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Abstract Vanadium nitride (VN) is a promising pseudo-
capacitive material due to the high theoretical capacity,
rapid redox Faradaic kinetics, and appropriate potential
window. Although VN shows large pseudocapacitance in
alkaline electrolytes, the electrochemical instability and
capacity degradation of VN electrode materials present
significant challenges for practical applications. Herein, the
capacitance decay mechanism of VN is investigated and a
simple strategy to improve cycling stability of VN super-
capacitor electrodes is proposed by introducing VO,
anion in KOH electrolytes. Our results show that the VN
electrode is electrochemical stabilization between —1.0
and —0.4 V (vs. Hg/HgO reference electrode) in 1.0 M
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KOH electrolyte, but demonstrates irreversible oxidation
and fast capacitance decay in the potential range of —0.4 to
0 V. In situ electrochemical measurements reveal that the
capacitance decay of VN from —0.4 to O V is ascribed to
the irreversible oxidation of vanadium (V) of N-V-O
species by oxygen (O) of OH™. The as-generated oxi-
dization species are subsequently dissolved into KOH
electrolytes, thereby undermining the electrochemical sta-
bility of VN. However, this irreversible oxidation process
could be hindered by introducing VO,>~ in KOH elec-
trolytes. A high volumetric specific capacitance of
671.9 F-em™ (1 A-cm™>) and excellent cycling stability
(120.3% over 1000 cycles) are achieved for VN nanorod
electrode in KOH electrolytes containing VO,>~. This
study not only elucidates the failure mechanism of VN
supercapacitor electrodes in alkaline electrolytes, but also
provides new insights into enhancing pseudocapacitive
energy storage of VN-based electrode materials.

Keywords Vanadium nitride; Capacitance decay;
Pseudocapacitance; Oxidation mechanism; Supercapacitors

1 Introduction

Electrochemical supercapacitors (SCs) are promising charge
storage devices that can offer high power densities, long
cycling life, and excellent reversibility compared to batteries
[1-3]. Therefore, there is increasing interest in various fields,
including hybrid or electric vehicles, electronic devices,
aircraft, and smart grids [4-8]. The electrochemical prop-
erties of SCs are primarily determined by the electrode
materials. Carbon-based electrode materials are widely
investigated for SCs due to their high conductivity, large
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surface areas, and excellent electrochemical stability; how-
ever, the carbon electrodes that store energy via ions
adsorption/desorption generally exhibit low specific capac-
itance (90—250 F-g~") [9, 10]. Pseudocapacitive materials
that store charges by rapid surface redox reactions have
larger capacitance compared with porous carbon materials,
thereby enabling high energy densities [11-14]. Vanadium
nitride (VN) is a promising pseudocapacitive material,
which has high specific capacity (1340 F-g~', 2 mV-s™")
and electrical conductivity (1.67 x 10° Q_l-m_l) [15-18].
Previous reports indicate that VN electrodes have larger
capacitance in alkaline electrolytes compared with acidic
and neutral electrolytes [19-21]. However, VN electrode
materials exhibit poor electrochemical stability and fast
capacitance degradation in alkaline electrolytes, which pre-
sent significant challenges for practical applications in
aqueous supercapacitors.

Current research activities predominantly focus on
enhancing the stability of VN in KOH electrolytes by
carbon coating or electrolyte additives. For example, Liu
et al. embedded VN into an N-doped graphene framework
to prevent the direct interactions of VN with the elec-
trolyte, resulting in high capacity retention of 94.8% after
2000 cycles in 2.0 M KOH [22]. Haye et al. have used a
V>*_containing KOH electrolytes to form a stable oxide/
oxynitride layer on the surface of VN, thereby reducing the
capacitance loss from 59% to 23% [23]. Despite recent
progress, the inherent degradation mechanisms of VN
electrodes are not clear, and some results are even con-
tradictory. For instance, some reports suggest that the
surface redox reaction of VN in KOH proceeds by
V¥N,0, +20H™ — V3N, O,//OH™ + V?*N,0,—OH
[18, 24]. However, Djire et al. have proposed an alternative
balanced redox reaction for VN in aqueous alkaline media
of V?*N +20H™ +e~ — V*'N(OH"), [25].

