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ABSTRACT: Zinc-ion hybrid supercapacitors (ZIHCs) hold great promise in the realm of renewable energy storage. However, their
development is severely hampered by the unsatisfactory practical capacity and poor stability. Herein, we report an effective strategy to
improve the electrochemical performance by constructing hollow bimetallic nitride TiVN (H-TiVN) using a sacrificial template
method. The optimized H-TiVN//Zn shows a high capacitance of 183.7 F g™' at 0.2 A g™ along with excellent stability (an 84.7%
capacitance retention after 20,000 cycles at 5 A g™'). More importantly, the energy density can reach 57.42 Wh kg™, accompanied by
a power density of 249.35 W kg™'. Our work not only establishes H-TiVN as a high-performance electrode material for ZIHCs but
also provides a general strategy for improving the electrochemical performance of nanomaterial electrodes.

Hybrid supercapacitors, which are composed of battery-type
(faradaic) electrodes and capacitor-type (nonfaradaic) electro-
des, combine the merits of high energy density of the former
and high power density of the latter and therefore are of
significant research and practical interest. Over the past few
years, hybrid supercapacitors using Li*, Na*, K*, Ca**, Mg*',
and Zn®" as the charge carriers have been widely inves-
tigated.' ™ Among them, zinc-ion hybrid supercapacitors
(ZIHCs) stand out given their high safety, low cost, and
high energy/power density. The ZIHC directly utilizes Zn foil
as the battery-type electrode, which possesses a high
theoretical capacity (819 mAh g™' or 5854 mAh cm™),
excellent electrical conductivity, and suitable redox potential
(—0.76 V versus the standard hydrogen electrode).*” Carbon
materials are the most studied capacitor-type electrodes;
however, they are limited by their relatively low capacitance.
Though tremendous efforts have been devoted to improving
the performance of carbon electrodes through strategies
including morphological regulation and ionic doping,
etc,” ' the capacitance enhancement cannot meet the ever-
increasing demand. Alternatively, transition metal nitrides are
attractive candidates due to their excellent electrochemical
performance and stability in mild electrolytes."'>'® In this

regard, combining Zn and transition metal nitrides is expected
to result in high-performance ZIHCs.

TiN has been widely explored for electrochemical energy
storage applications given its high electrical conductivity (27
uQ cm™) and robust chemical/electrochemical stability.”""
However, the capacitance needs further improvement. On the
other hand, vanadium-based materials have demonstrated
excellent performance for batteries and supercapacitors thanks
to multiple oxidation states of vanadium (V**, V¥, V¥ V%),
while they have been suffering from unsatisfactory stabil-
ity.">'"7° 1t is expected that the incorporation of vanadium
into TiN might be a simple yet efficient way to optimize the
overall performance with high capacitance and robust
durability by utilizing the synergy between Ti and V.
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Figure 1. (a) SEM, (b) TEM, and (c) HAADF images and EDS elemental maps of TiVN-200@ZnO/CP. (d) XRD patterns and (e) Ti 2p and (f)
V 2p XPS spectra of TiVN@ZnO/CP, TiIN@ZnO/CP, and VN@ZnO/CP.

It is also noted that hollow structures typically have large
surface areas and therefore would promote the contact
between electrolyte and electrode, effectively enhancing mass
transport and diffusion. In addition, the hollow structure also
allows for better access to active sites and can alleviate the
volume change during ion insertion/extraction. Therefore,
hollow structures often possess enhanced capacity and stability
compared to their solid counterparts. Indeed, many hollow
structures of carbons have been explored for Zn-ion
capacitors.”' ~>° However, the synthesis of hollow nitrides
with controlled compounds is much more challenging.

Herein, we proposed bimetallic TiVN as a promising
cathode for ZIHC, and we further rationally designed a hollow
TiVN nanostructure (H-TiVN) using ZnO nanorods as the
sacrificial template to boost the ionic transfer and thus the
electrochemical performance. The H-TiVN showed the best
performance with a Ti/V ratio of 5.54. The H-TiVN//Zn
hybrid capacitor can achieve a specific capacitance of 183.7 F
g ' at 0.2 A g™!, which is far superior to that of a solid TiVN
counterpart (62 F g™'). Additionally, the energy density can
reach up to 57.42 Wh kg™', accompanied by a high-power
density of 249.35 W kg™!, and excellent stability with an 84.7%
capacitance retention after 20,000 cycles at 5 A g™*. This work
not only establishes H-TiVN as a high-performance electrode
material that expands the potential applications of transition
metal nitrides but also provides an effective strategy for

improving the electrochemical performance of nanomaterial
electrodes by a combined compositional and structural design.

