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Mechanistic Insights of Zn-Ion Storage in Synergistic
Vanadium-Based Composites

Lingli Xing, Xinyu Zhang, Nuo Xu, Ping Hu,* Kun Wang,* and Qinyou An*

A novel composite material Na2V6O16·3H2O-AlxV2O5 (NVO-AVO) is designed
and synthesized for the first time in aqueous zinc ion battery cathode. The
electrochemical behavior is elucidated in detail using in situ and ex situ
techniques. The NVO-AVO is simple, inexpensive, and safe to fabricate and
contributes to the synergistic effect of orthorhombic AlxV2O5 (AVO) and
monoclinic Na2V6O16·3H2O (NVO), the NVO-AVO composites have fast Zn2+

kinetics and exhibit good electrochemical properties. At 300 mA g−1, the
specific capacity is as high as 392.5 mA h g−1, and even more excitingly,
NVO-AVO remains a specific capacity of 160.6 mA h g−1 even after 18 300
cycles at 5000 mA g−1, which is significantly better than the stability of both
NVO and AVO. The distinctive V3O8 layered structure in Na2V6O16·3H2O
facilitates the diffusion of Zn2+, and structural water located between the
V3O8 layers facilitates rapid charge transfer by widening the gallery spacing
and supposing more storage sites for Zn2+. In addition, AlxV2O5 forms [AlO6]
octahedral units that enhance structural stability and play a crucial role in
maintaining long-term cycling stability. This work supports the theoretical
basis and technical support for the development and extension studies of new
vanadium-based electrode materials.

1. Introduction

Considering the increasing cost of limited lithium resources and
the safety issues arising from the inherent chemical activity of
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lithium metal and its flammable ester
electrolyte, aqueous batteries have recently
been considered promising alternatives,
particularly for large-scale energy storage
stations.[1–6] Of all the various aqueous
batteries, aqueous zinc ion batteries (AZ-
IBs) are receiving increasing attention due
to the unique advantages of zinc’s high
theoretical capacity (820 mA h g−1), low
electrode potential (−0.76 V versus stan-
dard hydrogen electrodes), good stability
in water, simple manufacturing process
and nontoxicity.[7–16] However, the develop-
ment of AZIBs is hampered by the slow
kinetics of the divalent charge Zn2+ in
the cathode material due to solid elec-
trostatic interactions and suboptimal cycle
life.[17] Therefore, developing a new cath-
ode material with a stable structure, su-
perior capacity, and high energy density
would be an attractive research direction.

Current research into AZIBs cathode
materials has focused on manganese-based
materials, vanadium-based compounds,

and Prussian blue analogs.[12,18] Manganese oxides show high
operating voltages up to ≈1.3 V, but the batteries experience ca-
pacity loss during cycling due to structural breakdown.[19] Due
to their high voltage, Prussian blue analogs are another attrac-
tive active material family, however, their unsatisfactory capac-
ity (typically ≤100 mA h g−1) and poor cycle life prevent their
further application.[20] Vanadium-based materials typically pos-
sess high capacity and excellent rate performance due to the
open-framework crystal structure and multiple oxidation states
of vanadium.[21] Despite significant efforts by AZIBs, the ratio-
nal design of vanadium-based materials is still in its early stages
and further research is needed to improve every aspect of their
property.

The most stable component of the vanadium oxide system is
V2O5 and the quest for improved performance is ongoing.[22–25]

Although V2O5 has a series of advantages,[26] the V2O5 cath-
ode is plagued by poor cyclic stability, low ionic and electronic
conductivity, and slow Zn2+ diffusion.[27] Recent studies indicate
that the layered V2O5 host structure is compositionally flexible,
allowing the interlayer space to accommodate pre-inserted lay-
ers of guest species, from metal ions to water as “pillars.”[28–32]