In this study, the capacitance decay mechanism of VN in
KOH is studied by in situ attenuated total reflectance—
Fourier transform infrared spectroscopy (ATR-FTIR) and
electrochemical quartz crystal microbalance (EQCM). Our
results reveal that VN is stable between —1.0 and —0.4 V
(vs. Hg/HgO reference electrode); however, its capacitance
decreases sharply in the voltage range of —0.4 to 0 V due
to the irreversible oxidation. The irreversible oxidation
process of VN involves the oxidation of N-V-O and V-N
by OH™ and dissolved oxygen, followed by the dissolution
of vanadium oxide species into the electrolyte. This irre-
versible oxidation results in the fast capacitance decay of
VN electrode in KOH electrolytes between —0.4 and 0 V.
However, the electrochemical oxidation and dissolution
could be hampered by adding a redox-active additive
(VO,>7) into the KOH electrolyte, enabling much
improved cycling stability. And the symmetrical all-solid-
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state flexible SC composed of VN electrode and KOH-
VO,* /PVA gel electrolyte shows a high energy density of
40.8 mWh-cm™  (69.4 Wh-kg™") at 496.7 mW.cm™>
(843.9 Wkg™ "), suggesting large potential in next-gener-
ation electrochemical energy storage devices.

2 Experimental
2.1 Fabrication of VN nanorods

NH4VO; (1.17 g) and 1 mL of CH3;COOH were mixed in
10 mL of deionized water until NH,VO5 dissolved com-
pletely. The solution was transferred to a 50 mL autoclave
and underwent a hydrothermal treatment at 180 °C for
24 h. After cooling to room temperature naturally, the
yellow precipitate of lamellar NH,V;Og was filtered,
washed with distilled water, and vacuum freeze-dried for
12 h. The VN nanorods were produced by annealing the
lamellar NH,V;0g at 550 °C for 2 h under NH;.

2.2 Material characterization

The morphology and microstructure of VN nanorods were
examined using field emission scanning electron micro-
scopy (SEM, JSM-6700F) and transmission -electron
microscopy (TEM, JEM-F200). The crystalline structure
was determined by X-ray diffraction (XRD, SmartLab)
using a Cu Ko source. The surface chemistry compositions
were analyzed by X-ray photoelectron spectroscopy (XPS,
AXIS SUPRA +).

2.3 Electrochemical measurements

The electrochemical measurements were taken on the
PARSTAT MC-200 electrochemical workstation with a
three-electrode configure in the KOH electrolyte without
and with the addition of VO43 ~ with Pt sheet as the counter
electrode, and Hg/HgO (1.0 M KOH) as the reference
electrode. The synthesis route involves adding 0.1 M V,05
to 1.6 M KOH (V,0s+ 6KOH — 2K3VO, + 3H,;0)
solution to prepare the 1.0 M KOH electrolyte containing
0.2 M VO,*~. Additionally, the 1.0 M KOH electrolyte
containing 0.1 and 0.5 M VO, was prepared by a similar
route. The VN, acetylene black, and polytetrafluo-
roethylenes (PTFE) are mixed in deionized water with a
mass ratio of 8:1:1 to yield a slurry, which was spread on
carbon paper with an area of about 1 cm?. The working
electrode was vacuum-dried at 80 °C for 24 h. Electro-
chemical impedance spectroscopy (EIS) was performed
between 0.01 and 100 kHz with an amplitude potential of
5 mV. The volumetric specific capacitances C, (F-cm ™)
were calculated according to Eq. (1):
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(I x Ar)

Cv= AV V) (1)
where I (A) represents the response current, At (s) desig-
nates the discharge time, AV (V) refers to the voltage
window, and V (cm®) denotes the volume of the electrode.