RESULTS AND DISCUSSION

The TiVN was synthesized by magnetron sputtering, which is a
common method used for large-scale synthesis of metal
nitrates. However, materials produced by this technique often
have a low surface area, leading to an unsatisfactory
electrochemical performance. To address this, we introduced
ZnO nanorods as a template and further deposited TiVN on
the surface. The morphology of ZnO nanorod arrays was
investigated by using SEM (Figure S1). TiVN@ZnO/CP
samples with various Ti/V ratios were prepared by adjusting
the RF power while maintaining the DC power at 150 W. The
samples are denoted as TiVN-X (X = 100, 150, 200, or 250),
where X represents the RF power. As control samples, we also
prepared pure TiN and VN deposited on carbon paper (Table
S1). SEM images reveal that the TIVN-X@ZnO/CP samples
maintain the nanorod array’s structure (Figures la and S2).
Further observation by TEM (Figure 1b) confirms the core—
shell structure of TiVN-X@ZnO, with a TiVN-X shell
approximately 20 nm thick and a ZnO core approximately
200 nm in diameter. High-angle annular dark field SEM
(HAADF) and energy dispersive spectroscopy (EDS)
elemental mapping confirm the uniform distribution of Zn,
Ti, V, and N elements (Figures 1c and S3). The Ti/V ratio of
different TIVN-X@ZnO electrodes was determined by EDS
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Figure 2. (a) Rate performance and (b,c) cycling performance of various electrodes of TIN@ZnO and VN@ZnO and various TiVN@ZnO
electrodes. (d) CV curves at 100 mV s™' and (e) EIS spectra of the TiVN-200@ZnO/CP, TIN@ZnO/CP, and VN@ZnO/CP electrodes.

and is listed in Table S2. XRD patterns (Figure 1d) show clear
ZnO diffraction peaks (JCPDS 79-2205) along with two
additional peaks located at 26 values of 37° and 43°. One peak
(37°) is located between the (111) facet of TiN (JCPDS 87-
0628) and VN (JCPDS 73-2038), while the other is located
between the (200) facet of TiN and VN. The peaks shift to
higher angles with increasing vanadium content, indicating the
formation of Ti—V—N solid solutions.”**” Meanwhile, TiVN
reveals a preferred (200) crystal plane orientation. The lattice
parameter (a) was determined using Bragg’s law and the plane-
spacing equation as follows

a = dy (B + K2+ 1) (1)

Taking TiVN-200@ZnO/CP as an example, the lattice
parameter of TiVN was calculated to be 4.2 A, compared to
4.244 A for TiN and 4.13 A for VN. This suggests that some Ti
atoms (0.140 nm) are replaced by smaller V atoms (0.135
nm), further demonstrating the formation of Ti—V—N solid
solutions. It should be noted that the variation of lattice
parameters can also be attributed to the compressive stress
generated during magnetron sputtering,””’

XPS was performed to investigate the surface states. The Ti
2p peak fitting for TiVN-200@ZnO/CP can be divided into
Ti—N (455.3 eV), Ti—-N—O (456.8 eV), and Ti—O (458.5
eV) components.’*” Notably, these peaks shift by ~0.2 eV
toward higher binding energy compared to TIN@ZnO/CP,
indicating electron deficiency (Figure le). For VN@ZnO/CP,
the peaks at 513.9, 515.2, and 517.2 eV can be assigned to V—
N, V¥*-0, and V*—0, respectively (Figure 1f). The V 2p
peaks for the TiVN-200@ZnO/CP sample shift negatively by
~0.3 eV, suggesting electronic interactions between V and
Ti.>* This could be due to the stronger electronegativity of V
(1.63) attracting electrons from Ti, which has a weaker
electronegativity (1.54). The N 1s spectrum of TiVN-200@
ZnO/CP (Figure S4) further confirms the presence of V—N
(396.3 V), Ti—N (397.4 eV), Ti—N—0O (398.5 eV), and V—
O—N (399.5 eV) bonds.

We then evaluated the electrochemical performances of
TiVN-X@ZnO/CP, TIN@ZnO/CP, and VN@ZnO/CP in 1
M Zn(SO,), aqueous electrolyte. Figure SS displays the CV
curves at different scan rates. It is clear that as the content of V
increases, the redox peaks become more distinct and a higher
current response can be observed. Meanwhile, GCD curves
confirm that the introduction of V leads to higher capacitance,
which can be attributed to the contribution from V-related
redox reactions (Figure S6).