Na2V6O16·3H2O is a promising cathode consisting of a V3O8
layer and Na+, where the V3O8 layers are alternately arranged
with VO5 pentahedrons and VO6, and more importantly, the in-
terlayer distance is sufficient for Zn2+ insertion/extraction and
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H+ can be stably present between the V3O8 layers.[33] Based on
previous studies, we found that the capacity of Na2V6O16·3H2O
(hereinafter referred to as NVO) is high, but the cycling perfor-
mance is not particularly satisfactory.[33,34] To accelerate the com-
mercialization of large-scale energy storage systems, it is useful
to enhance the electrochemical property of NVO cathodes fur-
ther. Considering that trivalent Al3+ forms stable Al─O bonds be-
tween O atoms with a lattice energy of 15 111 kJ mol−1, which is
remarkably higher than that of Na─O (2478 kJ mol−1).[10] Unlike
the transition metal ions, the empty d orbitals and stable value
state of Al 3p diminish Coulombic interactions with guest ions
during cycling. Moreover, the structural model of AlxV2O5 (here-
inafter referred to as AVO) has Al3+ occupying part of the inter-
layer positions between the VO5 plates, forming (AlO6) octahe-
dral units, enhancing structural stability, and facilitating the in-
sertion and extraction of Zn2+.[35] Therefore, we have attempted
to design and synthesize for the first time a new composite ma-
terial Na2V6O16·3H2O-AlxV2O5 (hereinafter referred to as NVO-
AVO) with enhanced synergistic effects on the AZIBs cathode.
To our knowledge, NVO-AVO with a unique structure has not
been reported, which requires a systematic study and in-depth
investigation of the storage mechanism of Zn2+ in NVO-AVO
composites.

Benefiting from the dual effect of the metal ion intercala-
tion and the intrinsically conducting framework, the diffusion
kinetics of Zn2+ and the structural stability of the hydrated
vanadate are effectively improved. The NVO-AVO cathode of-
fers a high reversible specific capacity of 392.5 mA h g−1 at
300 mA g−1, excellent rate capability, and retains a discharge
capacity of 160.6 mA h g−1 at 5000 mA g−1 for more than
18300 cycles. It was demonstrated that the compounding of the
monoclinic Na2V6O16·3H2O with orthorhombic AlxV2O5 signif-
icantly improved the material’s electrical conductivity, thus im-
proving the battery’s performance. Here, we have elucidated for
the first time the reversible storage mechanism of NVO-AVO
in AZIBs by in situ X-ray diffraction, in situ Raman, in situ
Fourier transform infrared, in situ electrochemical impedance
spectroscopy, a series of ex situ techniques, and various elec-
trochemical analyses. We reveal a facile and elegant method
to enhance the rate, capacity, and cycling stability of V2O5,
which possesses great potential for applications of energy stor-
age and conversion. This study is therefore of great scientific
and technical importance to explore novel electrodes with sig-
nificant capacitance and impressive cycling stability for AZ-
IBs.

2. Results and Discussion

The new facile hydrothermal method was used to synthesize
samples of NVO without aluminum, AVO without sodium, and
composite material NVO-AVO with both aluminum and sodium
sources (refer to the “Synthesis” section of the Experimental sec-
tion for details). X-ray diffraction (XRD) patterns of AVO and
NVO (Figure 1a) can be well-indexed to orthorhombic V2O5 (Lat-
tice parameters: a = 11.52 Å, b = 3.57 Å, c = 4.37 Å, 𝛼 = 𝛽 = 𝛾

= 90.00, JCPDS: 00-041-1426) and monoclinic Na2V6O16·3H2O
(Lattice parameters: a = 12.17 Å, b = 3.60 Å, c = 7.78 Å, 𝛼 = 𝛾

= 90.00, 𝛽 = 95.03, JCPDS: 00-016-0601), respectively. In addi-
tion, the XRD peaks of NVO-AVO are the sum of all the peaks of

NVO and AVO, without any extra peaks, indicating the successful
combination of NVO-AVO.

