Downloaded viaUNIV SCIENCE & TECHNOLOGY LIAONING on February 20, 2025 at 01:47:06 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEJAPPLIED MATERIALS

XINTERFACES

www.acsami.org Research Article

Controlled Heterovalent Vanadium lon Coordinated Flower-Shaped
Supramolecules Cathode for Zinc-lon Storage

Yue Lu, Siyang Han, Jingang Zheng, Hongwei Zhao, Han Zhang, Guangshen Jiang, Lixiang Li,
Weimin Zhou, Baigang An, and Chengguo Sun*

Cite This: ACS Appl. Mater. Interfaces 2025, 17, 1001-1013 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information

ABSTRACT: Vanadium-based materials, which offer multiple oxidation
states and rich redox reactions in zinc-ion batteries (ZIBs), have gained
substantial attention. However, achieving green and efficient preparation
of vanadium oxides-based materials featured with a controlled content of
different heterovalent vanadium remains a significant challenge. Herein,
a vanadium-supramolecular flower-shaped material (VSF) with hetero-
valent vanadium was prepared using NH,VOj; as vanadium metal center %
and hexamethylenetetramine as organic ligand in aqueous solution. The
optimal ratio of material (PVSF) after controlling VSF presintering is 2/
1 (V°*/V*). Employing PVSF-2/1 as cathode in ZIBs can achieve a . _ary

high specific capacity of 398.9 mAh g™" at 0.2 A g™', which is increased 20T prtiering temperature "

by 0.2 and 3.5 times as compared with that of pure VO, and V,0O,

respectively. After 2000 cycles, it still delivers a specific capacity of 225 mAh g~' at 5.0 A g~". The Zn||PVSF-2/1 pouch cells were
assembled with a satisfactory specific capacity of 339 mAh g™' at a current of 0.2 A g~'. The excellent performance is ascribed to
regulation and coordinated promotion of heterovalent states. The structural pathways corresponding to V°* act as Zn®* transport
channels to increase Zn>' transport capability. The V** cause high charge density distribution of the V-O lattice layer to provide
abundant active sites for the adsorption/desorption process of Zn*".
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1. INTRODUCTION dissolution and high steric resistance and electrostatic
repulsion. ™’

To address the issues, much effort has been devoted to
modulate the morphology,'® such as constructing conductive
skeleton composites,“ introducing heterogeneous atoms,*
expanding the lattice spacing'® and creating vacancy of
vanadium-based materials for vanadium-based cathodes.'*
Interestingly, we found all designed vanadium-based materials

Aqueous zinc-ion batteries (ZIBs) are projected to be the
potential future of green rechargeable batteries due to their
high safety, low-cost and facile manufacturing."” Like lithium-
ion batteries (LIBs), the energy density of ZIBs is primarily
determined by the cathode materials, in which the Zn** can be
inserted into the host lattice.” Vanadium-based compounds

with high reversible capacity, and long lifespan superior to that with mixed-valence configuration, and the related literature
of other cathode materials, have gained huge consideration.” primarily indicated that mixed valence states contribute to high
The multiple chemical valences of vanadium (V) element (+2 capacity, fast ion diffusion kinetics and low polarization over
to +5) can not only achieve multiple electron transfers in redox single V31916 Bor example, partial V°* ions in NH,V,0,,
reaction but also construct mixed valences of vanadium oxides cathode materials are reduced to V** after the insertion of
materials (VOMs), such as vanadium oxides (V,0;, V30, potassium ion, resulting in a high discharge specific capacity of
V¢0,3), etc.”® The diverse structural configuration and valence 464 mAh g~ at 0.1 A g_l-” The mixed-valence of V** and V**
fluctuation of VOM:s lead to differences in the zinc-ions storage in the V,05/VO 3 heterostructure delivered a diffusion energy
mechanism including the 7Zn** insertion mechanism and H*/

Zn* co-insertion mechanism, thereby resulting in huge Received: September 23, 2024 E—
differences in electrochemical performances.7 Actually, the Revised: ~ December 6, 2024

capacity and rate performance of vanadium-based cathodes Accepted: December 8, 2024

applied to ZIBs have always been incapable of achieving Published: December 20, 2024

satisfactory performance owing to deficient electrochemical
reaction aroused by inferior electrical conductivity, vanadium

© 2024 American Chemical Society https://doi.org/10.1021/acsami.4c16336

v ACS PUbl icatiOI’] S 1001 ACS Appl. Mater. Interfaces 2025, 17, 10011013



ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(i) Solvothermal

" 150°C

e

Y
e

5

y
)

ZIBs

+ Regulating V#*/ V5* valence ratios

\/ Excellent electrical conductivity

\/ Charge density distribution changes

(i) Pyrolysis

air 280°C

PVSF

B8 4944
i i
S 4949

£
vo,

VS

®  Uncontrollable V#*/ V5* valence ratios
R Inferior electrical conductivity

K High steric resistance

\/ Balance of V4*/ V5* valence ratios endowing sufficient active sites

Figure 1. Schematic diagram of the preparation procedure for PVSF with different heterovalent ratios V**/V** by a simple presintering treatment in

air.

barrier of Zn** to be 0.74 ¢V, much lower than that of V,0;
(1.20 eV), further demonstrating the rapid Zn** diffusion in
the mixed-valence states V,05/V40,; heterostructure.'®'” The
cyclic voltammetry curve of V*-V,0 shows a smaller gap
(130 mV) between the redox peaks than that of V,O;,
illustrating the lower polarization of V*-V,04.'® The above-
mentioned achievements prove that the formation of mixed-
valence material leads to outstanding electrochemical proper-
ties. However, the effect of different valence ratios on ZIBs
performances is confusing, and few detailed methods for
controllably preparing mixed-valence materials have been
reported. Most literature indicated that constructing vana-
dium-based materials with uniform structural morphology
typically suffers from high temperatures (>180 °C) and
extended reaction time (>24 h) at a high pressure.”’”*
Therefore, achieving the facile preparation of VOM:s featuring
a regulated content of different vanadium valences remains of
practical interest.”***

