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Synergetic Effect of Mo-Doped and Oxygen Vacancies
Endows Vanadium Oxide with High-Rate and Long-Life for

Aqueous Zinc lon Battery

Daming Chen, Ming Yang, Yang Ming, Wei Cai, Shuo Shi, Yicai Pan, Xin Hu, Rujun Yu,

Zigi Wang,* and Bin Fei*

Vanadium (V)-based oxides have garnered significant attention as cathode ma-
terials for aqueous zinc-ion batteries (AZIBs) due to their multiple valences and
high theoretical capacity. However, their sluggish kinetics and low conductivity
remain major obstacles to practical applications. In this study, Mo-doped V,0;
with oxygen vacancies (OVs, Mo-V,0, @NC) is prepared from a Mo-doped
V-metal organic framework. Ex situ characterizations reveal that the cathode
undergoes an irreversible phase transformation from Mo-V, 0, to Mo-
V,0;_,-nH,0 and serves as an active material exhibiting excellent Zn?* storage
in subsequent charge-discharge cycles. Mo-doped helps to further improve
cycling stability and increases with increasing content. More importantly,

the synergistic effect of Mo-doped and OVs not only effectively reduces the
Zn?* migration energy barrier, but also enhances reaction kinetics, and elec-
trochemical performance. Consequently, the cathode demonstrates ultrafast
electrochemical kinetics, showing a superior rate performance (190.9 mAh g~!
at 20 A g') and excellent long-term cycling stability (147.9 mAh g~ " at20 Ag~!
after 10000 cycles). Furthermore, the assembled pouch cell exhibits excellent
cycling stability (313.6 mAh g~" at 1 A g~" after 1000 cycles), indicating promis-
ing application prospects. This work presents an effective strategy for designing
and fabricating metal and OVs co-doped cathodes for high-performance AZIBs.

remarkable energy densities, inherent
safety features, potential cost-effectiveness,
and environmental sustainability.'>] How-
ever, the practical implementation of AZIBs
is significantly impeded by the absence of
appropriate cathode materials.*®] In addi-
tion, strong electrostatic attraction occurs
between the embedded Zn?* and the host
lattice during the charge/discharge pro-
cess, leading to hindered diffusion kinetics,
low conductivity, and material structural
collapse.’! Consequently, the development
of high-performance AZIBs fundamentally
hinges on the design and synthesis of
cathode materials with regulated structures
and excellent electrochemical performance.

Up to now, substantial efforts have
been dedicated to the development of
cathode materials with high capacity and
durability. These include vanadium (V)-
based compounds,!”1%1] manganese-based
compounds,'?) Prussian blue analogs,’!
and organic materials.'*l V-based oxides
(V,0s, V,0,, VO,, and V,O;, etc.) have
emerged as a focal point in AZIB cathode
research, owing to their rich valence states,

1. Introduction

Rechargeable aqueous zinc ion batteries (AZIBs) are gaining
prominence in the realm of next-generation energy storage tech-
nologies due to their superior theoretical capacity (820 mAh g™),

numerous crystal structures, and high theoretical capacity.l!>16]
V,Os, in particular, is appealing due to its high theoretical ca-
pacity (589 mAh g™'), but it typically undergoes severe struc-
tural degradation and slow Zn** intercalation/extraction kinet-
ics, causing poor stability.l'”®] Recent studies have found that
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amorphous materials undergo smaller structural changes and
offer more isotropic ion diffusion paths than crystalline struc-
tures, which is conducive to improving the Zn?* diffusion kinet-
ics and cyclic stability.l'! For instance, Wu et al. reported on an
ultra-thin amorphous V,O;s electrode uniformly distributed on
graphene, which exhibited short ion diffusion channels, excel-
lent structural stability, and long-term cycling performance.?!
However, the electrical conductivity of the V-based oxides is sub-
par, resulting in unsatisfactory rate performance. To address the
above shortcomings, various optimization strategies have been
explored, including compounding with carbon materials, metal
ion introduction, and oxygen defect engineering, etc.[®1421-23] De-
spite these efforts, electrodes prepared by mere physical con-
tact with carbon materials fail to significantly enhance electron
transfer efficiency.l?*2%1 With this in mind, the development of
satisfactory cathode materials for AZIBs continues to pose a
challenge.