Figure 2a—c shows the rate and stability performances of
these electrodes. Generally, VN exhibits higher capacitance but
suffers from rapid capacitance fading within 300 cycles. It is
noted that there is an increase in the capacity of VN in the
initial cycles, a phenomenon that has been commonly observed
in the literature.”**> This process is mostly referred to as a so-
called “activation process”, which is due to the oxidation of
vanadium nitrides or chalcogenides and the consequent
formation of amorphous vanadium oxides.”® As for the
TiVN, we did not observe such an “activation process”,
which means that the oxidation of V species in TiVN to form
vanadium oxides is somehow suppressed. Indeed, our XPS data
indicates that there are strong electronic interactions between
Ti and V in TiVN (Figure le(f), where the electrons are
transferred from Ti to V. Therefore, although the initial
capacity of TiVN is lower than that of VN, it surpasses the
latter after long-term cycling. Among these samples, the TiVN-
200@Zn0O/CP demonstrated the best performance in terms of
capacitance and stability and was therefore selected for the
subsequent experiments. Figure 2d compares the CV curves of
the TiVN-200@ZnO/CP, TIN@ZnO/CP, and VN@ZnO/CP
electrodes at a scan rate of 100 mV s™*. The TiVN-200@ZnO/
CP and VN@ZnO/CP electrodes exhibit typical redox peaks
that are associated with the oxidation/reduction of V species.””
The TiVN-200@ZnO/CP electrode delivers a higher current
response than the TIN@ZnO/CP electrode without com-
promising the voltage window. The Nyquist plot reveals that
TiVN-200@ZnO/CP exhibits better conductivity, faster
charge transfer, and diffusion rates, as evidenced by the
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Figure 3. (a, b) SEM images of VN@ZnO/CP after 3000 cycles at 1 A g™". (c) XRD patterns of the VN@ZnO/CP before and after cycling. (d) Ex
situ XRD patterns, and (e) in situ Raman spectra of the TiVN-200@ZnO/CP electrode.

smaller intercept, radius of curvature, and larger straight slope
(Figure 2e).

We hypothesize that the poor cycling stability of the VN@
ZnO/CP electrode is due to the instability of ZnO and
vanadium dissolution in acid environments.”* "’ We then
conducted postcharacterizations of the electrode. SEM images
reveal a significant structural collapse of the VN@ZnO/CP,
indicating the dissolution of active materials (Figure 3a,b).
XRD results further reveal the disappearance of the VN peaks
and the weakened ZnO diffraction peaks (Figure 3c),
confirming our hypothesis.

To understand the energy storage mechanism of the TiVN@
ZnO/CP electrode, we conducted ex situ XRD (Figure 3d)
and in situ Raman (Figure 3e) studies. These reveal the
formation of zinc hydroxide sulfate (ZHS) during the charge/
discharge process. Interestingly, no significant diffraction peak
shift is observed (as indicated by the dashed lines in the
figure), suggesting no major phase transformation throughout
the process. The in situ Raman spectra of TiVN-200@ZnO/
CP (Figure 3e) show peaks at 301 and 603 cm™' that can be
assigned to ZnO, while peaks at 173 and 427 cm ™" are ascribed
to TiN. Two additional peaks at 130 and 400 cm™' deviate
slightly from the standard TiN peak. We believe that this may
be due to the introduction of V, which could extend the bond
length of the Ti—V—N bonds, thereby reducing the bond
energy of the Ti—N bonds and causing a redshift of the Raman
peaks.'®*"*> Meanwhile, a red shift of Raman peaks was also
observed during the discharge process, possibly due to the
reduction reaction that decreases the overall valence state and
weakens the bond energy.

Nevertheless, the overall cycling stability and capacitance are
still far from satisfactory. Given that ZnO does not contribute
to the capacity and actually undermines the stability, we etched
the ZnO template in 0.5 M HC], resulting in the formation of
H-TiVN/CP. SEM and TEM images (Figure 4) confirm the
hollow structure and the nanorod array on carbon paper. The
HRTEM image (Figure 4e) and the SAED pattern validate the

presence of (111) and (200) planes of TiVN. Furthermore, the
high-angle annular dark field SEM (HAADF) and energy
dispersive spectroscopy (EDS) elemental mapping (Figure 4g)
confirm the uniform distribution of Ti, V, and N elements and
the elimination of Zn (Figure S7). Line scanning of H-TiVN/
CP revealed strong signals of Ti and V, indicating that the
nanorod morphology is primarily composed of bimetallic
nitride TiVN, with no significant signals of Zn observed. These
results demonstrate successful removal of the ZnO template
while maintaining the nanorod array structure. We then
evaluated the performance of the H-TiVN/CP electrode and
compared it with TiVN particles (P-TiVN/CP, the morphol-
ogy is shown in Figure S8). Both electrodes exhibit obvious
redox peaks, while the H-TiVN/CP shows a much higher
current response owing to its rationally designed nanostruc-
ture, which provides a much higher specific surface area. The
EIS spectra also confirm that H-TiVN/CP possesses better
conductivity, faster charge transfer, and diffusion rate, leading
to enhanced electrochemical performance (Figure S9).