Inspired by the above research reports, herein, we
synthesized a vanadium-supramolecular flower-shaped material
(VSF) via a hydrothermal method using NH,VO; as the metal
center of vanadium and hexamethylenetetramine (C4H;,N,) as
the organic ligand. After presintering at a temperature ranging
from 260 to 400 °C, flower-shaped vanadium-based materials
with different heterovalent ratios of V** and V°* were obtained.
By optimizing the V**/V*" ratios to 2:1, the PVSF-2/1 material
with a balance of the heterovalent states was achieved. Using
PVSF-2/1 as a cathode of aqueous ZIBs can achieve high
specific capacity (398.9 mAh g~ at 0.2 A g™'), remarkable rate
capability, and excellent cycling lifespan. The excellent
properties of PVSE-2/1 can probably be attributed to the
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heterovalent balance of PVSF-2/1 that the structural pathways
corresponding to V°* valence work as Zn*" transport channels
to increase Zn>" transport capability and V** valence causes the
high charge density distribution of the V-O lattice layer to
provide rich active sites for the adsorption and desorption
process of Zn**. The unique flower-shaped structure of PVSE-
2/1 contributes to efficient charge transfer and high ion
diffusion ability (D,,** = 107°=107"° cm? s™"). In addition, a
H*/Zn>" co-insertion mechanism for the PVSE-2/1 cathode is
verified by an ex-situ characterization technique. This work
provides a valuable design strategy from the perspective of
controlling the valence of vanadium for the development of
high performance ZIBs cathode materials.

2. EXPERIMENTAL SECTION

Materials. Vanadate ammonium (NH,VO;) was purchased from
the official Web site of McLean Reagent. Oxalic acid (H,C,0,) was
purchased from the discovery Platform. A Whatman glass fiber
membrane was purchased from DoDochem Co., Ltd. Zn foil and Ti
foil were purchased from Teng feng Metal Materials Co., Ltd. Other
chemical materials were purchased from Sinopharm Chemical
Reagent Company. All chemical materials were directly used without
purification.

Preparation of Flower-Shaped Vanadium-Supramolecules
and PVSF-2/1. First, 1.23 g of NH,VO; and 0.31 g of C4H,,N, were
dissolved into a beaker containing 20 mL of deionized water and were
stirred vigorously for 10 min. Second, 2.62 g of H,C,0, was poured
into the beaker until the homogeneous liquid turned into a yellow
transparent solution, followed by a dark green color after about 20
min of stirring. Then, the solution was transferred into a Teflon-lined
stainless teel autoclave and kept at 150 °C for 1 h. The flower-shaped
V-supramolecules were prepared via suction filtration and were dried

https://doi.org/10.1021/acsami.4c16336
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Figure 2. (a) XRD patterns of C¢H,,N,, NH,VO; and VSF. (b) FTIR spectra. (c) TG curves of VSF. (d) XPS characterization of the V 2p spectra
for PVSF-2/1. (e) SEM image of PVSF-2/1. (f) TEM and (g) HRTEM images of PVSF-2/1; Inset: the selected area electron diffraction (SAED)
pattern. (h) Corresponding IFFT images. (i) Schematic diagram of calliandra hematocephala hassk. (j) HAADF-STEM images of PVSF-2/1 and

corresponding elemental mapping of C, N, V and O, respectively.

at 50 °C in vacuum. PVSF-2/1 was obtained by annealing the V-
supramolecules in an air atmosphere for 2 h at 280 °C with a heating
rate of 2 °C min™. V,O5 with pure pentavalent vanadium can be
obtained at temperatures above 400 °C.

Characterizations. The morphologies, composition, and struc-
ture of products were characterized by SEM (Apreos), TEM (Tecnai
G2 F20), XRD (D/Max2500 with Cu Ka radiation), FT-IR
(EQUINOXSS), BET method N, adsorption isotherm (ASAP-
2020), Raman (HORIBA Xplora Plus)electron paramagnetic
resonance (EPR, A300-10/12) and XPS (Kratos A XIS-SUPRA).

Electrochemical Characterization. The electrochemical proper-
ties of the as-prepared PVSF and comparative samples were tested via
CR202S$ coin cells. The cathode electrodes were fabricated by coating
a Ti foil with a slurry mix, which consisted of active material (70 wt
%), acetylene black (20 wt %), and poly(vinylidene fluoride) binder
(10 wt %) mixed in N-methyl-2-pyrrolidone (NMP) solution, with
drying in a vacuum oven at 80 °C for 12 h. Zinc foil was utilized as
anode, and a 2 M ZnSO, aqueous solution was employed as
electrolyte, and a glass fiber filter as separator. The mass loading of
active materials on the electrode was approximately 1—1.5 mg cm™>
The electrochemical behavior was evaluated at voltages between 0.2
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and 1.5 V. Galvanostatic charge/discharge tests and the galvanostatic
intermittent titration technique (GITT) were carried out with a
multichannel battery testing system (LAND CT2001A). Cyclic
voltammetry (CV) tests were carried out with a Bio-Logic six-
channel electrochemical workstation, France. Electrochemical im-
pedance spectrometry (EIS) measurements were performed in the
frequency range of 100 kHz to 10 mHz on a Bio-Logic six-channel
electrochemical workstation, France. All the electrochemical measure-
ments were carried out at a controlled room temperature of 25 °C.
Assembly of pouch Zn-ion batteries was undertaken using 4.2 cm X
4.2 cm PAM/ZnSO, hydrogel electrolyte as the separator, 4 cm X 4
cm Zn foil as anode and 4 cm X 4 cm PVSF-2/1 as the cathode.

3. RESULTS AND DISCUSSION

The vanadium-supramolecular flower-like material (VSF) was
synthesized via a one-step hydrothermal method. As shown in
Figure 1, NH,VOj; as the sacrificial precursor is reduced by
H,C,0, in solution to form V-ion complexes; subsequently, in
the presence of hexamethylenetetramine, VSF was formed via

https://doi.org/10.1021/acsami.4c16336
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the hydrogen bonding self-assembly technique (Figure S1). To
regulate the heterovalent states (V°*/V*") balance of flower-
shaped vanadium-supramolecule materials, the VSF sample
was treated with an air presintering process by controlling
temperature ranging from 260 to 400 °C. V>*/V*" heterovalent
ratios of 2:1, 3:1, 4.5:1 and 100:1 in pyrolytic VSF (PVSF)
were achieved.