The all-solid-state symmetrical device was fabricated by
divided two similar VN electrodes by KOH-VO,*"/PVA
gel electrolyte. The KOH-VO,* " /PVA gel electrolyte was
prepared by dissolving 1.792 g of KOH, 0.364 g of V,0s,
and 2.000 g of PVA into 20 mL of deionized water. The
mixture was then heated to 85 °C for 3 h under vigorous
stirring. The total volumetric specific capacitance (Ceey,
F-cm73), volumetric energy density (E, Wh-cm73), and
power density (P, W-cm ) were obtained by Eqs. (2—4):

(I x At)

CCeu:m (2)
E— (O.SCcel] X AVZ) (3)
3600
E x 3600

where V (cm3) is the total volume of both positive and
negative electrodes, AV (V) is the potential range, and
At (s) is the discharge time.

2.4 EQCM measurement

The mass changes of the electrode were tracked by elec-
trochemical quartz crystal microbalance (EQCM,
QCMO922). The electrochemical measurements were taken
in parallel with EQCM on the PARSTAT MC-200 elec-
trochemical workstation. The frequency data were col-
lected accompanied with cyclic voltammetry (CV) at
20 mV-s~'. The mass change was calculated by Eq. (5)
[26-28]:

pm — — (B XA X Jip) 5)

2f5

where Af represents the change in the resonant frequencies
of the gold-coated quartz crystal electrode, A denotes the
active crystal surface (0.198 cmz), u refers to the shear
modulus of quartz (2.947 x 10" g-cm™'s72), p represents
the density of quartz (2.650 g-cm ), and f; is the reference
frequency of the quartz crystal (9.000 MHz). According to
this equation, the change of 1 Hz is equal to 1.068 ng.

2.5 In situ ATR-FTIR
Attenuated total reflectance—Fourier transform infrared

spectroscopy (ATR-FTIR) was conducted on the Nicolet
iS50 (Thermo-Fisher Scientific) equipped with an extended
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range diamond ATR accessory (Shanghai Linglu Instru-
ment Co. Ltd). FTIR spectra were acquired every 100 s,
while CV was performed at a scanning rate of 1 mV-s™".
The FTIR spectra were acquired using a liquid nitrogen-
cooled HgCrTe (MCT/A) detector with a resolution of
4 ¢cm™ ' in the range of 650-4000 cm_l, and 32 scans were

taken for each spectrum.

3 Results and discussion

Figure la schematically depicts the synthesis procedure of
VN nanorods. The SEM image in Fig. 1b reveals that the
NH,4V30g precursor has a uniform and smooth surface, and
the X-ray diffraction (XRD) pattern can be indexed to the
monoclinic phase of NH,V30g (JCPDS card No. 88-1473)
(Fig. 1c). After nitridation, the XRD pattern is ascribed to
cubic VN (JCPDS card No. 35-0768) and the peaks cor-
responding to NH,V30g disappear (Fig. 1c). The SEM
image reveals that the VN has a rodlike morphology with a
width of 900 nm and a length of 2.1 pum (Fig. 1d). The
TEM images of VN nanorods in Fig. le, f reveal lattice
fringes of 0.205 nm matching the (200) crystal planes of
VN [29]. The XPS spectra of VN nanorods exhibit three
sub-peaks corresponding to V-N (513.9 and 521.2 eV), N—
V-0 (515.4 and 522.7 eV), and V-0 (517.1 and 524.5 eV)
(Fig. 1g) [30, 31], confirming the synthesis of VN
nanorods.