Recently, researchers have made great achievements in the
field of energy storage by using carbon-based composite mate-
rials derived from metal-organic frameworks (MOFs).12"-2] Vari-
ous MOF-derived materials, such as V-MOF and Mn-MOF, have
been extensively investigated as cathodes for AZIBs, resulting
in a significant enhancement in rate performance. For exam-
ple, Deng et al. developed a MOF-derived a-V,0;@C electrode
with fast Zn?* transport and high conductivity, where amor-
phous V, 0O is uniformly distributed in the carbon framework.[*"!
However, despite these achievements, the conductivity, kinet-
ics, and rate performance of V-MOF-derived materials still fall
short of the requirements for practical applications, necessitat-
ing further improvements. One approach to address this is-
sue involves the incorporation of metal ions (such as Ni, Co,
and Cu) or oxygen vacancies (OVs) into V-based oxides, which
can modulate the electronic structure and subsequently en-
hance electrical conductivity.®2+3% Remarkably, materials such
as Mn,,V,0,,-0.64 H,0,3 AIVO,??) and Mg, V,0Os-nH,0!
have demonstrated superior reaction kinetics and rate perfor-
mance, which was attributed to the improvement of conductiv-
ity and the generation of OVs. It is reasonable to assume that
the simultaneous introduction of metal ions and OVs into V-
MOF-derived amorphous V,0, will yield more unexpected re-
sults, which are rarely reported.

Herein, Mo-doped V,0;-nH,0@NC with OVs (Mo-
V,0; . -nH,O@NC) materials are synthesized via electrochem-
ical activation of Mo-doped V-MOF-derived Mo-V,0, @NC.
Upon charging to 1.6 V, the crystalline Mo-V,0, transforms
amorphous Mo-V,0,-nH,0 and serves as the active material
for subsequent Zn?* storage. The energy storage mechanism
is thoroughly investigated using a suite of ex situ techniques,
including XRD, XPS, EPR, SEM, and TEM. DFT calculations
and experimental results indicate that the introduction of Mo
ions and OVs not only reduces the reaction energy barrier,
further promoting the reaction kinetics of Zn?* storage but also
improves the electrochemical performance. In addition, it is
found that Mo-doped helps to further improve cycling stability.
As expected, the optimal sample exhibits extraordinary rate
performance and excellent long-term cycling stability. When
assembled into a pouch cell, the sample also exhibits commend-
able electrochemical performance, showing its great application
potential.
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2. Results and Discussion

2.1. Theoretical Investigation

To comprehensively understand the impact of the coexistence of
Mo-doped and OVs in Mo-V,0;,-nH,O@NC on the electronic
structure and Zn?* storage performance, further analysis was
conducted using density functional theory (DFT). As illustrated
in Figure S1 (Supporting Information), three structural mod-
els of V,0,-nH,0, V,0, -nH,0 and Mo-V,0, -nH,O are con-
structed. There are more electronic states on the Fermi level
due to the coexistence of Mo-doped and OVs (Figure 1a—c), sug-
gesting that Mo-V,0s-nH, O has higher electronic conductivity
than V,0; ,-nH,0 and V,05-nH,0.34%] The enhanced conduc-
tivity of Mo-V,Os_-nH, O is further confirmed by the differential
charge density, where cyan and yellow represent electron density
accumulation and enrichment, respectively (Figure 1d—f). Com-
pared with V,0;-nH,0 and V,0, -nH,0, the electron cloud of
Mo-V, 0O, -nH,0 is larger, indicating more abundant electronic
interactions and providing a greater charge concentration distri-
bution for Zn?* embedding.

Then, the adsorption energy (E,;) of Zn** in V,0¢-nH,O0,
V,0,1nH,0, and Mo-V,0, nH,0 is calculated, as shown in
Figure 1g (the inset represents the corresponding stable ad-
sorption structure model). The E,; value of Mo-V,0,, nH,0
(—31.8 eV) is more negative than that of V,05,-nH,0 (—27.3 eV)
and V,0,-nH,0 (-22.4 eV), confirming that the synergistic effect
of Mo-doped and OVs is beneficial to the adsorption of Zn?*.13¢]
Furthermore, considering the calculated diffusion path and en-
ergy barrier (Figure 1h,i; Figure S2, Supporting Information), the
energy barrier of Mo-V,0,-nH,0 is 0.23 eV, which is signifi-
cantly lower than that of V,0, ,-nH,0 (0.36 eV) and V,0,-nH,0
(0.48 eV). This indicates that the coexistence of Mo-doped and
OVs effectively reduces the diffusion energy barrier of Zn?*, im-
proving Zn?* diffusion. Therefore, the introduction of Mo ions
and OVs endows Mo-V,0 -nH,0 with a lower energy barrier
and high electronic conductivity, which is beneficial to the kinet-
ics of Zn?* storage.