To further analyze the reaction kinetics, we collected the CV
curves at different scan rates (Figures Sa and S10) and
calculated the b values according to the power law relationship
between redox peak currents and scan rates:*’

b
lp—lll/ (2)

where i, is the peak current (mA), v is the sweep rate (mV
s7'), and a and b are variables. A b value of 0.5 or 1 represents
the diffusion- or capacitive-controlled behavior, respectively.
The result reveals that the H-TiVN/CP electrode has higher b
values of 0.91 and 0.77 than those of the TiVN/CP electrode,
suggesting capacitive-dominated energy storage behavior
(Figure Sb). This also ensures superior rate performance.
Indeed, as the current density increases from 0.2 to 6.4 A g7,
the former displays a capacitance retention of 54.4% (from
183.7 t0 99.9 F g™'), compared to 34.8% (from 79.5 to 27.7 F
g™") of the latter. Meanwhile, the contributions of capacitive-
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Figure 4. Morphological characterization of the H-TiVN/CP electrode. (a, b) SEM, (c, d) TEM, and (e) HRTEM image, (f) SAED pattern, and

(g) HADDF image and EDS elemental maps.

controlled and diffusion-controlled performance can be further
quantified according to the following equations’”:

o . 1/2

iy = g + igg = ky + ky (3)
iP 1/2
W = klv + k2

(4)

where i, = k;v refers to the capacitive-controlled current, and

cap
iy = kzvl/ * stands for the diffusion-controlled current. k; and

k, can be calculated by the plot of i—"/z against klvl/ *. The result

shows that the charge storage of the H-TiVN/CP is dominated
by the capacitive-controlled behavior and is higher than that of
the TiVN/CP electrode, which contributes from 55.7 to
79.65% at the scan rate range of 10—100 mV s~' (Figure Sc).

Significantly, the energy density can reach 57.42 Wh kg™
(based on the mass of the H-TiVN active material),
accompanied by a power density of 249.35 W kg™, which is
potentially promising for ZIHCs (Figure Se). The cycling
stability was tested at a current density of S A g~ for 20,000
cycles. The H-TiVN/CP demonstrated a capacitance retention
of 84.7%, which is superior to the 68.6% of the TiVN/CP
electrode (Figure 5f). The enhanced electrochemical perform-
ance of H-TiVN/CP can be attributed to its two-dimensional

hollow nanorod structure, which provides a facile ion transport
pathway, larger contact area, and shorter diffusion length.
Figure Sg compares the cyclic stability of our H-TiVN/CP
with previously reported materials. It clearly shows that the
electrochemical performance and cycling durability of H-
TiVN/CP surpass most of the reported materials, including
H,Ti,, gsNb, 50,/ /AC,** TWC//Zn,"' GR/VN//GR/
V,0,," TiN//Zn," Zn//AC,” MnO,//Zn,*® Nag,;,MnO,//
Zn,"’ etc. (see more details in Table S$3). Meanwhile, the SEM
image and XRD pattern of H-TiVN/CP after cycling reveal no
significant changes in the morphology and composition

(Figure S11).

CONCLUSIONS

In summary, we have developed a simple yet efficient strategy
to significantly enhance the electrochemical performance of
transition metal nitrides for zinc-ion hybrid supercapacitors.
This strategy involves simultaneous composition and structure
engineering. Using the widely explored TiN as a demon-
stration, we showed that the incorporation of V enriches the
redox chemistry; by further creating hollow nanostructures, we
can greatly boost the electrochemical performance. Specifically,
the optimized H-TiVN/CP//Zn device exhibits a high
capacitance of 183.7 F ¢! at 0.2 A g™ and outstanding
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Figure S. (a) CV curves, (b) log (ip) versus log (v) plots, (c) contribution ratio of capacitive-controlled behavior at different scan rates, and (d) rate
performance of the TiVN/CP and H-TiVN/CP electrodes. (e) Ragone plots of the H-TiVN/CP//Zn ASC and other zinc-ion hybrid
supercapacitors. (f) Capacitance retention and Coulombic efficiency versus cycle number at 5 A g~' for 20,000 cycles, and (g) performance
comparison of H-TiVN/CP//Zn ASC with other reported hybrid supercapacitors.

cycling stability with an 84.7% capacitance retention over
20,000 cycles at 5 A g~'. More importantly, the H-TiVN/CP//
Zn device reveals a high energy density of 57.42 Wh kg™ at a
power density of 249.35 W kg™". This effective strategy holds
potential as a universal method to improve the electrochemical
performance of other electrode materials.