X-ray diffraction (XRD) was evaluated to determine the
crystal component. In contrast to NH,VO; and C¢H,N,, it
can be found that the VSF has four obvious peaks at 8.2, 26.2,
50.7 and 60.5° (Figure 2a). The appearance of new peaks in
the vanadium-supramolecule material is strong evidence for
new substances generation. After heat treatment at 280 °C, the
sintered vanadium-supramolecule material has weak crystal-
linity with typical peaks located at 26.2°, 31.8° 47.3° and
60.5°, corresponding to the (110), (301), (600), and (321)
planes of V,0; (orthorhombic, JCPDS card no. JCPD41-
1426), respectively (Figure S2a). Interestingly, an obvious
characteristic peak was observed at 50.7° for PVSF-2/1. It was
attributed to vanadium valence oxidation during hydrothermal
and presintering processes, which led to the formation of
heterovalent VO, lattice planes, thus forming the heterovalent
form of PVSF. To explore the effect of temperature on the
crystal composition, the VSF was pyrolyzed at temperature
between 260 and 400 °C in air. As shown in Figure S2b, we
found that the peak position and intensity remain consistent at
sintering temperature ranging from 260 to 285 °C, indicating
that the low temperature was unable to cause significant
structure changes of VSF. When the sintering temperature
exceeds 290 °C, an obvious peak assigned to V,0; appeared,
illustrating that the highly crystalline V,05 was formed in
PVSF.

Further evidence for the formation of VSF is achieved by
Fourier transform infrared spectroscopy (Figures 2b and S2c).
Taking C¢H,N,, NH,VO; and their mixtures as contrast
samples, the disappearance of the stretching vibration bands of
N-H (vNH,) at near 3185 cm™' indicates the interaction
between NH,VO; and C¢H/,N,, indicative of the presence of
hydrogen bonding in the VSE (Figure S2¢).”>* Besides, in
contrast to their mixtures, the peaks located at 1235 and 656
cm”}, assigned to the stretching vibration and flexural vibration
of C-N, shift to 1254 and 676 cm™ higher wavenumbers in
coordination polymer VSF, which proves the interaction
between C4H;,N, and NH,VOj; to form VSF (Figure 2b).*’
The characteristic peak of 493 cm™ belongs to the flexural
vibration of V-O in NH,VO;, and a redshift toward the long-
wave direction to 503 cm™' in VSF is caused by vanadium
valence oxidation during the hydrothermal process. As for VSF,
the new peaks located at 830 and 1060 cm™' are ascribed to
the flexural vibration response of V-O-V,”” and the stretching
vibration response of V=0.""%*

The thermostability of VSF was investigated by Thermo-
Gravimetry (TG) (Figures 2c and S2d). The mass loss could
be divided into two processes: the first mass loss of 5.9 wt %
below 150 °C is due to the loss of free/crystal water in VSF.
The second process was completed at about 350 °C with 10.4
wt % weight loss, which can be attributed to the decomposition
of NH,VO; and C¢H;N,. The results indicated the
composition and presintering processes of VSF polymer.

To further analyze the valence status of vanadium element in
VSF and PVSF, the survey XPS spectra confirmed the four
distinct peaks of C, N, V, and O elements (Figure S2e). Figure
S3a displays the high-resolution spectrum V 2p of VSF, which
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can be classified as 517.5 and 525.3 eV for V> 2p, , and 2p, ,
while the two peaks at 516.3 and 524.6 eV were divided as V**
2p3/; and 2py 5, respectively.m’29 The heterovalent ratio V°*/
V* of VSF was calculated to be 2.2:1 by fitting the split peaks
area of V" and V*'. It is worth noting that the abundant V*" is
derived from V°* valence reduction during 150 °C hydro-
thermal processes. According to the TG curves of VSF and
C¢H;N,, the sintering experiments were conducted at
temperatures ranging from 260 to 400 °C, the corresponding
XPS spectrum of PVSF with different heterovalent ratios V**/
V* can be found in Figure S3, and the details of presintering
temperature and V**/V*" heterovalent ratios of PVSF are
shown in Table S1. We concluded that with sintering
temperature increases from 260 to 400 °C, the V°* content
in PVSF is generally increased, with the corresponding obvious
reduction in the V** content. At a temperature of 400 °C, only
V3" was found in PVSF (labeled as PVSF-100). At other
temperatures, the different heterovalent ratios V**/V* in
PVSF are labeled as PVSF-3/1, PVSF-2.5/1, PVSF-2/1, PVSE-
3.5/1 and PVSF-4.5/1, corresponding to 260, 270, 280, 290,
and 300 °C, respectively. During the above conversion process
of vanadium valence states, the content relative to V*' reflected
a volcano type of variation trend, which can reach a maximum
content of 33.9% for V** and a minimum content of 66.1% for
V** at 280 °C (Figure 2d). The valence ratio V**/V*" of PVSF
was calculated to be 2:1. The results indicate the
decomposition of NH,VO; to form V,0, during 280 °C.
When the temperature exceeds 280 °C, V*' gradually
transforms to V** until the PVSF is completely converted to
V,0; at 400 °C. Further evidence can be verified by XRD
results. The O 1s spectrum of VSF was resolved into three
components of lattice oxygen (O1), oxygen vacancies (02)
and H,O molecule (O3) at $29.7, 530.6, and 532.3 eV,
respectively (Figure S4).'*'”*%*" The visibly stronger 02 peak
of PVSF is observed, demonstrating that the decomposition of
NH,VO; leads to vanadium valence state changes and is also
accompanied by generation of oxygen defects during
presintering. Therefore, different V°*/V*" heterovalent ratios
from 260 to 400 °C also result in different degrees of oxygen
vacancies, which are 15.1, 19.6, 21.7, 18.7, and 16.5%,
respectively. We conclude that PVSF-2/1 with a V**/V*
heterovalent ratio of 2:1 has the largest O2 content of 21.7%
(Table S2).