2.2. Structural Analysis

Figure 2 presents the synthesis schematic of Mo-doped V-MOF-
3, Mo-V,0; @NC-3 and Mo-V,0,-nH,O@NC. Under similar
experimental conditions, samples of V,0;@NC, V,0, @NC,
Mo-V,0, , @NC-1, Mo-V,0, ,@NC-2, and Mo-V,0, , @NC-4 can
be synthesized by incorporating varying amounts of phos-
phomolybdic acid (PMA, see the experimental section for de-
tails). Then, when Mo-V,0, @NC-3 is charged to 1.6 V, Mo-
V,0;, . nH,O@NC is produced via electrochemical activation.
Succinctly, precursors of V-MOF and Mo-doped V-MOF-n (n
=1, 2, 3, and 4) can be synthesized through a straightfor-
ward hydrothermal method using 1,4-Naphthalenedicarboxylic
acid (1,4-NDC), Vanadium (III) chloride, and a certain amount
of PMA (Figure 3ab; Figure S3, Supporting Information).
All the aforementioned materials exhibit a nanorod struc-
ture. Intriguingly, the particle size of Mo-doped V-MOF-
n is significantly smaller than that of V-MOF, indicating
that the introduction of the Mo ions can alter the size of
V-MOF.
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Figure 1. The DFT calculation results. The density of states (DOS) of a) V,05-nH,0, b) V,05_,-nH,0, and ¢) Mo-V,0s_,-nH,O. Differential charge den-
sity with Zn?* intercalation in d) V,05-nH,0 e) V,05_,-nH,0, and f) Mo-V,Os_,-nH, 0. g) The adsorption energy of Zn** in V,05-nH,0, V,0s.,-nH, 0,
and Mo-V, 05, -nH, 0. h) Possible migration pathways for Zn?* in Mo-V,0g.-nH, 0. i) Calculated Zn?* diffusion barriers in V,04-nH,0, V,05.,,-nH, 0,
and Mo-V,0s_-nH, 0.
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Figure 2. Schematic illustration for the synthesis of nanocomposites.
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Figure 3. Morphological and structural characterization of nanocomposites. a-c) SEM images of V-MOF, Mo-doped V-MOF-3, and Mo-V,0; , @NC-3,
respectively. d,e) TEM and HRTEM images of Mo-V,0;, @NC-3. f) XRD pattern of V,0;@NC, V,0;, @NC, V,0;,@NC, Mo-V,0;, , @NC-1, Mo-
V,0;,@NC-2 and Mo-V,0;,@NC-3, respectively. g HAADF-STEM image of Mo-V,0; , @NC-3 and the elemental distribution of C, O, V, and Mo.
h,i) High-resolution XPS spectra of V 2p and O 1s. j) EPR spectra of V,0; @NC, V,0; ,@NC, Mo-V,0; ,@NC-1, Mo-V,05;,, @NC-2, and Mo-V,0; ,@NC-

3, respectively.

Then, V,0,@NC, V,0, , @NC, Mo-V,0, @NC-1, Mo-
V,0,,@NC-2, Mo-V,0, @NC-3 and Mo-V,0, @NC-4 are
obtained by calcination at 800 °C for 6 h in Ar/H, or Ar gas,
respectively. Scanning Electron Microscope (SEM) morphologies
confirm that post-high-temperature calcination, the obtained
samples form nanorods with a minor diameter (=30 nm), which
can shorten the transfer distance of Zn?* and speed up the
reaction kinetics (Figure 3¢; Figure S4, Supporting Information).
Transmission Electron Microscopy (TEM) images (Figure 3d;
Figure S5, Supporting Information) further confirm that the
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introduction of Mo ions can reduce the size of the sample.
Subsequent HRTEM image (Figure 3e) observation shows that
the lattice fringe spacing is ~#0.366 nm, which can be attributed
to the (012) plane of the V,0, phase.[’’]

To determine the crystal structure of the prepared sam-
ples, X-ray diffraction (XRD) tests were performed. The XRD
spectra (Figure 3f) reveal a perfect alignment of all diffrac-
tion peaks in V,0,@NC and V,0,; @NC with the V,0, phase
(JCPDF No. 34-0187). After the introduction of the Mo ions,
Mo-V,0, , @NC-1, Mo-V,0, ,@NC-2, and Mo-V,0, , @NC-3 still