In the Raman spectra, NVO-AVO shows similar morphol-
ogy to AVO and belongs to the characteristic peak of V2O5
(Figure 1b).[10] Raman spectra in Figure 1b show the stretch-
ing and bending vibrations of chemical bonds. The Raman spec-
trum of NVO-AVO exhibits eight main peaks at 146, 286, 305,
408, 482, 529, 703, and 996 cm−1, which can be well-attributed
towards signature Raman activity vibrational modes of differ-
ent vanadium/oxygen bonds.[36] Peak located at 139 cm−1 in the
Raman spectrum of NVO assigned to bending vibration of the
─V─O─V─O─ chain, which is shifted to 145 and 146 cm−1 in the
Raman spectra of AVO and NVO-AVO with stronger intensity rel-
atively, indicating that the interaction between two neighboring
V─O─V monolayers is enhanced.[37] Two Raman bands at 286
and 408 cm−1 correspond with the bending vibration of the V═O
(I) bond, whereas peaks at 305 and 482 cm−1 are assigned to the
bending vibrations of V─O (IV) and V─O (II) bonds. The peak at
529 cm−1 is the stretching vibration of the V─O (IV) bond, and at
703 and 996 cm−1 corresponds to the stretching modes of V─O
(III) and V═O (I) bonds.[38]

In addition, Fourier transform infrared spectroscopy (FTIR)
was used as a complementary characterization to Raman spec-
troscopy. The FTIR spectrum of NVO-AVO (Figure S1, Support-
ing Information), with the stretching vibration of the V─O─V
bond at 773 cm−1 and that of the V═O bond at 998 cm−1.[37] Mean-
while, the stretching and bending vibrations of O─H from struc-
tural water occur at 3443 and 1616 cm−1.[22] The FTIR spectrum
of NVO contains O─H, while the FTIR spectrum of AVO has dis-
appeared. The thermal stability of these samples was examined
by thermogravimetric analysis (TGA) (Figure S2, Supporting In-
formation), the AVO showed no significant weight loss and exhib-
ited good thermal stability. The TGA curve for NVO-AVO shows
two dehydration steps with the first stage of weight loss corre-
sponding to the removal of slightly adsorbed structural water. The
second stage of dehydration is the removal of the residual com-
pactly bound lattice water. Meanwhile, the TGA curves confirm
that the crystal water in NVO mainly causes the difference in to-
tal weight loss between NVO and AVO. These water molecules
between the NVO layers acting as a “lubricant” benefit the elec-
trochemical insertion/extraction of divalent Zn2+.

The Bruno–Emmett–Teller (BET) surface area analysis
(Figure S3, Supporting Information) gives specific surface areas
of NVO, AVO, and NVO-AVO are 24.08, 2.05, and 9.41 m2 g−1.
Further, X-ray photoelectron spectroscopy (XPS) was used to
collect the elemental composition and electronic states. The
survey XPS spectrum confirmed the presence of Na, Al, V, and
O elements in NVO-AVO (Figure S4, Supporting Information).
A significant Na signal was present in both NVO and NVO-AVO
samples, while no Na signal was observed in AVO, and the
high-resolution Na 1s spectrum of the NVO-AVO sample is
shown in Figure 1c. In addition, the high-resolution Al 2p
spectrum (Figure 1d) substantiates the Al3+ oxidation state
in NVO-AVO.[39,40] Figure 1e displays a high-resolution V 2p
XPS spectrum, which can be deconvoluted into two doublets
corresponding to V5+ and V4+. The NVO-AVO composite excites
the electron hope between V4+ and V5+, improves the electrical
conductivity of the electrode material, enhances its ion diffusion
kinetics, and stabilizes long-term cycling by interacting with
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Figure 1. a) Powder XRD patterns and b) Raman spectra of the three active materials. High-resolution XPS spectra of c) Na 1s, d) Al 2p, e) V 2p, and
f) O 1s for NVO-AVO. g) TEM image, h) HRTEM image (inset: SAED pattern), i) HAADF image and corresponding Na, Al, V, O element mapping of
NVO-AVO.

oxygen in the laminar structure and in the interlayer water. The
high-resolution O 1s spectrum of NVO-AVO was fitting to three
peaks situated at 530.2 eV (O1), 530.9 eV (O2), and 533.5 eV (O3),
respectively, which corresponded to different forms of O2− in
V─O, O─H, and H2O (Figure 1f).