The oxygen vacancies were also confirmed by the electron
paramagnetic resonance spectra (EPR) on the basis of the
unpaired electrons.”” The V*" is paramagnetic because of the
unpaired electrons, while V°* is EPR signal silent owing to the
integer spin. Therefore, the EPR peak intensity reflects a V**
valence signal and concentration of oxygen vacancy state.”® As
shown in Figure SS, a strong EPR signal at g = 2.003 for v+
appeared in both PVSF and VSF, with a higher peak intensity
of PVSF than that of VSF, indicating that V>*/V*" heterovalent
ratios can be regulated during the presintering process. This is
in accordance with the XPS results.

Scanning electron microscopy (SEM) and TEM images
display the flower-shaped structure of VSF with a uniform size
of around 10 um (Figure S6a, b). After calcination at 280 °C,
the petals of PVSF-2/1 were transformed from the original
two-dimensional micrometer sheet into a finer two-dimen-
sional nanosheet (Figures 2e and S6c, d). To further
understand the microstructure of PVSF-2/1, we performed
TEM tests on a single PVSF-2/1 petal. Figure 2f shows that the
uniform width of each petal is approximately 25 nm. The high-

https://doi.org/10.1021/acsami.4c16336
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Figure 3. (a) Schematic depicts the PVSF as a cathode in aqueous ZIBs device. (b) Galvanostatic charge/discharge (GCD) plots of PVSF cathodes
with different heterovalent ratios at 0.2 A g™". (c) Rate performance. (d) Cycling stability of PVSF cathodes with different heterovalent ratios at 0.2
A g7'. (&) Ragone plots of PVSF cathodes in aqueous ZIBs with other types of cathode materials. (f) Long-cycling stability of PVSF cathodes with

different heterovalent ratios at 5.0 A g_l.

resolution TEM image (HRTEM) of PVSF-2/1 distinctly
demonstrates that the lattice spaces of 0.35 and 0.21 nm
indexed to the V,0O5 (110) plane and V,05 (002) plane,
respectively.”® Figure 2g also shows various lattice spacing
disorders and lattice spacing dislocations induced by
heterovalent changes. The corresponding inverse Fourier
transform (IFFT) images confirm the lattice spacing disorder
and dislocation (Figure 2h). The selected area electron
diffraction (SAED) patten displays the regular diffraction
rings of PVSF-2/1. It shows four diffraction rings indexed to
the (002), (110), (301) and (320) planes of V,0Os, indicating
that polycrystalline property of the PVSF-2/1 (Inset in Figure
2f). HAADF-STEM images show that four elements (C, N, V,
and O) are evenly distributed in the entire micrometer-flower
(Figure 2j) as well as the four elements observed from the X-
ray energy-dispersive spectrum (EDS) (Figure S7). In light of
the shape and appearance, the morphology of PVSF-2/1 was
very similar to that of natural calliandra hematocephala hassk
(Figure 2i). Especially at the sintering temperature ranging
from 260 to 300 °C, the PVSF morphology can maintain the
flower-shaped pattern. However, the V> /V* heterovalent
ratios change obviously and can be regulated by controlling the
sintering temperature (Figure S8).

According to the nitrogen-adsorption/desorption test
revealed in Figures S9 and Table S3, the VSF sample exhibits
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a specific surface area of 11.3 m* g™' and an average pore size
of 22.9 nm. After presintering, PVSF-2/1 has the higher
specific surface area of 20.7 m? g~! and average pore size of
17.7 nm. The increase of specific surface areas is attributed to
the decomposition and oxidation of C4H;,N, in VSF during
sintering. Such micron-flower petals with unique structural
features of thin two-dimensional porous nanosheets are
predicted to effectively expose more active sites for favoring
zinc salt electrolyte penetration and Zn?* transport.””*>

To evaluate the electrochemical properties of PVSF
electrodes with different heterovalent ratios (V°*/V*"), coin-
type ZIBs were assembled with zinc foil as the anode, PVSF
cathode material, and aqueous 2 M ZnSO, solution as the
electrolyte (Figure 3a). The redox process of the PVSF-2/1
cathode was confirmed by cyclic voltammetry test (CV) in the
voltage range of 0.2—1.5 V at a scan speed of 0.2 mV s
(Figure S10a). Two couples of oxidation and deoxidation
peaks at 0.564/0.808 V and 0.947/1.176 V appeared and are
related to the vanadium valence conversion relation and
insertion of H* ions.*®*” For three cycles, the two oxidation
peaks shifted to the left, and two reduction peaks shifted to the
right, which are 0.585/0.785 V and 1.016/1.151 V,
respectively. This phenomenon is mainly caused by the
activation process that can narrow the redox potential
window.”””® The gradual symmetry of the typical redox

https://doi.org/10.1021/acsami.4c16336
ACS Appl. Mater. Interfaces 2025, 17, 1001-1013