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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maintain the V,0; phase, suggesting the absence of any addi-
tional hybrid formations. Meanwhile, the interlayer distance of
V,0, is x0.366 nm according to the characteristic (012) diffrac-
tion peak, which is consistent with the HRTEM result. How-
ever, an increase in PMA content leads to the formation of MoO,
impurities in the material (Figure S6, Supporting Information),
possibly attributable to the alteration of the original material’s
crystal structure by the introduction of a substantial quantity
of Mo ions. Therefore, the following discussion mainly focuses
on V,0,@NC, V,0, @NC, Mo-V,0,, @NC-1, Mo-V,0,, @NC-
2, and Mo-V,0, ,@NC-3. Moreover, the high-angle annular
dark-field scanning TEM (HAADF-STEM) image in Figure 3g
confirms the uniform distribution of C, O, V, and Mo elements in
Mo-V,0, ,@NC-3, indicating the successful introduction of Mo
ions. The N, adsorption/desorption isotherm (Figure S7, Sup-
porting Information) demonstrates that the synthesized samples
possess mesoporous structures. All samples exhibit large specific
surface areas, which are conducive to enhancing interface reac-
tions, ion diffusion channels, and active sites.*®! Raman spectra
(Figure S8, Supporting Information) show that the prepared sam-
ples have typical characteristic peaks of V,0;, which are located
at 142, 283, 405, 689, and 989 cm™, respectively, once again prov-
ing the successful preparation of V,0, composite materials.*"!
X-ray photoelectron spectroscopy (XPS) measurements were
employed to further investigate the surface element composition
and chemical state of the synthesized samples. The XPS spectra
(Figure S9, Supporting Information) show that the signal peaks
of C, N, O, and V can be detected in all samples. In addition,
Mo peaks are detected in Mo-V,0, , @NC-1, Mo-V,0; @NC-2,
and Mo-V,0, @NC-3 samples, again confirming the success-
ful introduction of Mo ions. The high-resolution V 2p spectra
of V,0,@NC and V,0, ,@NC (Figure 3h) exhibit the two peaks
at 515.8 and 522.8 eV, corresponding to V3*, while the peaks at
516.7 and 524.2 eV are attributed to V+.[**41] Following the in-
troduction of the Mo ions, a noticeable shift to higher binding en-
ergy is observed for V**, suggesting an electronic interaction be-
tween V,0, and Mo and a consequent alteration in the electronic
structure of V.**31 The O1s spectrum (Figure 3i) can be decom-
posed into three peaks at 530.4, 531.3, and 532.8 €V, representing
lattice oxygen (O—V bond), OVs, and oxygen in absorbed water,
respectively.’#*] Compared with V,0,@NC, the peak area ra-
tioof OVsin V,0, @NCislarger, indicating that Ar/H, gas treat-
ment helps to increase the OVs concentration. Concurrently, the
peak area ratio of OVs in Mo-doped samples (Mo-V,0; @NC-
1, Mo-V,0,; @NC-2, and Mo-V,0, @NC-3) increases, indicat-
ing that Mo-doped can also effectively increase the concentration
of OVs, which effectively improve the reaction kinetics. As ev-
idenced by Table S1 (Supporting Information), a slight rise in
the concentration of OVs accompanies an increase in Mo-doped
content. Furthermore, the OVs of the samples were also stud-
ied through electron paramagnetic resonance (EPR) measure-
ments (Figure 3j). The results also show that Mo-V,0, , @NC-
3 has the highest OVs concentration, indicating that the OVs
concentration can be further increased with the increase of Mo-
doped content, which well confirms the above O1s spectrum re-
sults. The Mo 3d spectra of Mo-V,0, @NC-1, Mo-V,0, , @NC-
2, and Mo-V,0, @NC-3 samples (Figure S10, Supporting Infor-
mation) display two peaks at 232.8 eV (Mo®* 3d; ;) and 235.9 eV
(Mo®* 3d,,), evidencing the introduction of Mo ions.[**} Addi-
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tionally, according to the XPS and inductively coupled plasma
(ICP, Table S2, Supporting Information) results, the Mo content
in Mo-V,0,, @NC-1, Mo-V,0,,@NC-2, and Mo-V,0,, @NC-3
samples is 5%, ~7.5%, and ~10%, respectively, which is close
to the ratio of added raw materials.

2.3. Electrochemical Performance

The electrochemical performance of all samples was evalu-
ated using CR2023-type coin cells. The rate performance of
V,0,@NC, V,0,,@NC, Mo-V,0,, @NC-1, Mo-V,0,, @NC-2,
and Mo-V,0,;, @NC-3 electrodes at varying current densities is
depicted in Figure 4a. Obviously, Mo-V,0, @NC-3 exhibits su-
perior rate performance, which delivers specific capacities of
424.3,413.2,399.3, 389.5, 376.3, 340.4, 296.1, and 261.5 mAh g~!
at current densities ranging from 0.1 to 10 A g™', respectively.
Even at the ultra-high current density of 20 A g7, it retains a
specific capacity of 190.9 mAh g='. Upon reverting the current
density to 0.1 A g7!, the specific capacity remains at 423.5 mAh
g1, demonstrating excellent reversibility and structural stability.
Compared with the introduction of OVs alone or without OVs, the
coexistence of Mo-doped and OVs is more beneficial in improv-
ing the rate performance and specific capacity. Furthermore, the
Mo-V,0, ,@NC-3 electrode also exhibits remarkable rate perfor-
mance in comparison to other previously documented V-based
cathode materials, as shown in Figure 4b.[%3*374147-52] Impres-
sively, the Mo-V,0, ,@NC-3 electrode exhibits high energy and
power density, as shown in the Ragone plot (Figure S11, Sup-
porting Information). It provides a significant energy density of
267 Whkg™' ata power density of 21.4 kW kg~!, which is superior
to most of the recently reported AZIBs.

