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ARTICLE INFO ABSTRACT

Keywords: Zn-ion hybrid supercapacitors (ZHSCs) have attracted enormous interest recently due to the perfect integration
UV-curving technology of superb energy density and power density. However, they are still bottlenecked by the low specific capacities of
V,0;@C

inadequate carbon cathodes. Herein, a layered carbon cathode embedded with oxygen-deficient V203 (Og-
V203@C) is prepared via a UV-curving technology, which endows the super uniform anchoring of Og4-V503 into
the carbon matrix. The stabilities of the crystal phase and oxygen vacancies of O4-V2O3 are significantly
improved due to the O4-V203 being tightly immobilized in the carbon. Density functional theory (DFT) calcu-
lations reveal that introduced oxygen defects enhance the electronic conductivity and reduce the adsorption
energy of Zn*, thus increasing the storage performance. The Og-V,03@C features both reversible faradic re-
actions and electric double-layer capacitance, leading to a large capacity of 200.3 mA h g™! even at 20 A g~}
with a long cycle life (remains 80.6% after 12,000 cycles). Impressively, the ZHSC delivers an exceptional high
energy density of 195.0 Wh kg™ ! (363.1 W kg™ 1) and a power density of 13959.4 W kg ™! (162.9 Wh kg™ 1). This
work provides a novel strategy to construct advanced carbon-coated ultra-small metal-oxides compounds, which
can be applied to other energy storage fields.

Oxygen defects
Zinc-ion hybrid supercapacitor

environmental pollution. Compared with alkali metal ions, Zn?t owns
the smaller radius and higher electrode potential (-0.76 V vs. RHE) [7],

1. Introduction

A hybrid supercapacitor (HSC) integrates the advantages of both the
high energy density of battery and the advanced power density of
supercapacitor and has become one of the most viable choices for future
large devices and portable electronic devices [1]. Therefore, HSCs have
been widely investigated and achieved potential development. Different
metal hybrid supercapacitors have other charge carriers, such as Lit [2],
Na't [3], KT [4], and Zn%* [5]. Among them, some shortcomings exist in
the practical application of alkali metal ions. For example, the organic
electrolyte is often used when lithium-ion is the charge carrier, and al-
kali metals are prone to severe redox reactions with water/air, leading to
serious safety risks [6]. The alkali metal HSC not only has a great de-
mand for manufacturing conditions and costs but also exhibits potential

* Corresponding authors.

so it can be used as the charge carrier of water-based HSCs, which is safe,
environmentally friendliness, and low-cost. Moreover, the conductivity
of the aqueous electrolyte (~1 S cm’l) is much higher than that of the
non-aqueous electrolyte (1-10 mS cm™ D). Thus, it is expected that the
Zn-ion hybrid supercapacitor (ZHSC) has a more significant power
density. Even so, due to the limited energy storage mechanism of most
carbon-based electrodes (AC) based on simple physical adsorption/
desorption processes [8], AC//Zn ZHSCs still suffer from low energy
density currently [9]. By contrast, pseudocapacitive materials combine
double-layer capacitance and reversible faradic reaction mechanisms
[10], which provide higher energy storage capacity for ZHSCs. There-
fore, it is of great practical significance to develop new pseudocapacitive
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materials with composite energy storage mechanisms.

In recent years, many pseudocapacitive materials have been devel-
oped, including heteroatom-doped carbon [11], MXenes [12], polymers
[13], and transition metal compounds (TMCs) [14]. For example, Lu
et al. [15] proposed layered B/N co-doped porous carbon, and the Zn//
B/N carbon showed exceptional energy/power density of 86.8 Whkg ™1/
12.2 kW kg~!; Wang et al. [16] designed an MXenes-rGO electrode,
which achieved a prolonged cycling lifetime of 75,000 cycles with a 95%
capacity retention. Nevertheless, TMCs materials with multiple metal
valences and high theoretical capacity are considered the most prom-
ising electrodes for the practical application among numerous pseudo-
capacitive materials in ZHSCs [17]. The critical problem is how to figure
out the slow ion migration kinetics caused by phase conversion during
the charging and discharging of battery-type TMCs materials. Based on
the above reason, only a few TMCs materials, such as RuO, [18] and TiN
[19], have been applied to Zn//capacitor-type electrodes ZHSCs at
present. Typical Zn?" storage materials, such as manganese oxide [20]
and vanadium oxide [21], have higher capacity, but achieving higher
power density performance by obtaining the characteristics of capaci-
tive materials is still worth discussing. As we know, smaller nano TMCs
materials [22] display less resistance, faster ions, and electron transfer
rates. They can slow down the volume changes and inhomogeneity
during the phase transition process, which are very suitable for appli-
cation as capacitor-type materials in ZHSCs. Nevertheless, mono-
disperse ultra-small nanomaterials are very easy to agglomerate, and the
synthesis process is usually complicated, which is difficult for large-scale
production.