METHODS

Preparation of ZnO Nanorod Arrays on Carbon Paper (ZnO/
CP). The carbon paper (CP, 3 cm X 3 cm) was ultrasonically cleaned
for 20 min in acetone, deionized water, and ethanol, respectively, and
then dried at 60 °C. Then, it was soaked in 0.5 M KMnO, solution for
2 h to complete the hydrophilic treatment. The ZnO nanorods on CP
were obtained by hydrothermally reacting 0.2231 g of Zn(NOj;),:
6H,0 with 0.1051 g of HMTA along with 2 mL of ammonia—water
in a 50 mL Teflon-lined stainless-steel autoclave at 85 °C for 24 h.
The mass loading of ZnO/CP was ~2 mg cm ™.

Preparation of TiVN@ZnO on Carbon Paper (TiVN@ZnO/
CP). The TiIVN@ZnO/CP was obtained by direct current (DC) and
radio frequency (RF) reactive magnetron cosputtering TiVN onto
ZnO/CP. Pure Ti (99.95%) and V (99.9%) metal targets were used in
a mixed atmosphere of Ar and N, (>99.999% purity with a total flux
of 60 sccm, 9% N,). The distance between the target and the
substrate was 10 cm. The chamber temperature and the substrate
temperature were heated to 120 and 200 °C, respectively. Before
deposition, the substrate was presputtered by Ar® bombardment
under 1.0 Pa with a bias voltage of 100 V for 2 min. During sputtering,
the pressure was maintained at 1.0 Pa, and the DC power of the Ti
target was kept at 150 W for 45 min. The Ti/V ratio of the electrode
was regulated by changing the RF power of the V target. TiVN was

directly sputtered on pure carbon paper as a control sample (TiVN/
CP). The typical mass loading of TiVN@ZnO/CP was ~2.4 mg
cm™2,
Preparation of Hollow-TiVN on Carbon Paper (H-TiVN/CP).
The prepared TiIVN@ZnO/CP was immersed in 0.5 M HCI for 30
min, and then the ZnO was etched away to obtain the H-TiVN/CP
electrode, which was rinsed using deionized water and dried in a
vacuum. The typical mass loading of H-TiVN/CP was ~0.35 mg
cm™2,

Material Characterization. A ZEISS SIGMA scanning electron
microscope (SEM) was used to observe the surface structure and
morphology of the electrode materials. The crystal structure and
composition of the electrode materials were characterized by X-ray
photoelectron spectroscopy (XPS, PHI-Quantum-2000) with Al Ka
radiation and X-ray diffraction (XRD, Rigaku X-ray) with Cu Ka
radiation. Raman spectra were recorded on a LabRAM HR laser
spectroscope. The further study of the structure and elemental
distribution were obtained by transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) images, as well as the
energy dispersive spectrometer (EDS) spectra, which were collected
on an FEI Talos F200x microscope at an acceleration voltage of 200
kv.

Electrochemical Measurements. All electrochemical measure-
ments of individual electrodes were conducted in a 1 M Zn(SO,),
electrolyte with an electrochemical workstation (CHI 760E) in a two-
electrode configuration. The as-obtained materials on CP served as
the positive electrode, and Zn foil served as the negative electrode.
Meanwhile, the ZIHCs were assembled as coin cells. Cyclic
voltammetry (CV), galvanostatic charge—discharge (GCD), and
electrochemical impedance spectroscopy (EIS, 10 mHz to 100 kHz
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at the open circuit potential) were used to analyze electrochemical
performance. The specific gravimetric capacity (F g™') was calculated
from the GCD curves as following:

~ 2 [v(t)dt
T Mv? )

m

where I (mA) is the constant current, V (V) is the voltage window, ¢
(s) is the discharge time, and M (mg) is the mass of the active
materials on the substrate, respectively.

The power density (P, W kg™") and energy density (E, Wh kg™")
were calculated from the GCD curves as follows:

I/V(t)dt
v
3600M,,, (6)
3600E
P =
t (7)

where M, (mg) is the total mass of the active material.
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