Figure 2 depicts the capacitance retention and mor-
phology evolution of VN in 1.0 M KOH electrolyte during
cycling, which are operated in three potential windows
of —1.0to OV, —1.0 to —04 V, and —04 to OV at a
current density of 1 A-cm . The corresponding galvano-
static charging/discharging (GCD) plots before and after
cycling are shown in Fig. S1. VN electrode exhibits
remarkable stability manifested by a capacitance retention
of almost 100% between —1.0 and —0.4 V (Fig. 2a);
however, the capacitance retention of VN drops to 35.5%
and 28.3% after 1000 cycling in the potential ranges
of —1.0to 0 V and —0.4 to O V. These results reveal that
the capacitance decay and electrochemical degradation of
VN in KOH mainly occur in the potential range
between —0.4 and 0 V. The surface chemical states of the
VN electrode after 1000 cycling are determined by XPS
(Fig. S2). The V 2p spectra (Fig. 2b) reveal three peaks
corresponding to V=N, N-V-0, and V-0 in the potential
range of —1.0 to —0.4 V, which are similar to the pristine
VN nanorods. However, the V-N and N-V-O peaks are
nearly undetectable in the potential windows of —1.0 to
0 V and —0.4 to 0 V and only the V-O peak is observed,
indicating the irreversible conversion of VN into vanadium
oxide species. N 1s spectra shown in Fig. 2c demonstrate
that the N signal of V-N is inherited in the potential range
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Fig. 1 Preparation and characterization of VN nanorods. a Synthesis scheme of VN nanorods; b SEM image of NH,V30g; ¢ XRD
patterns of NH4;V30g and VN nanorods; d SEM image, e, f TEM images, and g V 2p spectrum of VN nanorods

between —1.0 and —0.4 V after 1000 cycles; however, the
peak of N 1s is disappeared in the potential windows
of —1.0 to 0 V and —0.4 to 0 V, further confirming that
oxidation of VN occurs in the voltage range of —0.4 to
0 V. The morphologies of VN nanorods before and after
1000 cycling are depicted in Figs. S3, 2d—f. The cycled
VN electrode in the potential range of —1.0 to —0.4 V
shows pristine morphology of VN nanorods. On the con-
trary, the rodlike morphology is corroded in the potential
windows of —1.0 to 0 V and —0.4 to 0 V. Additionally,
TEM images of VN electrode after cycle in the voltage
range of —0.4 to 0 V reveal a notable presence of amor-
phous components and interlayer spacing of 0.169 and
0.204 nm, corresponding to the (220) and (022) lattice
plane of cubic V,05 (Fig. 2g—1), indicating severe oxida-
tion of the VN electrode in KOH electrolytes within this
voltage range. Figure S4 presents the CV curves for various
cycles in the potential range of —0.4 to 0 V. The oxidation
peak increases initially, but declines rapidly afterward,

2

ultimately vanishing after 1000 cycles as a result of irre-
versible oxidation. These results reveal that VN is unsta-
ble within the potential range of —0.4 to O V, mainly
originating from the irreversible electrochemical oxidation.

To elucidate the electrochemical oxidation mechanism
of VN in KOH electrolytes, oxygen-free VN is prepared by
thermal nitridation of VS, precursor. As depicted in
Figs. 3a, S5, the oxygen-free VN exhibits poor stability in
the KOH electrolyte with a capacity retention of only
37.6% after 1000 cycles in the potential range of —1.0 to
0 V. However, the oxygen-free VN exhibits an enhanced
cyclability with 94.3% capacity retention after 1000 cycles
if the dissolved oxygen in the electrolyte is removed by
bubbling N,. These results indicate that V-N bonds are
readily oxidized by dissolved oxygen in the KOH elec-
trolyte. For comparison, the oxygen-free VN electrode
exhibits a capacitance retention of almost 100% in the
potential range between —1.0 and —0.4 V even if the
dissolved oxygen in KOH is remained (Fig. S6). This