Scanning electron microscope (SEM) and transmission elec-
tron microscope (TEM) images show the morphology and parti-
cle size of the as-synthesized three active materials. The pristine
NVO is in a typical 1D nano ribbons structure (Figures S5a,b,
Supporting Information), the AVO is in a nano block structure
(Figures S5c,d, Supporting Information) and the NVO-AVO is
in nano blocks and nanoribbons bound structure (Figures S5e,f,
Supporting Information). The interplanar spacings of NVO are
3.5 and 9.1 Å, corresponding to the (110) and (001) planes, which
can be observed in the high-resolution TEM image (HRTEM)

(Figure S6, Supporting Information). The interplanar spacing of
AVO in Figure S7 (Supporting Information) is 5.8 Å, correspond-
ing to the (200) plane. TEM image further shows that most of the
NVO-AVO nano blocks are ≈600 nm in length and ≈500 nm in
width, and are evenly surrounded by nanoribbons (Figure 1g).
Meanwhile, SEM and TEM images show that most of the NVO
nanoribbons have a width of ≈80 nm and a relatively uniform
morphology, most of the AVO is surface-smooth nano blocks and
most of the nano blocks are less than 1 μm in width. The inter-
planar spacings are 9.1, 3.5, and 2.9 Å, corresponding to (001),
(110), and (301) planes of NVO-AVO (Figure 1h), respectively,
which is well matched with the XRD result (Figure 1a). The reg-
ular arrangement of discrete spots on the inset Selected Area
Electron Diffraction (SAED) pattern of Figure 1h substantiates
that NVO-AVO possesses a top-quality single-crystalline nature.
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Figure 2. a) Charge–discharge curves of the initial five cycles of NVO-AVO cathode. b) Rate capabilities, c) Long-term cycling stability, d) A comparison
of the capacity contribution of the three active materials at different current densities.

HAADF image of elemental mapping corresponding to NVO-
AVO (Figure 1i) shows a homogeneous spatial distribution of Na,
Al, V, and O elements on nano blocks and nanoribbons, which
further demonstrates the successful insertion of Na+ and Al3+ in
NVO-AVO. In addition, Figures S6c and S7c (Supporting Infor-
mation) show that there is also a homogeneous elemental distri-
bution of NVO and AVO.

No work has been reported to discuss and compare this dis-
tinct electrochemical characteristic of NVO-AVO. The Zn2+ stor-
age properties of NVO-AVO composites have been tested and
detailed. Figure S8 (Supporting Information) gives the cyclic
voltammeter (CV) curves for the first five cycles of the NVO-
AVO electrode at 0.2 mV s−1 over the voltage range from 0.4 to
1.6 V. The overlapping CV curves indicate reversible redox reac-
tions, with two pairs of distinct reversible redox peaks at ≈1 V
(V5+/V4+) and ≈0.7 V (V4+/V3+), demonstrating that the two-
step (de)intercalation of Zn2+ is the same as in the other pre-
intercalated vanadium oxides.[10,32]

A comparison of the first five-cycle CV curves at 0.2 mV s−1

for NVO and AVO is shown in Figure S9 (Supporting Infor-
mation), with two stable redox peak pairs predominantly for
NVO and one stable redox peak pair predominantly for AVO.
The charge/discharge profiles of the NVO-AVO composite after
pre-cycling at 300 mA g−1 are shown in Figure 2a. The NVO-
AVO delivers an initial discharge capacity of 384.5 mA h g−1

and the corresponding charge capacity is 391.0 mA h g−1. The
profile shape of the initial discharge was also like the subse-
quent four cycles, demonstrating highly reversible Zn2+ interca-
lation/deintercalation.

Figure 2b shows the discharge/charge specific capacities of
AVO and NVO-AVO at various current densities after pre-cycling.
The rate performance of NVO is not pre-cycled. The average
discharge-specific capacities of AVO are 288.4, 284.7, 279.8,
272.6, 251.9, 235.9, 221.4, and 204.9 mA h g−1 at 300, 500, 700,