The superior rate performance of the Mo-V,0; , @NC-3 elec-
trode significantly depends on its kinetics, thereby stimulat-
ing research on its capacitive characteristics. Figure S12 (Sup-
porting Information) shows the CV curves of V,0,@NC,
V,0,,@NC, Mo-V,0,, @NC-1, Mo-V,0, @NC-2, and Mo-
V,0,,@NC-3 electrodes within a scanning range of 0.2-1.0 mV
s71. To analyze faradic contribution and pseudo-capacitance be-
havior in electrode materials, the electrochemical storage pro-
cess of CV data at different scan rates is used to analyze through
the power-law equation (i = av?).5}] Here, a and b are ad-
justable parameters, and v represents the scan rate. As depicted
in Figure S13 (Supporting Information), all b values fall within
the range of 0.5-1, indicating that the electrochemical reaction
in Mo-V, 0, ,@NC-3 electrode is dually controlled by capacitance
control and diffusion control. Then, the contribution ratio of the
pseudo-capacitance is analyzed by the following formula: i (V)
=k, v + k2, where k;v and k,v'/? denote the contribution of
the pseudo-capacitance and diffusion process, k; and k, are con-
stants at a certain potential.[! Figure 4c and Figure S14 (Support-
ing Information) display that the pseudo-capacitance contribu-
tion ratio of Mo-V,0; @NC-3 electrode (85.3%) surpasses those
of the V,0, @NC (65.9%), V,0,, @NC (68.6%), Mo-V,0,, @NC-
1 (70.3%) and Mo-V,0,, @NC-2 (76.8%) electrodes at 1.0 mV
s71, indicating its superior electrochemical kinetics, which cor-
roborates the high-rate performance observed in Figure 4a. More-
over, as the scan rate increases (Figure S15, Supporting Infor-
mation), the contribution of the capacitance contribution ratio
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Figure 4. Electrochemical performances of the cathodes. a) Rate performances of V,0;@NC, V,0;,@NC, Mo-V,0;, @NC-1, Mo-V,0;, @NC-2,
and Mo-V,0;, @NC-3. b) Rate performance of Mo-V,0;, @NC-3 in comparison with literature. c) Ratio of capacitive contribution of V,0; @NC,
V,05,@NC, Mo-V,0;, @NC-1, Mo-V,0,,@NC-2, and Mo-V,0;, @NC-3 at 1.0 mV s'. d,e) Zn?* diffusion coefficients versus different dis-
charge/charge states; f) Cycling performances of V,0; @NC, V,0,,@NC, Mo-V,0,,@NC-1, Mo-V,0,,@NC-2, and Mo-V,0;, @NC-3 at 1A g~
g) Long-cycling performance of Mo-V,05, @NC-3 at 20 A g~'. h) Ex situ XRD patterns of Mo-V,0,,@NC-3 at different voltage states during the initial

charge/discharge processes at 0.2 Ag™'.

progressively increases, signifying the dominance of capacitance
control in the electrochemical reaction. The high capacitance
of Mo-V,0, , @NC-3 is mainly due to the synergistic effect of
Mo-doped and OVs, which effectively increases the conductiv-
ity and enhances the charge storage capability of the reversible
pseudo-capacitance.

The galvanostatic intermittent titration technique (GITT) was
employed to further examine the diffusion coefficients of Zn**
(Dz,2+), as per Equation S1 (Supporting Information), as shown
in Figure S16 (Supporting Information).**! The GITT data in
Figure 4d,e and Figure S16 (Supporting Information) confirm
that the Zn?** diffusion coefficient of the Mo-V,0; @NC-3
electrode (during the entire intercalation process varies from
10.18 x 10~ to 8.19 x 107® cm? s7!) is significantly higher
than that of the V,0,@NC, V,0, @NC, V,0,,@NC, Mo-
V,0, ,@NC-1, and Mo-V,0, @NC-2 electrodes. This result
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shows that the Mo-V,0; @NC-3 has a faster Zn?* diffusion ef-
ficiency and reaction kinetics. Except for the GITT test, EIS tests
were also conducted on the samples, as illustrated in Figure S17
(Supporting Information). The charge-transfer resistance (Rct)
of the Mo-V,0, ,@NC-3 electrode is found to be lower than
those of the V,0,;@NC, V,0, ,@NC, Mo-V,0, , @NC-1, and Mo-
V,0;,@NC-2 electrodes, illustrating a higher electrical conduc-
tivity. Obviously, the coexistence of Mo-doped and OVs effectively
improves the conductivity and electrochemical reaction kinetics.