ACS Applied Materials & Interfaces

www.acsami.org

Research Article

54 4 (b) @ Charge ( )
(a) 44 0.2mvs"! 1.0 32 @ Discharge c 0.64 b,=1.00
0.4mvs"’ i Peak3 ’ N .?% b,=0.70
- &%# Z 04 _
_ 3 T os ® : b,=1.00
< =z T b,=0.69
£ 24 e o 0.24
s E
*dé’ 1 g 0.0] Gy, PO GHRRAD 3
: 3 ‘ome =
3 ° 305 ? o 4
1. T @ 23 Sﬂf = 021 Q@ Poak1
10 @ o S Peak 2
24 : B o2 04 Peak 3
Y peak1 34 / Peak 4
-3 1 T T T T
00 02 04 06 08 10 12 14 16 02 04 06 08 10 12 14 16 0.8 0.6 0.4 02 00
Voltage (V) Voltage (V vs.Zn) Log (sweep rate/ mV s™)
140 1.2
(d) Diffusion (e) (f)
<120, [l capacitive 10 164mv : 16
= 0.8 : = '
_ : c
§ 100, = R B : ] ,ul?" il i
s .08 : & 12 r LIS
3 | Tos : 5 TR
2 P 8 S \ » gt TN
2 Toz /N7 A s 2
© $ 0.0 P : e z 08 "I.:«:-N'W
o 8 H - i) i
H g P ] i, “EH o
5 73.0 78.4 84.7 89.6 91.9 0.2 N N5 / S 04 " — PVSF-2/1
2 04 \/ PVSF-2/1 & | ——PVSF-3/1
S 204 o6 e PVSF-3/1 } PVSF-4.5/1
e PVSF-4.5/1 00
0 v T T T T 0.8 4y v N T - - - T - v v v T T
0.2 0.4 0.6 08 1 02 04 06 08 10 12 14 16 20 40 60 80 100 120
Sweep rate (mV s™) Potential (V vs.Zn?*/Zn) Time (h)
7 La
H \
(9) - (h) (i) [fovey
| v,to 5
] 2.56 eV \@=754eV Ji|# VO vovv.o %t A
. ]
& -10 O Oz, ~ |pvsF-3n ! PVSF211 | :
» Ry 5 ] |
~ -1 s e z : :
5_12 000, Q : 2.59 eV Q—7.66€V‘ z’ i ';hzfg____v
= = £ P— s |! ——PVSF-3/1 * :
o's A3 NGy ° g £ i ' !
- o £ \_o-77mev : i !
R ) .. —— H .
4 -15 > FNVS-2/1 : PVSF4.51 | i
16 o FNVS-3/1 \ - .
47 FNVS-4.511 ®-7750eV : PVSF-100 | !
,—d‘ . »
18 d— r r v r r v v v Si— r v v - -
12 10 08 06 04 02 00 0 2 4 16 18 200 400 600 800 1000 1200

Potential (V vs.Zn?'/Zn)

Binding energy (eV)

Raman shift (cm™)

Figure 4. (a) CV curves of PVSF-2/1 electrode at various scan rates. (b) dQ/dV curve of the PVSF-2/1 for the 10th cycle at 0.2 A g™". (c) Log
(peak current) versus log (sweep rate) plots according to the CV data at selected oxidation/reduction peaks. (d) Capacitive contributions of PVSF-
2/1 at different scan rates. (e) CV curves of PVSF electrodes with different heterovalent ratios at 0.2 mV s™". (f) Charge—discharge curves in the
GITT measurement of PVSF electrodes with different heterovalent ratios at 0.2 A g™'. (g) Calculation of the Zn** diffusion coefficient of PVSF
electrodes with different heterovalent ratios at various discharge. (h) UPS spectra. (i) Raman spectra of PVSF with different heterovalent ratios.

peaks illustrates the increased reversibility and stability. The
PVSF-3/1, PVSF-4.5/1 and PVSF-100 cathodes also show two
pairs of redox peaks (Figure S10b—d), all of which locate at
similar redox potential range to that of PVSF-2/1 except for
the lower peak current densities. The results imply that
controlling the heterovalent ratio (V**/V*") to 2:1 in PVSF by
presintering has superior electrochemical reactivity and
capacity to other ratios. "¢

The galvanostatic charge—discharge (GCD) profiles of the
PVSF-2/1 cathode for the initial ten cycles at a current density
of 0.2 A g™' are shown in Figure S10e. It is easy to note that
the GCD profiles overlap perfectly, demonstrating great
reversibility and structural stability. Moreover, the voltage
plateau reveals a potential similar to that of the oxidation and
deoxidation peaks of the CV curve in PVSF-2/1. In contrast to
PVSF-3/1, PVSF-4.5/1 and PVSE-100, the GCD curve of the
PVSF-2/1 cathode exhibits the maximum discharge capacity of
398.9 mAh g™!, which was expressively better than the
discharge capacities of 352.5, 236.6, and 89.3 mAh g™' for the
PVSF-3/1, PVSF-4/1, and PVSE-5/1 cathodes, respectively
(Figure 3b). Controlling the V>*/V*" heterovalent ratio to 2/1
boosts the capacity by 4.5 times compared with that of PVSE-
100, only containing V°*. Figure 3c further evaluates the rate
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performance of PVSF with different heterovalent ratios. The
PVSF-2/1 delivers the high reversible capacities of 398.9,
363.9, 344.5, 321.5, 283.2, and 251.4 mAh g_1 at the current
densities of 0.2, 0.5, 1.0, 2.0, 5.0, and 8.0 A g, respectively.
Even at a high current density of 10 A g, PVSF-2/1 also
maintains a high specific capacity of 243.7 mAh g™ (Figure
S10f), which is much larger than those of PVSF-3/1 (172.2
mAh g'), PVSF-4.5/1 (193.1 mAh g~') and PVSF-100 (133.4
mAh g™'). When the current density reverts to 0.2 A g/, the
specific capacity can be recovered, indicating good cycle
stability of the PVSF-2/1 cathode. The performance of PVSE-
2/1 is compared with other different reported vanadium
oxides-based cathodes in ZIBs (Table S4). Obviously, the
PVSF-2/1 with a balance of V°*/V* heterovalent ratios
indicates larger capacity and superior rate capability than those
reported cathode materials without valence regulation (Figure
3e).'®” This is mainly due to the regulated vanadium
heterovalent ratios; the heterovalent balance of V>*/V*" ratios
can improve the charge density distribution of V-O lattice
layers, endowing sufficient active sites as well as ensuring the
adsorption and desorption process of Zn>* during the reaction
process.””*" To evaluate the long-cycling capability of the Zn-
PVSF battery, GCD curves at 0.2 and 5.0 A g~ were

https://doi.org/10.1021/acsami.4c16336
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conducted. The capacity retention of PVSF-2/1 is about 63%
after 100 cycles at 0.2 A ¢! (Figure 3d). The degeneration of
capacity may be attributed to structure changes upon Zn>*
insertion and sequential V-O lattice distortion and loss of
active sites.”** The PVSF-2/1 can still preserve ~78.5%
capacity retention after 2000 cycles at 5.0 A g~', which is
higher than those of other prepared cathodes (~26.1%,
~34.8%, and ~25.4% for PVSF-3/1, PVSF-4.5/1, and PVSF-
100, respectively) (Figure 3f). Note that the Coulombic
efficiency for PVSF-2/1 is approximately 100%, further
revealing the superior reversibility and remarkable long-term
cycling lifespan.