1000, 2000, 3000, 4000, and 5000 mA g−1, respectively. The av-
erage discharge-specific capacities of NVO-AVO at 300, 500, 700,
1000, 2000, 3000, 4000, and 5000 mA g−1 are 391.4, 390.6, 387.5,
381.6, 361.0, 338.2, 313.0, and 287.9 mA h g−1, respectively. The
average discharge-specific capacities of NVO at the same current
densities are 388.6, 372.7, 353.7, 337.0, 284.8, 246.3, 218.5, and
195.0 mA h g−1. Figure S10 (Supporting Information) presents
the corresponding discharge/charge curves for the three active
materials at different current densities. At current densities up to
5000 mA g−1, NVO-AVO exhibits a high reversible capacity and
retains the clear capacitance gap between NVO and AVO. When
the current density increased to 3000 mA g−1, a high reversible
capacity (335.0 mA h g−1) was still obtained, indicating the supe-
rior rate capability of NVO-AVO. Impressively, after recovering to
1000 mA g−1 current density, the reversible capacity easily reverts
to 382.0 mA h g−1. Figure S11 (Supporting Information) shows
the rate performance of AVO and NVO-AVO without pre-cycled.
In the initial stage, with the increase of current density, the dis-
charge capacity of AVO and NVO-AVO also gradually increases,
which is consistent with the capacity increase in the initial stage
of the following cycle performance.

As presented in Figure S12 (Supporting Information) when
the current density is 3000 mA g−1, the specific capacity of NVO-
AVO progressively grows from the initial stages, and similar
phenomena were seen in other vanadium oxide cathodes for
ZIBs.[41,42] This phenomenon may be due to a slow activation
process or increased active material utilization.[43] Na and Al co-
ordinate to increase the conductivity of the material, and NVO-
AVO offers a high specific capacity of 324.0 mA h g−1 with ex-
tremely long cycle stability (≈20000 cycles). As a comparison, we
also investigated the cycling performance of NVO and AVO. The
NVO electrode possesses a capacity of 261.8 mA h g−1 in the ini-
tial phase, 158.2 mA h g−1 after 6000 cycles, and drops sharply
for 3000 cycles. Although the initial capacity of AVO (less than
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Figure 3. a) CV curves at multiple scan rates b) Relationship between peak currents and scan rates, c) Charge–discharge GITT curves at 50 mA g−1,
and d) Zn2+ diffusion coefficient for NVO-AVO cathode. e) Nyquist plot and f) Ragone plots of NVO-AVO and other representative cathode materials
for AZIBs.

10 mA h g−1) is clearly lower than that of NVO, AVO is much
more stable than NVO after the cycling period, and NVO-AVO
possesses both high capacity of NVO and stability of AVO. At a
high current density of 5000 mA g−1 (Figure 2c), the AVO capacity
increased rapidly from the initial small value to 235.1 mA h g−1

after activation and remained at 195.0 mA h g−1 after 5000 cycles.
More excitingly, with a capacity of up to 269.5 mA h g−1, NVO-
AVO clearly outperforms NVO and AVO, further demonstrating
the good long-term cycling stability of NVO-AVO.

The charge/discharge curves for the three materials at 3000
and 5000 mA g−1 are presented in Figures S13 and S14 (Support-
ing Information), respectively. It is noteworthy that even at high
current densities the AVO charge/discharge curves are nearly
coincident with the 3000th, 4000th, and 5000th cycles, with a
Coulombic efficiency in the vicinity of 100%. This shows that
the excellent stability of NVO-AVO is mainly attributed to AVO.
These results therefore show that aqueous Zn/NVO-AVO batter-
ies hold great promise for meeting commercial applications. The
specific capacities of NVO, AVO, and NVO-AVO are summarized
in Figure 2d. The fast Zn2+ storage and good long-term cycling
stability of NVO-AVO are mainly owing to the synergistic effect
of NVO and AVO. The ultralong life, ultrahigh capacity, and ul-
trastability of NVO-AVO exceed most reported AZIBs cathodes
(Table S1, Supporting Information). The excellent electrochem-
ical properties indicate that NVO-AVO is a promising material
candidate for AZIBs.

CV measurements (Figure 3a) were performed at multiple
scan rates to investigate the stored charge type of NVO-AVO.
The peaks of the CV curves became progressively wider with
increasing scan rate and the peak position was slightly shifted.