UV-curing technology refers to a kind of curing technology in which
substances containing photoactive groups undergo a series of polymer-
ization reactions under UV radiation, so as to cross-link to form a
macromolecular network [23]. UV-curing technology can be divided
into free radical curing and cationic curing according to the different
initiators. Compared with cationic curing, free radical photocuring is not
only fast (the fastest polymerization speed is less than 0.1 s) and cheap,
but also less sensitive to alkali and moisture. The free radical strategy
reduces the adverse impact of the addition of non-photosensitive ma-
terials on the curing effect, so it is beneficial to the anchoring of doped
components in the UV-curing system. Particularly, acrylates as UV-
curable monomers can be miscible with water and common organic
solvents, which are mild solvents and can dissolve most inorganic salts.
Moreover, adding an appropriate amount of inorganic salts will not
significantly affect the UV-curable properties. Taking advantage of the
unique properties of the UV-sensitive monomers, the inorganic salts can
be dissolved in monomers avoiding the UV light. After the inorganic
salts dissolve and uniformly disperse at the molecular scale, the mixture
liquid can be cured instantaneously with UV exposure. Finally, the
uniformly distributed ultra-small nanomaterials embedded in carbon
can be obtained after pyrolysis of the cured solid precursor [24]. The UV
curing technology simplifies the preparation process and inhibits the
secondary agglomeration of ultra-small nanomaterials, which can
broaden the potential application prospects of TMCs materials in Zn//
capacitor-type ZHSCs.

Herein, the mixtures of 2-hydroxyethyl methacrylate (HEMA), poly
(ethylene glycol) diacrylate (PEGDA), and pentaerythritol triacrylate
(PETA) are simultaneously used as dispersed substrates, and UV-
sensitive monomers. V5,05 colloidal solution act as a vanadium source.
Then a new generation of layered carbon embedded with oxygen-
deficient nano V03 (04-V203@C) cathodes is finely designed and pre-
pared through UV-curing technology and a pyrolysis process. The Og-
V303 provides abundant defects and multiple active sites, which offer
more Zn?" diffusion pathways and rapid ions transport kinetics, thus
resulting in an improved capacity and cycling stability for Oq-V,03@C.
Consequently, pairing the O4-V203 cathode with the Zn anode yields an
aqueous ZHSC, achieving an impressive specific capacity of 200.3 mA h
g~ ! even at 20 A g1 with long cycle life (remains 80.6% after 12,000
cycles). The Zn//0g-V2.03@C device delivers an exceptional high energy
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density of 195.0 Wh kg™! at 363.1 W kg~! and a power density of
13959.4 W kg~ ! at 162.9 Wh kg~ !, indicating significant potential for
next-generation high-performance ZHSC.

2. Materials and methods
2.1. Preparation of Og4-V203@C

The mixture of HEMA (45 wt%), PEGDA (50 wt%), and PETA (5 wt
%) are simultaneously used as dispersed substrates and UV-sensitive
monomers. The three monomers have different amounts of unsatu-
rated bonds. Therefore, the viscosity of the solvent and the adhesive
degree of the UV-curing can be adjusted by adjusting the mixing quan-
tity of the three monomers. In this case, 0.3 g commercial V505 was
mixed with 0.15 g water and stirred until a stable colloidal solution was
formed. Then, the V505 colloidal solution and 0.18 g phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (initiator) were dissolved in 6 g
acrylate monomers in a dark room. The precursor solution was exposed
to UV light, and the liquid material transformed into solid material
instantaneously. The UV-curing polymerization mechanism is shown in
Fig. S1. The V203@C could be obtained after pyrolysis of the above solid
precursor in a tubular furnace under a nitrogen atmosphere for 400 °C
for 1 h and 700 °C for 1 h with a heating rate of 5 °C min~L. After that,
0g-V203@C can be prepared by further calcinating V,O3@C under Hy
for 1 h at 400 °C.