The multiple chemical valences of vanadium with more
achievable Zn?* insertion are responsible for the considerable
specific capacity. To determine the capacity current distribu-
tion with diffusion or faradaic contribution, the CV curve was
studied at various scan rates of 0.2—1 mV s~ to reveal the
electrochemical kinetics process of PVSF with different
heterovalent ratios (Figures 4a and S11,12). All CV profiles
of PVSF with different heterovalent ratios exhibit two pairs of
oxidation/reduction peaks corresponding to two-step Zn>*
insertion/extraction processes.”” The CV profiles maintained
a similar shape at increased scan rates, indicating the PVSF
electrode tolerance to Zn>' insertion/extraction.”* The
negligible redox peak shift is ascribed to the polarization
during Zn?* insertion/extraction.” Moreover, the differential
capacity (dQ/dV) curves exhibited two pairs of broad peaks
(10th cycle) (Figure 4b), consistent with the CV results. The
high capacity of PVSF-2/1 is attributed to regulating the
vanadium heterovalent ratios. The similar shape of curves with
negligible shift from 30th to 80th cycle further proved the
excellent stability of PVSF (Figure S13). The capacitance
response of the battery was determined via the linear
relationship of eq 1 between the peak current (i) and scan
rate (v).g'he mentioned relationship can be slightly rearranged
to eq 2:™

i=a’ 1)
log(j) = b log(v) + log(a) (2)

where a and b represent adjustable parameters.”” When the
fitted b value is close to 0.5, the electrochemical reaction
process relies on ionic diffusion control. When the fitted b
value approaches 1.0, the reaction process is dominated by
thefaradaic contribution.*® Based on eqs 1 and 2, the b values
for the four main redox peaks can be calculated to be 1.00,
0.70, 1.00, and 0.69, respectively (Figure 4c). Thus, the charge
storage process is affected by a mixed contribution of
controlled ionic diffusion and faradaic capacitive. In the high-
voltage phase, the electrochemical reaction process possesses
faradaic capacitance behavior, whereas ion diffusion behavior
affects the electrochemical reaction process during the low-
voltage range. This renders good Zn>' diffusion kinetics.
Additionally, the detailed capacitive contribution percentages
can be calculated via the following eqs 3 and 4:

i=ky+ k2v1/2 (3)

(4)

where k; and k,v"/? denote the contributions of the diffusion
effects and the faradaic capacitance behavior, respectively.*’
With the sweep rates from 0.2 to 1 mV s™', the percentage of
the capacitance contribution increases from 73.0% to 91.9%

/2 = klvl/2 + k,
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(Figure 4d), suggesting the dominant faradaic effect at a large
scan rate. The capacitance contribution percentage of 84.7% in
PVSF-2/1 is higher than those of 63.2%, 80.8%, and 72.4% for
the PVSF-3/1, PVSF-4/1 and PVSF-5/1 cathodes at 0.6 mV
s' (Figure S12), demonstrating that regulating the vanadium
heterovalent ratios of PVSF to reach the optimal heterovalent
balance of V**/V*" contributes to excellent rate performances.
This may be ascribed to the reason that the petals of flower-
shaped PVSF are stacked by two-dimensional nanosheets,
forming a uniform hierarchical structure, which provides a
short Zn*" diffusion pathway and fast Zn?* diffusion kinetics.*’
Figure 4e displays the CV profiles of the PVSF with various
heterovalent ratios electrodes at 0.2 mV s™. In contrast to both
PVSF-3/1 and PVSF-4.5/1, PVSF-2/1, with a larger peak area,
was measured and proven to have a lower polarization voltage
(135 mV) than those of PVSE-3/1 (164 mV) and PVSF-4.5/1
(196 mV), which reflects excellent reaction reversibility.”" The
lower polarization voltage of PVSF-2/1 is attributed to the
charge density distribution change of the V-O lattice layer by
regulating the vanadium heterovalent state, which can achieve
high surface reactivity and electrode reaction kinetics, thus
reducing the diffusion energy barrier of Zn2* 10

The reaction kinetics were further illustrated by the
galvanostatic intermittent titration technique (GITT) and
electrochemical impedance spectroscopy (EIS). The diffusion
coefficients (D,,2*) of the Zn®** in PVSF with different
heterovalent ratios were estimated via GITT. Figures 4f and
Sl4a—d show the GITT charge—discharge curves of PVSF
electrodes, and the whole testing process was controlled at a
constant current of 0.2 A g~' for a pulse time of S min,
followed by relaxation for 3 h to allow the voltage to reach
equilibrium. The calculated D,,>* of PVSF-2/1 ranges from
107 to 107'° ecm? s™' (Figures 4g and S14a), which is higher
than the D,,2* values in PVSE-3/1 (1072—107" cm? s7),
PVSF-4.5/1 (1072=107"% c¢m? s7!), PVSF-100 (10™"*—107"
cm?® s7!) (Figure S14b, c) and other VOMs, such as VOH
(107°-10"" ecm? s7!), G-VOH (107"°—107"" cm?* s™'), and
KNVO (1071'=1071 cm? s7!)."”**® The fast kinetics of the
PVSF-2/1 cathode achieved rapid Zn*" migration, ensuring the
adsorption and desorption process of Zn>' during the
insertion/extraction reaction process. The heterovalent balance
of the V°*/V* concentration can be conductive to the
formation of the electric field in PVSF-2/1. Under the electric
field force, Zn>" easily tends to migrate and diffuse in flower-
shaped PVSF-2/1. In order to evaluate the electrochemical
reaction kinetics property for PVSF-2/1, the Nyquist plots
from the EIS analysis of the PVSF-2/1 electrode are also
provided in Figure Sl4e. Before cycling, the R, of the pristine
PVSF-2/1 electrode is about 155 €, and the value of Rct in
PVSF-2/1 decreases to 74.7 Q and 53.9 Q, after S and 50
cycles, respectively. The obvious decrease in R after the cycles
originates from PVSF-2/1 electrode activation. Controlling the
V3*/V* heterovalent ratio to 2:1 can improve the charge
density distribution of the V-O layer in PVSF-2/1, providing
more charge transfer channels and improving electron transfer
during insertion/ extraction.”*

Combined with the above analysis, the excellent properties
of PVSE-2/1 can be attributed to heterovalent balance of
PVSF-2/1 that the structural pathways corresponding to V°*
valence work as Zn®' transport channels to increase Zn®**
transport capability, and the V** valence causes the high charge
density distribution of the V-O lattice layer to provide rich
active sites for the adsorption and desorption process of Zn*'.
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Figure 5. (a) Typical discharge/charge curve in the first operation cycle at 0.2 A g~'. Ex-situ XRD patterns of the PVSF-2/1 cathode at (b)
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(1.5 V) states. (g) Ex-situ HRTEM images at fully discharged state and fully charged state. (h) STEM-EDS element mapping images of PVSF-2/1

m

electrode at discharge/charge states, respectively.

