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Vanadium dioxide (VO3) has been widely investigated as electrochemical materials due to its reversible, ultra-
fast and multi-stimulus response phases transition. The morphological diversity of VO3 can trigger the fluc-
tuant electrochemical property, thereby researchers devote to synthesize VO, with controlled nanostructures.
However, development of green solvothermal method to prepare the various morphologies of VO, materials with
water as solvent is still facing great challenges. Here we have synthesized a series of configurational VO3

including nanowires, nano-hollow spheres, nano-ellipsoids, nano-flowers, nano-spheres and nano-solid spheres
by controlling surfactants/reducing agents in the presence of water. Both spherical and ellipsoidal VO, are
corresponding to D phase, other structures are consistent with B phase. Their specific surface areas range from 4
to 30 m%/g. The electrochemical performance indicates that spherical VO as an electrode has a higher surface
Redox kinetic than that of VO, nanostructures.

Low-dimensional nanostructures including nanorods, nanowires,
nanoflowers, nanospheres, etc, remain a major concern due to their
special optical and electrical properties [1,2]. Vanadium oxides as well-
known prototype materials have been widely studied for their inter-
esting physical properties [3,4]. Among the numerous vanadium oxides,
vanadium dioxide (VO,), one of the semiconductors with tunneled
structure, has good application prospects in the field of energy storage
[5]. For example, it is used as cathode materials in aqueous zinc-ion
batteries (ZIBs) [6,7], ammonium-ion batteries (AIBs) [8-10], and as
anode electrode material in supercapacitors [11]. In low-cost ZIBs,
benefiting from variable vanadium valence, VO, works as a cathode
material that facilitates the insertion and extraction capabilities of Zn>™,
which contributes to high specific capacity (645 mAh/g) [6,7]. How-
ever, development of rechargeable batteries using VO as cathode ma-
terials are still facing great challenges owing to different morphological
structures of VO, contribute different capacities, for example, at a cur-
rent density of 10 A/g, the metal-doped VO3 nanoflowers present a high
capacity of 336 mAh/g in aqueous ZIBs [12]. The tunnel-oriented VO3
nanobelts, hollow VO, nanospheres, and the VO, nanoflakes with petal-
shaped folds as cathodes vary considerably to 344.8 mAh/g, 262.0
mAh/g, and 201.3 mAh/g, respectively [13-15]. Therefore, the design
and preparation of VO, materials with controllable morphologies have a
profound significance for development of vanadium-based materials.

* Corresponding authors.

As well described in the literature, some remarkable achievements
have made for preparing VO, with large specific surface area and
different pore sizes by chemical vapor deposition (CVD) [16], pulsed
laser deposition (PLD) [17], solvothermal methods [18], thermal
decomposition [19], and hydrothermal synthesis [20], yet there are also
limitations and contradictions in experimental methods. CVD methods
suffer from a few drawbacks including high equipment costs, the utili-
zation of toxic gases (such as silane and ammonia) [16]. PLD has a slow
average deposition rate, unfavorable for large-area deposition [17]. The
method of thermal decomposition is usually carried out at high tem-
peratures (>800) [19]. In contrast, solvothermal methods have the ad-
vantages of low energy consumption and controllable particle shape
[18]. Specifically, the products prepared by hydrothermal process has
uniform physical phase, good crystallization and controllable shape
[20]. However, development of green solvothermal method to prepare
the various morphologies of VO materials with water as solvent is still
facing great challenges.

Herein, we prepared the various morphologies of VO, materials
including nanowires (V-NW), nano-hollow spheres (V-NH), nano-
ellipsoids (V-NE), nanoflowers (V-NF), nanospheres (V-NS), and nano-
solid spheres (V-NSS) by hydrothermal synthesis. The whole operation
process was handed with water as primary solvent. By adding different
surfactants (such as sodium dodecyl sulfate, polyvinylpyrrolidone,
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Fig. 1. Various XRD patterns of the VO, nanostructures.

