NCN-2), and 88% (VN/NCNT/NCN-3), respectively. The
XRD pattern of VN/NCNT/NCN-2 electrode film (Fig. S21) has
been performed to investigate the phase change after 5000 cycle
charge-discharge tests. Typical VN characteristic peaks and
many new peaks can be found. And these new peaks are
assigned to vanadium oxide or hydroxide, which may still
exhibit a part of capacity and lead to the stable electrochemical
performance. The good stability may be ascribed to the
following reasons. (1) During the cycling process, VN partially
converted into vanadium oxide or hydroxide, these materials
may still show a part of the capacity and exhibit a satisfying
performance.®® (2) The highly conductive carbon materials
could protect VN from dissolution and provide fast ion trans-
fer.>**° The cyclic stability of recently reported VN, vanadium-
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based/carbon hybrids, other supercapacitor electrode mate-
rials tested in three-electrode configurations were summarized
in Table S1.t It is clear that our sample exhibits relatively good
electrochemical stability among these electrode materials,
which is close to the stability of metal-oxide/graphene
nanocomposites.***

The EIS plots and Bode plots given in Fig. 6e and f were
further performed to reveal the ion/electron transport proper-
ties within VN, NCNT/NCN, and VN/NCNT/NCN electrodes. The
EIS plots feature a depressed semicircle and a nearly vertical
curve. The equivalent series resistance (Ry) of VN/NCNT/NCN
electrodes, from the x axis intercept, was calculated to be 0.59
Q (VN/NCNT/NCN-1), 0.60 Q (VN/NCNT/NCN-2), 0.63 Q (VN/
NCNT/NCN-3), which is slightly lower than that of VN (0.61 Q)
and NCNT/NCN (0.62 Q). Besides, at the phase angle of —45°,
the characteristic frequency f, is 1.28, 0.76, 0.84, 10.58 and
2.34 Hz for VN/NCNT/NCN-1, VN/NCNT/NCN-2, VN/NCNT/
NCN-3, NCNT/NCN, and VN. And the relevant time constant
74 is 0.12, 0.21, 0.19, 0.02, and 0.07 s, respectively (Fig. 4e). The
larger 1, values of VN/NCNT/NCN electrodes suggest favorable
rate capability of the VN/NCNT/NCN based SCs.

In order to explore the practical application of VN/NCNT/NCN
electrode, a symmetrical supercapacitor with sandwich structure
was fabricated using VN/NCNT/NCN-2 electrode. Fig. 7a and
b show the CV curves and GCD curves of VN/NCNT/NCN-2 based
supercapacitor (VN/NCNT/NCN-2-SC) at different scan rates and
current densities. The quasi-rectangular shape from CV curves
and the nearly triangular shape from GCD curves exhibit excel-
lent capacitive behavior and electrochemical reversibility of VN/
NCNT/NCN-2-SC. As calculated in Fig. 7c, the total specific
capacitance of VN/NCNT/NCN-2 can reach 43.6 F g~" at 1 Ag™ ",
which remains 25.5 F g~ ' at 10 A g ". Fig. 7d shows the Ragone
plot of VN/NCNT/NCN-2-SC. The VN/NCNT/NCN-2-SC delivers an
energy density of 7.3 W h kg™ " at a power density of 549.8 W kg™
and remains 4.29 W h kg™ " at 5515.7 W kg™ ".
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Fig. 7 (a) CV curves of VN/NCNT/NCN-2-SC at different scan rates.

(b) GCD curves of VN/NCNT/NCN-2-SC at different current densities.
(c) Specific capacitance of VN/NCNT/NCN-2-SC. (d) Ragone plots of
VN/NCNT/NCN-2-SC.
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Conclusion

To sum up, using a facile C;N, self-sacrificing method, the
inter-connected VN/NCNT/NCN hybrids were fabricated. The
well-designed material features uniform distribution of VN
nanoparticles and NCNT, which inserted in the porous carbon
sheets. As a promising supercapacitor electrode, the VN/NCNT/
NCNT-2 electrode exhibits a maximum specific capacitance of
232.9 Fg " at 1 A g '. Moreover, after 5000 cycles, the specific
capacitance retains 91%, which is superior than that of pure VN
electrode. The symmetrical supercapacitor based on VN/NCNT/
NCN-2 delivers an energy density of 7.3 W h kg ' at a power
density of 549.8 W kg™ ', demonstrating promising application
in energy storage field.
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