Moreover, the equilibrium of V°*/V* heterovalent states
forms an electric field in PVSF-2/1, ensuring rapid Zn**
migration.53

To further demonstrate regulating the role of V** and V*
heterovalent states for the electrochemical performance of
ZIBs cathodes, we prepared a mixed-valence cathode by mixing
VO, and V,0; materials with a quality ratio of 1:2 (Labeled as
VO,/V,0; = 1/2). The long-cycling performance of the three
VO,, VO,/V,0;, V,05 materials at S A g~' was evaluated
(Figure S1S5). The results demonstrate that VO, has the
highest specific capacity, which suggests that V*' valence
provides abundant active sites to boost Zn** electrochemistry
activity in ZIBs. Moreover, the HOMO/LUMO energies and
energy gaps (AE) were calculated for VO, (V**) and V,0q
(V®"). In general, the HOMO energy can be used to reflect the
ability to release electrons. The low LUMO energy means it is
easier to receive electrons. An “energy gap” is used to
determine whether a molecule is easily excited or not. The
smaller “energy gap” demonstrates that the closer energy
distribution of electrons in molecules is more likely to undergo
chemical reactions.”> We conclude that the energy gap of V,Oy
is 0.992 eV, much higher than that of VO (0.780 eV),
indicating the superior chemical stability of V,05 compared to
VO, (Figure S14f). This result demonstrates that PVSF with
the controlled V*'/V*" heterovalent states ratios ensures
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maximum electrochemical performance by combining the
advantages of V**and V**.

To investigate the reasons of the enhanced intrinsic activity
and the rapid kinetics of PVSF with different heterovalent
ratios toward ZIBs, ultraviolet photoelectron spectroscopy
(UPS) was performed on PVSF materials. Figure 4h shows
that the valence band maximum values of PVSE-2/1, PVSF-3/
1, PVSF-4.5/1 and PVSF-100 are calculated to be 2.56, 2.59,
2.63, and 2.48 eV, respectively. Controlling vanadium
heterovalent states ratios in the PVSF-2/1 cathode shifts the
valence band toward the Fermi level, demonstrating that the
excited electrons easily participate in the oxygen reduction
electrochemical reaction.”” The work function (®) values of
PVSF-2/1, PVSF-3/1, PVSF-4.5/1 and PVSF-100 are 7.54,
7.66, 7.73, and 7.75 eV, respectively. It can be further
demonstrated that the occupied V orbital arising from the
regulatlng heterovalent ratio is more conducive to electron
migration.”® Figure 4i shows the Raman spectra of PVSF with
different heterovalent ratios. The bending vibration response of
the -O-V-O-V- peak appears at 143 cm™, and the bending
vibration response of the V=0 peak is located at 268 cm™".
The V;-O and V,-O stretching vibrations respond at 524 and
700 cm™', respectively. A distinct peak at 993 cm™'
corresponds to the vibration response of the terminal V=0
peak.””*” A detailed comparison of the V** and V** contents in

https://doi.org/10.1021/acsami.4c16336
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extreme conditions.

PVSF reveals that the matching peaks of -O-V-O-V-, V,-O, and
V=0 show a slight high-shift with controlling vanadium
heterovalent ratios from the PVSF-2/1 to PVSF-100 cathode,
indicating that the controlling vanadium heterovalent ratios
affect the lattice changes. The above results indicate that the V-
O lattice structure of the PVSF materials is altered by
controlling the vanadium heterovalent ratios, which may
further change the distribution of the V-O lattice layer.>®
Thus, the change of the charge density distribution of the V-O
lattice layer by controlling the heterovalent states can achieve
high surface reactivity and enhance the electrode reaction
kinetics.**

To explore the charge-storage mechanism of the PVSF-2/1
electrode, a combination of ex-situ XRD, ex-situ XPS, and
TEM characterizations were explored in the electrochemical
process. Figure Sa reveals the typical GCD profiles of the
PVSF-2/1 electrode for the first cycle at 0.2 A g~', where the
labeled states (a—j) were selected for the ex-situ XRD
experiment (Figure Sb, c). The diffraction peak of the (001)
plane in PVSF-2/1 located at 9.83° shifts slightly to a lower
angle at a full discharge of 0.2 V, implying an increase of lattice
spacing, and Zn** was gradually inserted to the V-O lattice
(Figure Sb). As charging proceeded to 1.5 V, the (001)
diffraction peak returns to the original state with the extraction
of Zn** in the host material, indicating the reversible crystal
structure of the PVSF-2/1 cathode during the Zn*" insertion/
extraction evolution (Figure 5¢)."" Meanwhile, two new peaks
located at 32.75° and 58.35° gradually emerged (Figure Sb)
and were identified as Zn,SO,(OH),-3H,0 (PDF#39-0689),
which is formed on the PVSF-2/1 cathode surface during the
discharge to 0.2 V. The formation of Zn,SO,(OH)¢3H,0 is
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attributed to H* cations intercalated into the V-O lattice,
resulting in a PH value increase at the cathode interface.””
After charging to 1.5 V, two new peaks of Zn,SO,(OH)43H,0
gradually disappeared, indicating that the simultaneous H*
insertion/extraction accompanied during the Zn*" insertion/
extraction leads to the formation of the reversible
Zn,SO,(OH)¢3H,0 phase at the cathode interface. To
further characterize the charge storage mechanism of the
PVSE-2/1 electrode, a pair of redox peaks were observed in
CV profiles at both 0.1 M acetic acid/anhydrous acetonitrile
electrolyte and 0.25 M Zn(CF,;SO;),/anhydrous acetonitrile
electrolyte at 0.1 mV s~! (Figure S16b, d).** This
demonstrates the H* and Zn*" intercalations of the PVSF-2/
1 electrode. Figure S16a, ¢ shows that the two electrolytes
achieve stable cycling at 5.0 A g™', and their specific capacities
reach 120 and 115 mAh g~', respectively. Both H and Zn**
intercalations of PVSF-2/1 anodes can provide capacity, and
the capacity of the PVSF-2/1 electrode is provided by the H*/
Zn** synergistic co-insertion mechanism.