2.2. Characterization

The crystalline phases of the samples were identified by X-ray Bruker
D8 Advance diffractometer using Cu Ka irradiation (A = 1.5406 f\). The
morphology and size of the composites were observed by Hitachi s-4800
(SEM) and FEI Tecnai F20 (TEM). High-resolution transmission electron
microscopy (HRTEM) and energy dispersive spectroscopy (EDS) images
were captured using an emission transmission electron microscope.
Thermogravimetric analysis (TGA) was performed on the PerkinElmer
TGA 4000 equipment with a heating rate of 10 °C min~' under an air
environment. X-ray photoelectron spectroscopy (XPS) experiments were
conducted at a Thermo Scientific ESCALAB Xi + using Al Ka as the
excitation source. Electron paramagnetic resonance (EPR) analyses were
collected on a Bruker E-500 spectrometer.

2.3. Electrochemical measurement

The slurry was prepared by V203-based materials (70 wt%) mixed
with Super P (20 wt%) and polyvinylidene fluoride (10 wt%) in N-
methyl-2-pyrrolidone. Then the resulting slurry was coated on carbon
paper and dried. The mass loading of active materials was 1.2-1.5 mg
cm 2. The aqueous and pouch ZHSCs were assembled with a V,03-based
cathode and Zn foil anode, in which 3 M Zn(CF3S03), solution and
Whatman filter paper were used as electrolyte and separator,
respectively.

All electrochemical tests containing cyclic voltammetry (CV), gal-
vanostatic charge-discharge (GCD) and the Galvanostatic intermittent
titration technique (GITT) were performed at 0.2-1.6 V on the NEWARE
battery tester. The potential range for CV and GCD tests was fixed. The
GITT was conducted to determine the Zn?" diffusion coefficient within a
10 min charge/discharge and followed by a 60 min relaxation at a
current density of 100 mA g~'. The electrochemical impedance spec-
troscopy (EIS) was tested on a CHI 760e with frequencies from 100 kHz
to 10 mHz. The energy density (E, Wh kg~!) and power density (P, W
kg™ 1) of the ZHSCs were calculated via the equation [25].

E = C*AV/2; P = 3600*E/At;

where C (mAh g™!) is the specific capacity, AV (V) represents the
voltage window, and At (s) indicate the discharge time.
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2.4. Calculations

The first-principles [26] was employed to perform all spin-
polarization density functional theory (DFT) calculations within the
generalized gradient approximation (GGA) using the Perdew-Burke-
Ernzerhof (PBE) [27] formulation. The projected augmented wave
(PAW) potentials [28] have been chosen to describe the ionic cores and
take valence electrons into account using a plane wave basis set with a
kinetic energy cutoff of 400 eV. Partial occupancies of the Kohn-Sham
orbitals were allowed using the Gaussian smearing method and a
width of 0.05 eV. The electronic energy was considered self-consistent
when the energy change was more minor than 10° eV. A geometry
optimization was considered convergent when the energy change was
smaller than 0.05 eV A~L. In this case, the U correction is used for V
atoms. The Brillouin zone integration is performed using 3 x 3 x 2
Monkhorst-Pack k-point sampling for a structure. Finally, the adsorption
energies (E,gs) were calculated as Eaqs = Ead/sub-Ead-Esub, Where Ead,sub,
Ead, and Egyp, are the total energies of the optimized adsorbate/substrate
system, the adsorbate in the structure, and the clean substrate,
respectively.