Rare Met. (2025) 44(6):3909-3919
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Fig. 2 Electrochemical properties and morphologies evolution of VN operated in different potential ranges (—1.0 to —0.4 V, —0.4 to
0V, and —1.0 to 0 V). a Relative capacity retention curves of VN at three different potential ranges, b XPS V 2p spectra, ¢ N 1s
spectra, and d—f SEM images of VN electrode after 1000 cycles in different potential windows; g—i TEM images of VN electrode after

cycle in the voltage range of —0.4to 0 V

indicates that the oxidation reaction between V-N bonds
and dissolved oxygen occurs in the voltage range of —0.4
to 0 V. On the contrary, despite continuous N, flow during
cycling, VN nanorod electrode still exhibits a disappointing
capacity retention rate of 50.5% after 1000 cycles in the
voltage range between —1.0 and 0 V. After excluding the
oxidation of V-N caused by dissolved oxygen, the
remaining capacity decline of VN in the KOH electrolyte
attributed to the oxidation of N-V-O species. Thus, the co-
oxidation of V-N and N-V-O in the voltage range
between —0.4 and 0 V results in the poor cyclic stability of
VN in the KOH electrolyte.

To study the interactions between OH™ and N-V-O
species, in situ FTIR is carried out by bubbling N in 1.0 M
KOH (Fig. S7). Figure 3b displays the potential-dependent
in situ FTIR spectra. The absorption peak at ~ 852 cm™'
corresponds to the stretching vibration mode of V-O.

Rare Met. (2025) 44(6):3909-3919

During charging from —1.0 to 0 V, the strength of char-
acteristic V-O band increases gradually. When the dis-
charge voltage returns to —1.0 V, the peak intensity of the
V-0 bond diminishes, but remains higher than the initial
peak intensity. The dissymmetry periodic intensity change
of V-0 is also evident in the mapping mode of the IR
signal evolution for the charging—discharging process, as
shown in Fig. 3c. These results indicate that the electro-
chemical oxidation of N-V-O in KOH involves the active
vanadium sites in N-V-O interacting with OH™ to form
vanadium oxide. Subsequently, we perform ex situ XPS
analysis of the VN electrode at various charge states to
accurately elucidate the oxidation processes. As the
advancement of the charging state, as illustrated in
Figs. 3d, S8 and Table S1, the V-O peak intensities slightly
increase while those of V-N peak decrease. Concurrently,
the V-O/V-N ratio increases from 1.20 to 1.87, suggesting
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Fig. 3 Electrochemical characterizations of the oxidation of VN in KOH. a Cyclic performances of VN and oxygen-free VN with and
without bubbling N, in 1.0 M KOH in the potential range of —1.0 to 0 V; b, ¢ in situ IR spectra of the VN in 1.0 M KOH during charge
and discharge; d ratios of V-0 to V-N of the VN electrode derived from the V 2p spectra for different charge states; e 5th cycle CV
curve (20 mV-s~') and mass change of the VN-coated quartz electrode between —0.4 and 0 V; f oxidation schematic diagram of VN in

KOH electrolytes

that the oxidation reaction is predominant in this process.
Upon discharging, the V-O/V-N ratio partially recovers to
1.32, demonstrating an irreversible change/charging pro-
cess within the —1.0 to 0 V voltage range. To further
investigate the irreversible oxidation of VN in KOH elec-
trolytes in the potential range between —0.4 and 0 V, the
variation in the mass (Am) of the VN electrode is deter-
mined by EQCM (Fig. S9). Figure 3e shows the CV curve
(purple line) together with the corresponding mass change
curve (green line) of VN. The electrode mass increases
during anodic scanning (charging) and decreases during
cathodic scanning (discharging). However, the VN elec-
trode exhibits a mass change of 151.3 ng during the
charging process and a decrease of only 60.9 ng during the
discharging process, indicating irreversible mass changes.
This result further suggests that the formation of irre-
versible V=0 bonds is a critical factor contributing to the
instability of VN electrode in the potential range
between —0.4 and 0 V (Fig. 3f).