Figure S18 (Supporting Information) shows the cyclic test of
the electrodes at a low current density of 0.2 A g™'. The discharge
capacity and Coulumbic efficiencies (CEs) gradually enhance dur-
ing the cycle, indicating the activation process of the electrode
material. More significantly, the long-cycle performance of the
electrodes is also evaluated, as shown in Figure 4f. Evidently, the
Mo-V,0, , @NC-3 electrode shows the highest specific capacity

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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(386.8 mAh g!) after 500 cycles at a current density of 1 A g=1.
Even at a high current density of 20 A g™' (Figure 4g; Figure S19,
Supporting Information), the specific capacity output after 10 000
cycles is 147.9 mAh g™!, with a capacity retention rate of 70.1%,
which is higher than V,0,@NC (41.2%), V,0,, @NC (43.8%),
Mo-V,0,, @NC-1 (60.5%) and Mo-V,0,, @NC-2 (62.7%). This
result indicates that the introduction of Mo ions is beneficial
to increase the cycling stability, and it increases with the in-
crease of the content. Nevertheless, although the introduction
of OVs improves the specific capacity and rate performance to
a degree, the cycling stability is not satisfactory. Therefore, the
Mo-V,0, ,@NC-3 electrode possesses excellent rate performance
and cycling stability due to the synergistic effect of Mo-doped
and OVs, which is more effective than the sole introduction of
OVs. In addition, the Mo-V,0; @NC-3 electrode still maintains
the nanorod structure after 100 cycles at a current density of
1 A g7, fully proving its excellent structural stability (Figure
S20, Supporting Information). When compared to other V-based
oxide cathode materials documented in recent literature, Mo-
V,0,;,@NC-3 continues to display exceptional electrochemical
performance, thereby emerging as a promising electrode mate-
rial (Table S3, Supporting Information).

The electrochemical behavior of Mo-V,0,, @NC-3 as a cath-
ode material is evaluated through CV curves. In the initial cy-
cle of the CV curve for the Mo-V,0, , @NC-3 electrode (Figure
S21, Supporting Information), two prominent oxidation peaks
at 1.29 and 1.45 V appear in the reverse scan but are absent
in the following cycles, indicating that electrochemical oxida-
tion has occurred and led to irreversible phase transformation.
To elucidate the cause of this phase transformation, ex situ
XRD analysis is performed (Figure 4h). During the initial dis-
charge process, the electrode material maintains the crystal struc-
ture of V,0,. However, a significant phase change occurs be-
tween 1.3-1.6 V during charging. In the fully charged state, the
diffraction peaks at 8.1°, 20.3°, 25.7°, and 50.7° match well with
V,0,nH,0.1"#5] Therefore, when charged to 1.6 V, V,0, _ un-
dergoes electrochemical activation to transform into V,05-nH,O
with OVs (V,0,,-nH,0). At the same time, other types of diffrac-
tion peaks were observed in the ex situ XRD of the first cycle,
which will be discussed later. In addition, two pairs of redox peaks
appear in the next two cycles, corresponding to the valence state
changes of V from V°* to V¥ and V** to V3*, demonstrating a
multi-step conversion reaction mechanism caused by the Zn**
intercalation/deintercalation.’*3” A similar phase transforma-
tion is also distinctly reflected in the initial five-period charge and
discharge curves ata current of 0.2 A g7', as shown in Figure S22
(Supporting Information). Apart from the first cycle, the remain-
ing curves basically overlap, indicating that the subsequent oxida-
tion product has efficient and stable Zn?** storage performance.
Afterward, to understand the morphology structure, and compo-
sition of the oxidation product after the first cycle, SEM and TEM
characterizations were performed. It can be seen from the SEM
image (Figure S23, Supporting Information) and TEM image
(Figure S24a, Supporting Information) that the electrode mate-
rial still maintains the nanorod structure after the first cycle. The
HRTEM image (Figure S24b, Supporting Information) shows an
amorphous structure. Furthermore, C, O, V, and Mo elements
are uniformly distributed on the surface of the above product, as
shown in Figure S24c (Supporting Information). Therefore, the
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obtained electrochemically activated product is identified as Mo-
V,0,,-nH,O@NC with a nanorod structure. Overall, the syner-
gistic effect of Mo-doped and OVs in the Mo-V,0,, - nH,0@NC
electrode not only effectively improves the kinetics and conduc-
tivity, but also endows outstanding rate performance and long-
cycling stability, which is consistent with the theoretical findings.