3. Results and discussions
3.1. Synthesis and characterization of Og-V203@C

The layered O4-V203@C were fabricated through a facile UV-curving
and a pyrolysis process (Fig. 1), in which the UV-curing polymerization
mechanism is shown in Fig S1. It is generally accepted that structures
and electrical conductivity of electrodes play a crucial role in ion
diffusion and boosting the capacity. V,Og3 is inherently more conductive
than most transition metal oxides (the resistance of bulk V503 is just
about 10 Q) [29], and the unique open tunnel structure facilitates the
rapid migration of Zn%* [30]. In this case, the Vo,0O3 with abundant ox-
ygen defects is highly dispersed in the layered carbon. Thus, the con-
ductivity and the diffusion of Zn?* can be further motivated. What is
worth mentioning, the low-valence state of vanadium and oxygen de-
fects in the O4-V203@C exhibit exceptional stability, which can remain
intact in the air due to the tight coating of carbon, ensuring the improved
electrochemical performance of Og4-Vo,03@C in ZHSC.

The XRD patterns confirmed the formation of V03 (JCPDS No.
34-0187) (Fig. 2a) [31]. The O4-Vo03@C was obtained from further
pyrolysis of V,03@C in the Hy atmosphere without any change in phase
composition. In addition, no peak of carbon was found, indicating the
presence of amorphous carbon in Vo03@C and O4-V203@C. As shown in
the SEM image (Fig. 2b), the O4-V203@C were composed of numerous
nanosheets. The O, V, and C elements were homogeneously distributed
on the nanosheets (Fig. 2c). Moreover, as characterized by EPR in
Fig. 2d, the strong signal detected in O4-Vo,03@C was attributed to the
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electrons captured at the vacancy sites. It could be found that the V505
was successfully reduced to V203 during the pyrolysis of the precursor
after UV-curing, and little oxygen defects were also introduced into the
V203, but the content of oxygen defects significantly increases after
further reduction by Hy. The microstructure of O4-Vo03@C was further
characterized by TEM. Fig. 2e further intuitively proves that O4-V203@C
was composed of nanosheets, and the thickness of nanosheets is just
around 10-20 nm. Meanwhile, the dislocations of HRTEM marked by
the dotted box (Fig. 2e) displayed small V03 grains anchored in
amorphous carbon, and the interplanar distance of 0.364 nm was
ascribed to the (01 2) plane of Vo03. As we know, V03 is easily oxidized
to higher-state vanadium oxides in the air. However, in this case, the
crystal phase and oxygen defects of O4-VoO3 can be retained after 6
months in air (Fig.S2). Considering the combustion of carbon and the
change of V203 to V205, the final weight of the carbon was calculated
from the TGA curve (Fig.S3) as 51.8%, and the detailed calculation
process was expressed in supporting information. Such tightly coated
carbon layer with high content not only highly improves the stability of
the structure of V303 and oxygen defects, but obviously inhibits the
dissolution of the vanadium oxide cathode in the cycling processes.
Besides, the novel structure is also conducive to the rapid diffusion of
Zn%", which can lead to the excellent Zn?* storage performance of Og-
V203@C at considerable rates.

The valence state and chemical composition of the O4-V2,03@C were
investigated by XPS. The XPS survey spectrum (Fig. S4) revealed that the
existence of V, O, and C elements in the Og4-V203@C and V,03@C
samples, The C 1 s spectra in Fig. 2g includes three peaks: C-C, C-O and
C = O, which locates at 284.7, 286.0, and 288.2 eV, respectively [32].
The O 1 s spectra (Fig. 2h) of both V,03@C and Og4-V203@C can be fitted
into four peaks, corresponding to the V-O, oxygen defects, C-O, and C =
O with their peak positions at 530.6, 531.5, 532.3, and 533.2 eV,
respectively [33]. The content of oxygen defects in Og-V203@C is
calculated to be 28.8 %, which is higher than that of V,03@C (14.2%),
consistent with the EPR results. As shown in the V 2p spectra (Fig. 2i), V
2p1/2 and V 2p3/2 spin-orbit peaks can be observed. The peaks of Og-
V203@C located at 517.3 and 524.7 eV correspond to V3", and the peaks
at 516.2 and 523.6 eV are attributed to V2" [34]. Compared with the V
2p spectrum of V,03@C, the peaks of the O4-V,03@C sample reveal an
apparent negative shift, which is caused by the oxygen defects around
vanadium atoms, leading to the increased electron density near the
vanadium atom. It is believed that the stable existence of oxygen defects
provides abundant active sites for the adsorption and migration of Zn*,
which results in the significant improvement of the electrochemical
performance.