The mass variation (Am) of the VN electrode during the
cycle in different potential ranges is depicted in Figs. 4a,
S10, S11. In the potential range of —1.0 to —0.4V,
Am decreases slightly from 0.372 in the first cycle to
0.346 pg after the 600th cycle, demonstrating the excellent
stability of the VN electrode. In contrast, the VN electrode
experiences significant mass loss in the potential ranges

2

of —0.4 to 0 V and —1.0 to 0 V, with Am reducing from
0.058 to 0.004 pg and 0.408 to 0.034 pg, respectively. This
decrease suggests that the number of active ions partici-
pating in the electrochemical reaction diminishes, leading
to a gradual loss of mass from the VN electrode material in
the potential range of —0.4 to 0 V. Then, the dissolution of
the oxidization species of VN into KOH is monitored by
UV-Vis spectrophotometry. Figure 4b shows a distinct
VO,*~ absorption peak at 271 nm, confirming the forma-
tion of VO,*~ during cycling in the potential windows
of —1.0 to OV and —04 to 0 V. When the cycling
potential range is adjusted to —1.0 to —0.4 V, there is a
notable reduction in the intensity of the VO, absorption
peak, and the weak peak is attributed to the dissolution of
inherent surface oxides. In brief, the poor stability of VN in
KOH arises from the irreversible oxidation of V-N and N-
V-0 and the dissolution of oxidation products in the
potential range between —0.4 and O V, resulting in fast
pseudocapacitance decay and unsatisfactory cycling sta-
bility in KOH electrolytes (Fig. 4c).

After obtaining a clearer picture of the capacitance
decay mechanism, we aim to develop a suitable method to
improve the cyclability of VN by incorporating an additive
(VO,*7) into the KOH electrolyte. The irreversible binding
between OH™ and N-V-O is the primary cause of VN
oxidation. To evaluate the enhancement of VN stability by

Rare Met. (2025) 44(6):3909-3919
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Fig. 4 Oxidation mechanism of VN in the potential range of —0.4 to 0 V. a Mass changes of the VN electrode during cycling; b UV-Vis
absorption spectra of the KOH electrolyte before and after cycling in various potential windows (—1.0to0 V, —1.0to —0.4 V, and —0.4

to 0 V); ¢ oxidation diagram of VN in KOH electrolytes

adding VO,*~ to the KOH electrolyte, we prepared the
KOH-VO,>~ electrolyte while maintaining a consistent
OH™ concentration of 1.0 M. Typically, we prepared a
1.0 M KOH electrolyte containing 0.2 M VO, by dis-
solving 0.1 M V,05 in 1.6 M KOH. The redox-active
additive can improve the chemical equilibrium shift of the
VN dissolution reaction to stabilize the oxide/oxynitride
layer on the VN surface [23, 32]. This enhancement is
confirmed by the post-cycling SEM image. As shown in
Fig. S12, the VN electrode cycled in the 1.0 M KOH
electrolyte with 0.2 M VO, inherits the initial mor-
phology (Fig. S3). To further validate the oxidation sta-
bility, a series of electrochemical characterizations are
performed. According to the linear sweep voltammetry
(LSV) curves (Fig. 5a), the VN electrode in the 1.0 M
KOH without the addition of VO,*~ shows a sharply
higher current when the voltage exceeds —0.4 V. In con-
trast, the oxidation potential shifts to 1.1 V after adding
0.2 M VO,>~ to 1.0 M KOH. This shift enables the elec-
trode material to undergo rapid and reversible Faradaic
reactions within the voltage range of —1.0 to 0 V, thereby