Based on the peak current (i) as a function of the scan rate (v),
the capacitance behavior can be determined by the following
equation:[44]

i = avb (1)

The a and b are adjustable variables. When the value of b is
approaching 1.0, the pseudo capacitance dominates the electro-
chemical reaction processes. When the b value is 0.5, the electro-
chemical reaction is a diffusion-controlled process. From fitting
results in Figure 3b, the b values of the significant redox peak a,
a′, b, and b′ are all 1, indicating that the pseudo capacitance plays
a major role in the capacity contribution of NVO-AVO. This char-
acteristic favors the fast diffusion kinetics of Zn2+. The CV curves
for NVO and AVO and the corresponding log(i)–log(v) curves are
shown in Figures S15 and S16 (Supporting Information). Fur-
thermore, it is noteworthy that the capacitive contribution of the
NVO-AVO electrode is larger than that of the NVO and AVO elec-
trodes at different sweep rates. As a result, the NVO-AVO elec-
trode shows faster charge transfer kinetics and thus a stronger
rate capability.

The Zn2+ diffusion coefficient (DZn) in NVO-AVO was fur-
ther obtained in Figure 3c using the galvanostatic intermittent
titration technique (GITT). Figure 3d shows the calculated DZn
value of NVO-AVO up to 10−11–10−10 cm2 s−1. The excellent
electrochemical properties of NVO-AVO are credited to its su-
perior ion diffusion characteristics. The high Zn2+ diffusion
coefficient is related to the structure of the electrode and the
“Block and line combination” structure provides sufficient ion
transport channels for rapid ion diffusion. To further reveal the
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Figure 4. a) Ex situ and b) in situ XRD patterns, c) in situ Raman spectra, ex situ XPS spectra of V 2p d), and in situ FTIR spectra e) of NVO-AVO.

transfer kinetics of Zn2+ at the cathode/electrolyte interface,
electrochemical impedance spectroscopy (EIS) was carried out.
The semicircle diameter of the high-frequency region of the
Nyquist plot (Figure 3e) is correlated with the charge-transfer re-
sistance (Rct). NVO-AVO exhibits a much smaller Rct than NVO
and AVO, indicating that NVO-AVO possesses a faster surface
electron mobility. In addition, NVO-AVO exhibits excellent en-
ergy density (310.1 Wh kg−1) as well as impressive power density
(3662.6 W kg−1), significantly superior to many reported cathode
materials as shown in Figure 3f.[20,41,45–49] Our NVO-AVO is there-
fore a very promising candidate for the construction of advanced
ZIBs.

The excellent performance of NVO-AVO electrodes inspires a
deeper understanding of their reaction mechanisms. In order to
probe the structural evolution of NVO-AVO, ex situ XRD pat-
terns were analyzed in selected states (Figure 4a). The peaks
(001) at 20.3°, (101) at 21.7°, (002) at 41.3°, and (102) at 42.1°

become progressively weaker when discharging and stronger
when charging. During discharge, new peaks were observed near
21.0° and 36.5°, corresponding to peaks (011) and (021), re-
spectively, indicating the production of zinc vanadate hydroxide
(Zn3(OH)2V2O7·2H2O, JCPDS: 00-050-0570), which became pro-
gressively stronger as discharge proceeded and gradually disap-
peared with charging.[50,51] The magnified peak clearly shows that
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the (200) peak at 11.5° becomes stronger and shifts to a lower
angle as the Zn2+ insertion process and weaker and shifts to a
higher angle as the deintercalation of Zn2+. The (201) peak at
25.5° becomes weaker and weaker as it is discharged and more
robust as charged. The (110) peak at 26.2° and the (012) peak
at 48.9° become progressively weaker and shift to the right as
the discharge progresses, and the peak intensity becomes pro-
gressively more robust and shifts to the left as the charge pro-
gresses. The peak (401) at 37.6° becomes progressively stronger
and shifted to the right when discharging, and progressively
weaker and shifted to the left when charging. The peak (411) at
45.56° gradually becomes weaker and then stronger when dis-
charging and moves to lower 2𝜃 values, after charging it reverses
back to its original value also becoming weaker and then stronger.
The peak (302) at 47.9° becomes progressively weaker and shifted
to the left when discharging, and progressively stronger and
shifted to the right when charging. After charging, the peaks of
the above changes all returned to their original positions as Zn2+

was extracted, indicating that the NVO-AVO electrode possesses
a reversible structure during Zn2+ intercalation/deintercalation.