3.2. Electrochemical properties of aqueous ZHSCs device

The as-prepared O4-V203@C presents a novel structure in which a
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(h) O 1 s, and (f) V 2p for V,03@C and O4-V,03@C.

layer of carbon is embedded with oxygen-deficient nano V203 enables
abundant active sites for the Zn?* adsorption and short distance for
electrons diffusion. Benefiting from the virtues of the O4-V203@C
cathode, the Zn//Zn(CF3S03)s(aq.)//04-V203@C and ZHSC Zn//Zn
(CF3S03)2(aq.)//V203@C devices have been developed. Fig. 3a shows
CV curves of the V,03@C and Og4-V203@C electrodes at the scan rate of
50 mV s!, which suggests the ZHSCs can work well in the potential
window of 0.2-1.6 V. And the similar electrochemical redox behavior
indicates that more oxygen defects do not change the redox reaction of
the electrode, the larger area of Og-Vo03@C reveals a superior zinc
storage performance than that of V,03@C. The specific capacities of
both ZHSCs were tested by galvanostatic charge-discharge (GCD)
curves. Fig. S5 shows the 04-V203@C cathode can reach 258.4 mAh g’1
at0.5 A g’l, which is much higher than that of VoO3@C, indicating the
oxygen defects play an important role in the electrochemical properties
of cathodes. Fig. 3b presents the GCD curves of O4-V203@C cathode at
0.5-20 A g’l, which show that capacity of 278.9, 270.8, 261.0, 248.7,
240.2, and 232.7 mAh g*1 at0.5,1,2,5,10,and 20 A g’l, respectively.
The rate capability of O4-V203@C (Fig. 3c) clearly indicates that the Og-
V203@C ZHSCs maintain sufficient stability after cycling at different
rates, which also shows that the oxygen defects have sufficient stability
in the O4-V203@C cathode. Impressively, the capacity retention is as
high as 83.4% at a high rate of 20 A g~ (compared with 0.5A g1)
demonstrating O4-V203@C cathode exhibit excellent rate performance.
Especially, the illustrations (Fig. S6) show the “IMU” logo containing 21
LED bulbs that can be lit by a pouch ZHSC in different bending states,
indicating the great potential for the commercial application of ZHSCs.
This result outperforms most advanced devices, such as O4-HVO@PPY

(252.6 mAhg lat6 Ag!)[35], flower-like carbon (70 mA h g ! at 20
A g71) [36], and N-CNF (65 mA h g~ at 20 A g~1) [37], and related
results are summarized in Table S1. Besides, the remarkable capacity of
161.4 mA h g~! was maintained over 12,000 cycles at 20 A g~ (Fig. 3d),
displaying the prominent cycle stability of O4-V203@C. Based on such
excellent rate performance of O4-V,03@C cathode, this device exhibits
extremely high energy (195.0 Wh kg™! at 363.1 W kg™!) and power
density (13959.4 W kg ! at 162.9 Wh kg 1), and the areal Ragone plot
including Og4-Vo03@C is presented in Fig. 3f. The obtained results are
superior to the values reported in the literature (Table S1). Specifically,
the power density offered by this ZHSC is very close to the most efficient
supercapacitors, and the energy density even exceeds those of efficient
batteries.

Density functional theory (DFT) calculations have been performed to
further explore the effects of oxygen defects on the O4-V203@C cathode
performance. The structural models of V,03 and O4-V2O3 are estab-
lished and shown in Fig. S7. The partial and total density of states (PDOS
and DOS) are displayed in Fig. 4a-4b. The DOS of Og4-V203 moves to a
low energy direction with the Fermi level. Thus, the bandgap (0.23 eV)
of 0g-V503 is much smaller than that of V4,03 (0.97 eV), which dem-
onstrates the better conductivity of O4-V203 and faster transfer of
electrons in the redox reaction. These results are favorable consistently
with the increase in conductivity measured in the electrochemical
impedance spectroscopy (EIS). As shown in Fig. 4c, the charge transfer
resistance of the O4-V203@C electrode is much lower than that of the
V,03@C electrode.