Rare Met. (2025) 44(6):3909-3919

enhancing the redox reaction kinetics of the VN electrode.
Figure 5b shows the long cycling characteristics of VN in
KOH electrolytes with and without VO,*~. With VO,>~ in
the KOH electrolyte, the capacity retention of VN increases
from 35.5% to 120.3%. The capacity retention exhibits an
increasing trend in the early stages of cycling. This is
attributed to the gradual infiltration of VO437 ions, which
have a larger ionic radius, into the interior of the electrode
material, thereby contributing to a portion of the capacity.
As a result, the specific capacity of VN initially increases
and then stabilizes. Additionally, as the concentration of
VO43 ~ increases from 0.1 to 0.2 M, the volumetric specific
capacity rises from 508.6 to 671.9 F-cm > (Fig. S13).
When the concentration of VO437 further increases to
0.5 M, the volumetric specific capacity gradually decreases
to 601.7 F-cm™>. With the addition of VO437, the volu-
metric specific capacity remains consistently higher than
that observed in the absence of VO43*. Furthermore, the
volumetric specific capacitances under 0.2 M VO, are
measured to be 671.9, 609.0, 538.1, 494.8, and
4299 F-em™ at 1, 2, 5, 10, and 20 A-cm ™, respectively,
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Fig. 5 Electrochemical characteristics of VN in the 1.0 M KOH electrolyte with and without the addition of 0.2 M VO,3~. a LSV curves,
b relative capacity retention, ¢ rate capability, d Nyquist plots, e real capacitance, and f imaginary capacitance as a function of
frequency for the VN electrode cycling in the 1.0 M KOH electrolyte with and without VO,3~; g GCD curves of the VN-based device at
different current densities; h Ragone plots of the device; i GCD curves of the single and two devices in series at a current density of 1
A-cm~3, the inset is the digital picture of the green LED bulb (1.8 V) light by two devices in series

which is superior to that in the 1.0 M KOH electrolyte
(406.4, 343.2, 296.8, 267.7, and 232.2 F-cm™?) (Figs. 5c,
S14). These results clearly indicate the significantly
enhanced electrochemical stability and specific capacity
following the addition of VO, to the KOH electrolyte.
Figure 5d depicts the Nyquist plots of VN in KOH elec-
trolytes with and without VO,>~. The similar EIS curves
show that the incorporation of VO4°~ into the KOH elec-
trolyte does not influence charge transfer and ion diffusion
during the electrochemical process. In addition, the
capacitance at the low-frequency region, which is a com-
bination of the real and imaginary parts of the capacitance,
is expressed by Eq. (6) [33, 34]:

C(w) = C'(w) —jC"(0) (6)

where C' and C” represent the real and imaginary parts of
the capacitance, respectively. Figure Se, f illustrates the

2

real and imaginary components of the capacitor derived
from the EIS data. Notably, both the real and imaginary
capacitance values exhibit a strong frequency dependence,
demonstrating resistive behavior in the high-frequency
region and capacitive behavior in the low-frequency
region. With VO,>~ present in KOH electrolytes, the real
(C") and imaginary (C”) capacitance values of VN in the
low-frequency region significantly enhance, measuring
0.32 and 0.12 F, respectively. In contrast, in the absence of
VO43 ~, these values are lower, at 0.20 and 0.05 F,
respectively. These results confirm unequivocally that the
addition of VO4>~ inhibits oxidation and improves the
capacitive properties of VN in KOH electrolytes.
All-solid-state symmetrical devices are fabricated to
evaluate the application potential, in which VN and KOH-
VO,* /PVA were selected as the electrode and gel elec-
trolyte. As shown in Fig. 5g, the GCD curves of the device

Rare Met. (2025) 44(6):3909-3919
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at different current densities are not obviously distorted,
illustrating great capacitive characterizations. The specific
capacitance is calculated as 296.1 F-cm™> (499.5 F-g~') at
1 A<em™> (1 A-g™") and delivers a high energy density of
40.8 mWh-cm™® (694 Wh-kg™!) at 496.7 mW-cm >
(843.9 W-kg™ "), which exceeds the majority of previously
reported VN-based supercapacitors (Fig. Sh) [35-41].
Additionally, the device is assembled in series to meet the
practical needs. The CV curves for single and two-cell
configurations in series, acquired at a scan rate of
50 mV-s~', are depicted in Fig. S15. The total potential for
the two cells in series is 2.0 V, which is exactly twice that
of a single device. After full charging, two devices in series
could light a commercial green light-emitting diode (LED)
bulb with a turn-on voltage of 1.8 V (Fig. 5i). These fea-
tures demonstrate that the all-solid-state VN symmetrical
capacitors are promising devices in energy storage.