The in situ XRD patterns in Figure 4b show more pronounced
that the peak intensity of the characteristic NVO-AVO peak
changes with the (de)intercalation of Zn2+, but without signifi-
cant shift, indicating that it exhibits good structural stability dur-
ing cycling, which is conducive to its cycling performance. Fur-
thermore, in situ Raman spectroscopy provided further insight
into the reaction mechanism of the NVO-AVO electrode over the
electrochemical process (Figure 4c). As the first discharge pro-
ceeds, the peaks at 100, 141.1, and 281.3 cm−1 are slightly shifted
to the left and gradually disappear (as can be clearly seen in the
enlarged in situ Raman spectra), with the intensity gradually be-
coming stronger on charging. These peaks fade in intensity at
fully discharged voltages and recover in the fully charged state,
associated with (de)insertion of Zn2+. At the same time, the peaks
at 301.3, 401.8, 478.3, and 524.1 cm−1 become weaker during dis-
charge and progressively stronger during charging. The appear-
ance of the peak at 413 cm−1 throughout the discharge and charg-
ing process is due to the sapphire substrate.[52] The peaks at 700
and 993.3 cm−1 are shifted to the left and fade away when dis-
charging and become progressively stronger when charging (as
can be clearly seen in Figure S17, Supporting Information). Cor-
respondingly, the ex situ Raman results during charging and dis-
charging are depicted in Figure S18 (Supporting Information),
and the results are in high agreement with the in situ Raman
tests. The periodic disappearance or appearance of these charac-
teristic Raman peaks demonstrates that the electrochemical reac-
tion is fully reversible, suggesting good reversibility of the Zn2+

intercalation/deintercalation from the NVO-AVO electrode.
To explore the evolution in the chemical valence of the NVO-

AVO electrode, ex situ XPS tests were carried out on different
states of the electrode (Figure 4d). In the pristine state, the V 2p
XPS region with the majority of V5+ peaks, accompanied by a
small fraction of V4+ peaks. During discharge, the V4+ compo-
nent gradually increases, while the V5+ component obviously de-
creases and the V3+ peak appears. When charged to 1.6 V, the
V3+ component disappears, the V5+ peak dominates and the V4+

component decreases, V 2p spectrum almost returns to its initial
state, indicating a highly reversible redox reaction of V species oc-
curs. Figure S19 (Supporting Information) shows the XPS spec-

tra of Zn 2p in different states, with no detectable Zn signal in
the pristine state. In the fully discharged state, two strong and
sharp Zn signal peaks appear at 1019.6 and 1042.6 eV, indicating
the insertion of Zn2+ in NVO-AVO. When charged to 1.6 V, the
Zn 2p peak diminishes significantly, showing that most of the
Zn2+ is taken out from the NVO-AVO. These results are further
supported by the analysis of elemental mapping images of the
different states (Figures S20–22, Supporting Information).

Figure 4e shows the in situ FTIR spectra of the NVO-AVO elec-
trode in different electrochemical states. The V═O peak intensity
at 1030.6 cm−1 becomes progressively weaker with charging and
stronger with discharging. The peak at 3483.7 cm−1 represents
the O─H stretching vibration, which becomes weaker during
charging and stronger during discharging and remains consis-
tent with the bending vibration O─H change of 1641.9 cm−1. All
peaks are not significantly shifted, suggesting that the molecular
structure stays stable during the electrochemical process, which
is beneficial for the stability of the long-cycle performance. In
situ EIS study was performed further to explore the electrochem-
ical behavior of the NVO-AVO electrode, as shown in Figures S23
and S24 (Supporting Information). The Rct of the NVO-AVO was
109.2 Ω in the initial state, dropping to 18.5 Ω when discharged
to 0.4 V and 49.1Ωwhen fully charged. During the first discharge
cycle, Rct decreases significantly and rapidly. During the charging
phase, Rct decreases slowly, probably due to the activation of the
material.