Furthermore, the reaction kinetics of Og-V203@C has been examined
through CV curves at scan rates of 1-100 mV s~ ! (Fig. 4d). The CV shape
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are well retained as the scan rate increased, confirming the fast kinetics
and high transfer rates of ions and electrons. The peak current (i) and
scan rate (v) can be fitted by the following formula: i = oP. Generally,
the b value of 0.5 indicates the energy storage process is a diffusion-
controlled process, while b equal to 1 represents a surface-controlled
process. In this case, the b values have been calculated according to
log(i), and log(v), in which peaks 1-4 were obtained as 0.64, 0.78, 0.86,
and 0.77, demonstrating the synergistic behavior of diffusion control
and capacitive process. To further determine the specific contribution of
diffusion and capacitance behavior, the formulai=k;v + kov®® has been
chosen and used. The capacitive- and diffusion-controlled contributions
can be evaluated as the value of k;v and kov*®, respectively. The
capacitive contribution of O4-V203@C can be calculated through plot-
ting the curves of k;v and potential (V). Almost 97.9% of the total stored
charge (the shaded area) is achieved by the surface capacitance process
at 100 mV s ! (Fig. 4f). Obviously, the capacitive contribution ratio
gradually increases from 72.4% to 97.9% with the increase of scan rate
from 1 to 100 mV s~! (Fig. 4g), demonstrating the capacitive-dominant
nature and fast kinetics plays a vital role in devoting to the improved
electrochemical performance. Moreover, the diffusion coefficient (D
value) of 0g-V,05@C was calculated as 107-10"° em? s™! via the GITT
measurement (Fig. S8), also suggesting the fast ions diffusion of Og-
V203@C electrode.

As described above, Zn?' storage in cathodes can be generally
divided into diffusive components and capacitive components. Due to
the unique structure of V,O3@C material, the capacitive element con-
tributes more to the zinc storage process than the diffusive component.
Interestingly, the capacitive contribution of the cathode can be further
increased by surface chemical modification, such as the creation of ox-
ygen defects in V903. Here, DFT calculations were also conducted to
evaluate Zn®* adsorption for ZHSC on the V5,05 model containing oxy-
gen vacancy. Meanwhile, the adsorption of Zn?>* on a perfect V5053
surface was also evaluated as a benchmark. As shown in Fig. 4h and S9,
Gibbs free energies of Zn?" adsorption are both more negative either
near or slightly further away from the oxygen defect. The more robust

adsorption capacity means that the presence of oxygen defects is
conducive to the Zn?" adsorption on the O4-V203 surface, which en-
hances the Zn* storage capacity. Since oxygen defects play such an
important role in zinc storage, the stability of oxygen defects will
determine the cyclic stability of the O4-V203@C. Fig. S10 shows the EPR
spectra of the Og-V,03@C after 200 cycles at 0.5A g~ 1. It can be found
that the oxygen defects in O4-Vo03@C are well preserved after cycling,
confirming the existence of high-content amorphous carbon can effec-
tively inhibit the loss of oxygen defects. This result is also consistent with
the stable presence of lower valence state Vv3*in 04-V203@C in the air
(Fig. $2).

3.3. Energy storage mechanism of O4-V203@C

The electrochemical reaction mechanism of the O4-V203@C cathode
was elucidated via the ex-situ XRD patterns and XPS measurements. Due
to the nature of amorphous carbon, XRD results (Fig. 5a) can only show
the changes of O4-V203 during the charging and discharging processes.
The sharp diffraction peaks located after 38.5° are well-indexed to the
titanium foil used as the current collector. A new phase [42] of
Zn3(OH),V207-2H50 (JCPDS: 50-0570) could be observed after the first
discharge and charge cycle (from point a to point c), indicating surface
redox of Og-V203 cathode. Moreover, just the most substantial peak
(104) of V503 slightly moves to lower 26 angles during the discharge
(Zn2+ intercalation), and then returns to the original position in the
charging process of Zn®>" deintercalation. However, the positions of
other peaks, including (01 2) and (11 0), almost do not shift during the
charging and discharging cycles. This observation reveals that the redox
process in the cycling is reversible, and the Zn?* intercalation/dein-
tercalation in O4-V203 has only a mild effect on the structure, which is
beneficial to the stability of the Og-V203@C. This result is caused by the
following reason: Zn2" storage enhancement comes more from the
capacitive component, that is, from the surface redox.