To deeply understand the Zn?* storage mechanism of the
Mo-V, 0, -nH,O@NC derived from Mo-V,0, @NC-3, ex situ
XRD tests were performed during the second cycle (Figure 5a).
As mentioned above (Figure 4h), Mo-V,0, , @NC-3 undergoes a
transformation into Mo-V, O, ,-nH,O@NC after the first charge.
During the discharge process, the peak intensity of V,0,-nH,0O
becomes weaker, and two new peaks appear at #33.1° and 36.6°,
corresponding to the diffraction peak of Zn, (OTf), (OH),,, nH,0
and Zn,, (OH), ;,V,,0,,,2H,0, respectively, which is con-
sistent with the previous literature.’>%%’] The formation of
Zn,(OTf),(OH),,, nH,0 and Zn,,,(OH),,3,V,,0;;,2H,0 is
primarily attributed to the by-products of the reaction involv-
ing OH~, Zn(CF;S0;), and Zn** with V,0,-nH,0.>*>°! Con-
currently, the peak position of V,0,-nH,O slightly shifts to the
left, which may be caused by the lattice distortion induced by the
co-insertion of protons (H*) and Zn?*.11 Upon discharging to
0.2V, the diffraction peak located at ~8° disappears, possibly due
to the low crystallinity of nano-scale Zn,V,0,-nH,0.°! In the
process of charging to 1.6 V, the Zn,(OTf),(OH),,, nH,0 and
Zn,  (OH),,+,V,,0,,,-2H,0 diffraction peaks disappear, and
the peak positions of V,0.-nH,O are recovered, thus proving its
good reversibility. Additionally, Figure S23 (Supporting Informa-
tion) shows the XRD patterns of the above electrode materials
after different cycles at a current density of 1 A g~!. The diffrac-
tion peak is basically consistent with the corresponding product
when charged to 1.6 V (Figure 5a), indicating its superior cycling
stability and reversibility.

Ex situ XPS was used to analyze the changes in elemental
composition and valence state of the Mo-V, O ,-nH,O@NC elec-
trode. As shown in Zn 2p spectra (Figure 5b), the pristine elec-
trode does not exhibit any Zn signal. When re-discharged to 0.2 V
following two cycles, two strong peaks located at 1045.6 eV (Zn
2p;,;) and 1021.8 eV (Zn 2p, ;) are detected, further proving the
insertion of Zn?*. Then, when charged to 1.6 V, the intensity of
the Zn signal peak decreases significantly, which is attributed to
the deintercalation of Zn?*. In the V 2p spectrum (Figure 5c),
the pristine electrode exhibits two peaks, belonging to V3* and
V*#*. Upon discharge to 0.2 V, three peaks located at 516.0, 516.8,
and 517.6 eV corresponded to the V3*, V*, and V>*, respec-
tively. In the fully charged state, there are only two valence peaks
of V>* and V**, the peak of V3* completely disappears, indicat-
ing that low valence V is reversibly oxidized.[®!] As for the O 1s
spectrum (Figure 5d), three peaks located at 530.4, 531.6, and
532.9 eV belong to the O—V bond, OVs, and H, O, respectively.
Compared with other states, the intensity of the H,O peak in-
creases when discharged to 0.2 V, mainly due to the intercalation
of H* in V,05 and forms bound water with oxygen.[*’¢2] More-
over, the binding energy of OVs slightly shifts toward the high
binding energy, probably due to the OVs inducing many lone
pairs of electrons and changing the arrangement of electrons.*!]
Interestingly, when charged to 1.6 V, the H,O peak still exists,
indicating that the H,O molecules will not be completely sep-
arated during the activation process, which is beneficial to the
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Figure 5. The charge storage mechanism of Mo-V,0;, @NC-3 after the second cycle. a) Ex situ XRD patterns of Mo-V,0s.,-nH,O@NC at different
voltage states during the second cycle of charge/discharge processes at 0.2 A g~'. b—d) The corresponding ex situ XPS spectra of Zn 2p (b), V 2p (c)
and O 1s (d). e) Ex situ EPR spectra. f) SEM, TEM, HRTEM, and corresponding selected area diffraction (SAED) pattern of Mo-V,0s_,-nH,O at different

states. g) Schematic illustration of the reaction mechanism.

stability of the Zn?* diffusion process. In addition, the OVs con-
centration is higher relative to the pristine electrode. Based on
these observations, EPR measurements were performed on these
two samples (Figure 5e). The cycled electrode also exhibits a
higher signal. Therefore, the O 1s and EPR results reveal that
Mo-V,0; -nH,O@NC maintains high stability of OVs after cy-
cling, which will effectively increase active sites and improve
diffusion kinetics of Zn?*.’*] Figure 5f shows the SEM, TEM,
HRTEM, and corresponding SAED images of discharge to 0.2 V
and charge to 1.6 V following the second cycle, respectively. All
samples exhibit nanorod structures, indicating good structural
stability. Subsequently, no lattice fringes are detected from the
HRTEM and SAED images, further indicating that the formed
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Mo-V, 0, -nH,O@NC possesses an amorphous structure. Ac-
cordingly, the energy storage mechanism of the cathode material
is shown in Figure 5g. Mo-V, 0, undergoes phase transforma-
tion to form amorphous Mo-V, O -nH, 0 when initially charged
to 1.6 V, and the intercalation/extraction of Zn®* is highly re-
versible at the subsequent charge/discharge process.