4 Conclusion

The capacitance decay mechanism of VN in KOH is
investigated comprehensively. The cycling stability of VN
decreases sharply in the voltage range of —0.4 to 0 V due
to severe oxidation of V-N and N-V-O species in alkaline
electrolytes. The specific oxidation process involves
interaction of V-N and N-V-O species with dissolved
oxygen and O of OH™. The results reveal that VN oxida-
tion and oxidation product dissolution are responsible for
the pseudocapacitance decay and degradation of the elec-
trode materials. Based on the new knowledge of the
degradation mechanism, an effective method is demon-
strated to enhance the stability and specific capacity of VN
electrodes by adding VO,*~ in KOH electrolytes. Our
findings contribute to a deeper understanding of the
capacity decay of transition metal nitrides in alkaline
electrolytes and provide a practical method to improve
their electrochemical performance.
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Fig. S1 Galvanostatic charging/discharging (GCD) curves of VN electrode in the 1.0 M KOH
electrolyte in the voltage ranges of @ —1.0 to 0 V, b —1.0 to —0.4 V, and ¢ —0.4 to 0 V for the
first and 1000 cycle at a current density of 1 A-cm™.
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Fig. S2 XPS survey spectra of VN electrode after cycling for different voltage windows.
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Fig. S3 SEM image of the VN electrode before cycle.
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Fig. S4 CV curves of VN electrode for different cycle numbers at a scanning rate of 5 mV-s™!
spanning the voltage range of =0.4 to 0 V.
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Fig. S5 GCD curves of a, b oxygen-free VN and ¢, d VN electrodes without and with bubbling
N2 in 1.0 M KOH for the first and 1000 cycle at a current density of 1 A-cm™>.



RARE METALS

Fig. S6 a GCD curves of the first and 1000™ cycle at a current density of 1 A-cm > and b relative
capacity retention of oxygen-free VN electrode in the voltage range between —1.0 and —0.4 V.
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Fig. S7 Schematic diagram of the in situ three-electrode IR cell.
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Fig. S8 V 2p spectra of V-O/V-N of VN electrode at different potentials.
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Fig. S9 Schematic diagram of the electrochemical quartz crystal microbalance cell.
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Fig. S10 CV curves (20 mV-s ') and mass change of VN-coated quartz electrode during cycling
in the voltage ranges of a, b —1.0to 0 Vand ¢, d —1.0 to —0.4 V.
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Fig. S11 600™ cycle CV curve (20 mV-s ') and mass change of the VN-coated quartz electrode
in the voltage ranges of —0.4 to 0 V.
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Fig. S12 SEM image of VN electrode after cycling in the 1.0 M KOH electrolyte with the
addition of 0.2 M VO4*".
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Fig. S13 GCD curves of VN electrode in the 1.0 M KOH electrolyte addition different content
of VO4>~ at a current density of 1 A-cm™>.
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Fig. S14 GCD curves of VN electrode at the different current densities in the 1.0 M KOH
electrolyte a without and b with the addition of 0.2 M VO4>~.
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Fig. S15 The CV curves of single and two cells in series acquired at 50 mV-s .
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Table S1 Fitting parameters for V 2p spectra taken from VN electrode to calculate the contents
of V-N and V-O at different potentials.

Potential V 2p species Peak area V-O/V-N ratio

C-10V V-0 14103 1.20
V-N 11753

C-05V V-0 10470 1.48
V-N 7061

coVv V-0 14361 1.87

V-N 7680

D-05V V-0 21607 1.52
V-N 14216

D-10V V-0 8312 1.32
V-N 6297
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