Moreover, the ex-situ XPS spectra of the Og-V2,03@C electrode after
the second discharge and charge cycle are conducted and shown in
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Fig. 5b-5d. The V2p spectrum for the pristine state in Fig. 5b displayed
just V2* and V3*. Correspondingly, there are three valence states (2+,
3+, and 5 + ) of vanadium valence states in the dischraged, or charged
state, where the V°* are from the Zn3(OH),V,07-2H50. It also can be
found that compared with the charged state, the peaks of V 2p shift
slightly to lower binding energies, and the intensity of the V> signal
increased during the discharge process due to the insertion of Zn?*. A
new broad peak appeared at 533.6 eV in the O 1 s spectrum (Fig. 5c) at
the discharged state, ascribed to the HoO molecules [43], consistent with
the formation of Zn3(OH);V207-2H50. Besides, It can be noticed that
oxygen defects can exist stably in the charging and discharging pro-
cesses. Fig. 5d shows the Zn 2p spectrum, in which both the adsorbed
Zn?* and the intercalated Zn?" can be observed after cycling [44], just
the peak intensity changed between the discharged and charged states.

Besides, considering that the content of amorphous C in O4-V2,03@C
accounts for 51.8 %, the evolution of C 1 s XPS peaks deserves special
attention. For a typical carbon material, the energy storage mechanism
of the Zn?* can be assigned to the conjoint contribution of the electrical
double layers and the additional pseudocapacitance via the reversible
chemical adsorption of Zn ions. As shown in Fig. 5e, the C 1 s spectra
reveal that the C = O participates in highly reversible chemical reactions
during the cycling processes. The peak represents to C = O bond
weakening and a new peak corresponding to the C-O-Zn bond appears at

287.4 eV [45] during the discharged state, while the peak almost re-
covers at the charged state, indicating a reversible pseudocapacitive
reaction between C = O and the Zn?*. In addition, the peak at 290.5 eV
belongs to the CF; group of PVDF [46]. Based on the above results, it can
be found that the carbon matrix and O4-V,03 contribute jointly to the
high capacity of ZHSCs. These above results indicate that the superior
electrochemical performance of O4-V203@C cathode comes from the
super uniform anchoring structure: the synergistic effect of carbon and
nano O4-V203 improves the zinc storage capacity; the presence of oxy-
gen defects not only improves the overall electrical conductivity, but
enhances the migration and storage capacity of Zn?*; the carbon-coated
structure can inhibit the dissolution of reactive vanadium oxide during
the cycling process, and stabilize the O4-V203 structure including oxy-
gen defects; the rich functional groups on the surface of carbon improve
the wettability in aqueous electrolyte.

4. Conclusion

In summary, a newly designed layered carbon cathode embedded
with oxygen-deficient nano V203 (04-V203@C) has been constructed by
a UV-curing strategy and subsequent pyrolysis treatment, where endows
the super uniform anchoring of Og4-V203 into carbon matrix. The com-
bined features of carbon matrix and embedded O4-V,0s3 result in the Og4-
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Fig. 5. (a) GCD curves in the first two cycles and ex-situ XRD patterns at different discharge/charge states of the O4-V203@C sample. Ex situ XPS spectra of (b) O 1 s,
(c) V 2p, (d) Zn 2p, and (e) C 1 s at pristine, complete discharged, and full charged states.

V203@C cathode exhibiting an outstanding energy density (195.0 Wh
kg ! at363.1 Wkg 1), an exceptional power density (13959.4 W kg ! at
162.9 Wh kg™1), as well as ultralong cycling stability up to 12,000 cy-
cles. Moreover, the correlations between the enhanced Zn®" storage
performance and the structure of Og-Vo0O3@C are investigated by the
theoretical simulation. DFT simulation shows that introducing the ox-
ygen defects can effectively increase the electronic conductivity, accel-
erate the diffusion kinetics and reduce the adsorption energy of Zn?*,
leading to superior electrochemical properties. The strategy in this work
provides enlightening insights for constructing a cathode with high
energy density in ZHSCs areas.
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