2.4. Electrochemical Performance of Full-Cell Pouch Cell
Given the superior electrochemical performance of the Mo-

V,0,,@NC-3 derived Mo-V,0;,nH,O@NC electrode, an
AZBs pouch cell was assembled to demonstrate its practical

© 2024 The Author(s). Small published by Wiley-VCH GmbH

85US01 SUOLULLIOD BAITERID 3|ed! |dde 8y} Aq pauieAoh a1 Sapile WO 198N JO S9N J0y ARl 8UIIUO AB|IA UO (SUORIPLOD-PUe-SLLLBIWI0O" A8 |1 ARe1d 1 o1 JUO//SANY) SUONIPUOD PUe SWie L Y} 89S *[7202/2T/T0] uo Aiqiauluo AB1IM ‘INOH ON NH ALISYIAINN DINHOILATOd ONOX ONOH A4 89TS0FZ02"|IWS/Z00T 0T/I0p/w0o" Ao |Im AReld 1 pujuo//Sdny wioy papeojumod ‘8t 'v20¢ ‘6289€TIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

www.small-journal.com

3M Zn(CF;80;)aqueous solution ~ _, |

4 600 120
a b C

500 | SR —_———— — — i ™= 109
Flexible pouch 24 ~ e o <
- a0 z
% g
“—MoV,0, @NC-3cathode  E 2
= 0+ =
Glass fiber £ 2
= =
o} g
=
=
=]
o}

p> Zn metal anode

1= Charge
= : : : : ALl : 22l
0.0 0.4 0.8 1.2 1.6 0 20 40 60 80
Potential (V) Cycle number
e 0° bending 90° bending 180° bending
d 600 120

soo;l 008
:’400- 480 §
E 1Ag! é
= 300 | R ] 'ﬂt
- = [»
=z i
£ 2001 J0 E
S 3

100 4 - = {20 §

200 400 600 800 1000
Cycle number

o

Figure 6. Electrochemical performance of pouch cell. a) Schematic diagram of AZBs pouch cell. b) CV curves of AZBs pouch cells at various scan rates.
c) Rate performances of AZBs pouch cell; d) Cycling performance of AZBs pouch cell at a current density of 1A g~1. e) Open circuit voltage and ) The
working condition of the pouch cell under the 0°, 90°, and 180° bending states.

application (Figure 6a). The electrochemical kinetics of AZIBs
pouch cells are examined by testing the CV curves at various scan
rates, as depicted in Figure 6b. The capacitance contribution
reaches 83.1% at 1.0 mV s™! (Figure S26a, Supporting Informa-
tion). The capacitance contribution (Figure S26b, Supporting
Information) increases with the increase of the scanning rate, in-
dicating that capacitance control is dominant, which is conducive
to improving electrochemical kinetics and rate performance.
Figure 6¢ reveals that the capacities of AZIBs pouch cells range
from 360.2 to 126.1 mAh g=! as the current density augments
from 0.1 to 10 A g!. As the current density returns to 0.1 A
g1, the specific capacity recovers to 362.4 mAh g-!, indicating
that the AZIBs pouch cell has excellent rate performance and
good reversibility. In addition, the cycling stability of AZIBs
pouch cells is also evaluated (Figure 6d). Following 1000 cycles
at a current density of 1 A g, the specific capacity remains at
313.6 mAh g! with nearly 100% coulombic efficiency, implying
excellent structural stability. It is worth mentioning that the open
circuit voltage of the AZIBs pouch cell can be maintained at
~1.2 V under different bending levels, indicating good flexibility.
(Figure 6e). Moreover, when the AZIBs pouch cell is charged to
1.6 V, it can also power the LED under different bending condi-
tions (Figure 6f). Consequently, the electrode shows promising
application prospects in energy storage devices.
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3. Conclusion

In summary, we have successfully synthesized the Mo-
V,0;, nH,O@NC electrode material by inducing the phase
transformation of Mo-V,0,, @NC-3 through electrochemical
activation. According to DFT calculations and experimental
results, the synergistic effect of Mo-doped and OVs improves the
rate performance and capacity, reduces the energy barrier, and
facilitates reaction kinetics. In addition, Mo-doped is conducive
to improving the stability of electrode materials and increases
with the increase of content. Moreover, ex situ analysis results
demonstrate that the intercalation/extraction of Zn** in the
Mo-V, 0, -nH,O@NC electrode is highly reversible, and fur-
ther analyzes its energy storage mechanism. As a result, the
optimal cathode delivers high-rate performance (424.3 mAh
gl at 0.1 A g' and 190.9 mAh g! at 20 A g~!, respectively),
and good long-term cycling stability (147.9 mAh g! at 20
A g after 10 000 cycles, and the capacity retention rate is
70.1%), outperforming other reported V-based cathode materi-
als. Furthermore, the as-prepared pouch cell also demonstrates
exceptional electrochemical performance and potential appli-
cations. More importantly, this work can provide new avenues
for the development of high-performance composite cathode
materials.
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