The remarkable energy and power densities of NVO-AVO fa-
cilitate their use in flexible energy storage devices. Accordingly, a
soft packaged NVO-AVO//Zn cell was assembled by sandwich-
ing the separator and electrolyte between the NVO-AVO posi-
tive electrode and the zinc foil negative electrode (Figure 5a).
Figure 5b displays the cycling performance of the NVO-AVO//Zn
soft pack battery at 400 mA g−1, with a discharge capacity of
131.8 mA h g−1 on the first cycle and still 143.7 mA h g−1 af-
ter 70 cycles. Figure 5c shows the charge/discharge curve of the
soft pack battery NVO-AVO//Zn at 400 mA g−1. Additionally,
the Coulombic efficiency is ≈100% throughout the cycle, indi-
cating that the soft-packaged battery NVO-AVO//Zn has good
electrochemical reversibility during repeated charging and dis-
charging. To further indicate the viability of a soft-packaged NVO-
AVO//Zn battery as a flexible energy storage device, two soft-
packaged cells were connected in series and easily illuminated
by a “WUT” shaped logo light containing 55 LEDs (Figure 5d).
The soft pack can still light up the LEDs no matter how much it
is bent (Figure 5e) or even cut open (Figure 5f), and the voltage
does not change significantly (Figure 5g–i). This shows that soft-
pack NVO-AVO//Zn cells are promising for practical applications
in flexible energy storage devices.

3. Conclusion

In summary, we used low-cost V2O5 as a feedstock to develop
a low-cost, simple, and efficient strategy for designing a novel
NVO-AVO composite for the first time that combines mon-
oclinic and orthogonal materials. Based on experimental re-
sults, we find that the unique structure of the NVO-AVO com-
posite makes it possible to take full advantage of the synergy
between the high specific capacitance of NVO and the excel-
lent cycling performance of AVO. NVO-AVO exhibits a higher

Adv. Funct. Mater. 2024, 34, 2312773 © 2023 Wiley-VCH GmbH2312773 (7 of 10)
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Figure 5. a) Schematic of the structure of the flexible NVO-AVO//Zn soft pack battery. b) Cycling performance. c) Typical charge and discharge curves.
d–f) Two soft pack cells in series illuminate the led signs for normal, 90° bend, and cut states. g–i) Voltage of the soft pack in normal, 90° bending and
cutting conditions.

electronic conductivity and electronic structure, which improves
the reaction kinetics and lowers the polarization, resulting in
a greatly improved battery performance. The electrochemical
measurement results indicate that the synthesized NVO-AVO
composite as an AZIB cathode shows an enhanced capacity of
392.5 mA h g−1 at 300 mA g−1, higher than the 289.8 mA h g−1

of AVO. The NVO-AVO composite exhibits good cycling stabil-
ity, with a capacity of 160.6 mA h g−1 after 18 300 cycles at
5000 mA g−1, while the NVO delivers a capacity of 142.1 mA h g−1

after 16 000 cycles. The NVO-AVO electrode also exhibits high
energy density and power density. Therefore, NVO-AVO demon-
strates great application value as a cathode material for next-
generation energy storage systems. We believe that the promis-
ing electrochemical results obtained in this work, together with
insights into the mechanism of Zn storage, bring low-cost room
temperature AZIBs closer to becoming sustainable large-scale
energy storage systems.

4. Experimental Section
Fabrication of NVO-AVO: Briefly, 5.6 g V2O5, 2.3 g Na2SO4, and

3.1 g Al2(SO4)3·18H2O were added to 66 mL of deionized (DI) water
under vigorous stirring at 25 °C and under the same conditions the pH
was adjusted to 2.8 with hydrochloric acid. The mixture was shifted to
a 100 mL autoclave and kept at 180 °C for 72 h. The orange precipi-
tate (NVO-AVO) was then thoroughly washed with DI water and ethanol
and finally allowed to dry under vacuum at 60 °C for 12 h. As a com-
parison, the synthesis process was slightly modified (without the addi-
tion of aluminum and sodium sources) to give aluminum-free vanadium
oxide (NVO) and sodium-free vanadium oxide (AVO) as comparative
samples.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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