XPS spectra were also used to detect the valence state
change of elements during the charge and discharge cycles
(Figure Sd—f). As shown in Figure 5d, it is concluded that the
intensity of V°' decreased significantly when the cell
discharged to 0.2 V, and a new characteristic peak of V**
appeared at 513.8 eV. The results indicate that the pristine
V*/V* of the PVSF-2/1 cathode was partially reduced to
V*/V** during the Zn?* insertion process.’”® Upon fully
charging to 1.5 V, V** and V** were reversibly oxidized to V**.
The changes of vanadium valence state are understandable for
the insertion/extraction of H*/Zn?" into the PVSF-2/1 layers.
The XPS spectrum of O 1s (Figure Se) showed that the O2

https://doi.org/10.1021/acsami.4c16336
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peak intensity decreased significantly after fully discharging to
0.2 V, proving a decrease in the oxygen vacancy content. It is
also verified that the oxygen vacancy could be filled by the
insertion of H'/Zn**.** Tt is recovered again during the
charging process. The increased peak intensity of O3 during
charging/discharging probably is ascribed to the insertion of
[Zn(H,0)4]** into the V-O lattice, and residual H,O
molecules will remain between the lattice interlayers in the
form of crystalline water.'” As shown in Figure 5f, no signal for
the Zn element could be found in the pristine state. After the
discharging state reached to 0.2 V, the Zn 2p spectrum shows
two peak signals located at 1019.6 and 1042.6 eV, respectively,
confirming successful Zn*" insertion. A weak signal peak of Zn
element at 1.5 V was caused by a small amount of Zn in the
PVSF-2/1, the phenomenon originates from the residue of Zn
in the host lattice that may act as pillars for the subsequent
stable structure.”®

HRTEM images of the PVSF-2/1 electrode at the fully
discharged/charged state (0.2/1.5 V) exhibit the lattice
spacings of 0.268 and 0.208 nm, respectively (Figure Sg),
which is in good agreement with ex-situ XRD patterns. The
STEM-EDS mapping images visibly reveal the homogeneous
dispersion of the C, N, V, O, and Zn elements in the fully
discharged PVSF-2/1 nanosheet petal, implying the successful
Zn*" insertion. After charging, a weak Zn signal originates from
the existence of retained Zn*" in the PVSF-2/1 lattice (Figure
Sh), consistent with the ex-situ XPS results. Thus, TEM and
EDS analysis results also confirm the reversible Zn*" storage in
the PVSF-2/1 electrode.

As for extension of the material’s application, quasi-solid-
state pouch-type cells were assembled using the PVSF-2/1
cathode, PAM/ZnSO, hydrogel electrolyte, and Zn foil anode
(Figure 6a). The open-circuit voltage of the Zn||PVSF-2/1
pouch cell (4 cm X 4 cm) is stabilized at 1.293 V (Figure 6b).
Figure 6¢ shows the CV profiles at 0.1 mV s™'. Obviously, the
two prominent redox peaks are the same as those of coin-type
ZIBs. The discharge specific capacity of the Zn||PVSF-2/1 full
cell in PAM hydrogel electrolyte is as high as 339 mAh g™' at
0.2 A g™' (Figure 6d), which is higher than those of other
VOMs, such as VO, (180 mAh g™' at 0.2 A g™),** V,C/V,0;
(60 mAh g™! at 0.2 A g71),°° VS, (175 mAh g™! at 02 A
g™1),%* and 3D-NVO (320 mAh g~! at 0.2 A g71).”” The cell
also delivers the discharge specific capacity of 250 mAh g™
(Figure 6e) with ~76% capacity retention after 100 cycles at
1.0 A g~'. The properties of Zn||PVSF-2/1 pouch cells are
comparable or superior to those of other reported quasi-solid-
state pouch-type batteries based on specific capacity (Table
SS). The Zn||[PVSE-2/1 pouch cell can successfully power a
light-emitting diode under different extreme conditions
(Figure 6f). These results indicate that the Zn||PVSF-2/1
pouch cell holds a feasible application in energy storage
devices.

4. CONCLUSION

We prepared vanadium-supramolecular flower-shaped materi-
als by combining NH,VO; and C¢H,,N,. The PVSF with
heterovalent V°*/V*' ratios was obtained by presintering
etching modification. When the V°*/V* ratio in PVSF is
controlled at 2:1, the obtained PVSF-2/1 material exhibits
outstanding electrochemical properties as a cathode material
for aqueous ZIBs. The PVSF-2/1 cathode demonstrated a high
specific capacity of 398.9 mAh g™' at 0.2 A g™', excellent rate
capability, and outstanding cycling stability. Experimental data
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reveal that the superior performance of PVSF-2/1 is ascribed
to the heterovalent balance of PVSF-2/1 that the structural
pathways corresponding to V** valence work as Zn>* transport
channels to increase Zn>" transport capability and V** valence
causes the high charge density distribution of the V-O lattice
layer to provide rich active sites for the adsorption and
desorption process of Zn*". The unique flower-shaped PVSE-
2/1 contributes to the efficient charge transfer and high ion
diffusion ability (D,>* = 107°=107"" cm® s7"). The storage
mechanism brought by PVSF-2/1 was revealed to be a HY/
Zn** co-insertion mechanism. The Zn||PVSE-2/1 pouch cells
were assembled, which can sustain a high specific capacity of
339 mAh g ' at 0.2 A ¢! and successfully power a light-
emitting diode under different extreme conditions. Controlling
vanadium heterovalent ratios is promising for the development
of high-performance, large-scale ZIBs cathode materials.
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