NH4HCO3), the morphologies of VO5 can be controlled from V-NF, V-NS,
V-NE to V-NSS. Their electrochemical performance was investigated by
Cyclic voltammetry (CV), which further analysed their structure
contribution to the ability of capacitance and diffusion effects. The V-NS
has higher surface Redox kinetics and rate capacity superior to that of
other structured cathode materials.

The XRD patterns of the prepared VO, structure are shown in Fig. 1.
The diffraction peaks of V-NW, V-NF, V-NS, and V-NSS are perfectly
indexed to the orthorhombic phase VO with high crystallinity (JCPDS
card No. 81-2392). Their phases are well crystallized, and no other
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vanadium oxides were observed. Some preferential orientation in the
(110) direction was observed for the monoclinic VOg samples [21]. On
the amplified XRD pattern, it can be observed that the (110) peaks of V-
NF, V-NS, V-NSS, and V-NW are offset, which corresponds to the shift of
the (110) crystal plane spacing of different samples (Fig. S1). In contrast,
the characteristic diffraction peaks of V-NE, V-NH are well indexed to
the D phase of VO, (JCPDS NO. 15-0755) [22].

To visualize the morphology of VO, materials, Fig. 2 shows their
scanning electron microscope (SEM) images and energy dispersive
spectrometer (EDS) elemental mapping. It can be found that all prepared
VO, materials are highly monodisperse. During the hydrothermal syn-
thesis process of VO3 nanostructures, we find that the morphologies can
be affected by reductant with V505 as substrate and water as solvent.
Fig. 2a shows a typical SEM image of VO2 nanostructures synthesized
with n-butanol as a reductant at 220 °C. V-NW grew in an ordered
manner with wide diameter ranging from 100 to 400 nm. The corre-
sponding TEM image (Fig. S4a) shows the non-hollow structure. The
high-resolution TEM (HRTEM) image of V-NW (Fig. S4c) indicates that
the nanowire is single crystal, and the lattice spacing is 0.364 nm cor-
responding to d spacing of the (110) plane of monoclinic VO3 (B) [21].
When the reductant n-butanol is replaced by methanol, V-NH structure
was obtained. The SEM image shows that the prepared V-NH samples
are in the form of nanospheres (Fig. 2d). According to the magnified
SEM image, it can be observed that V-NH is are assembled from many
rice-like nanorods (Fig. S3a-b). The corresponding TEM image of V-NH
confirms the nanospheres are hollow structure with a spherical core of
about 500 nm in diameter and a shell of about 50 nm in thickness
(Fig. S3b). From the HRTEM image, the lattice spacing is 0.260 nm,
which corresponds to the (002) face of VO5 (D) (Fig. S4f) [22].

To obtain other structural VO, various surfactants including (SDS/
PVP/NH4HCO3) were adopted to the reaction system to control VO3

Fig. 2. Various SEM images and elemental mapping images of VO, nanostructures; (a—c) V-NW; (d-f) V-NH; (g-i) V-NE; (j-1) V-NF; (m-0) V-NS; (p-r) V-NSS.
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Fig. 3. (a) N, adsorption-desorption isotherm curves and pore size distribution curves of the (a) V-NW; (b) V-NH. (c) V-NE; V-NF; (d) V-NS; V-NSS.

morphologies. In the presence of PVP, V-NE samples were prepared. The
morphology of V-NE is arranged in a uniform ellipsoid shape with a wide
diameter of 1.4 pm (Fig. 2g). Interestingly, the SEM image shows that
the ellipsoidal structure seems hollow from front to back. However, the
TEM image of V-NE confirms the solid ellipsoid (Fig. S4g). From the
HRTEM image, we can observe that its lattice spacing is 0.256 nm
(Fig. S4i), which also corresponds to the (002) face of VO, (D) [22].
When the surfactant changed from PVP to SDS, V-NF was obtained. As
shown in Fig. 2j, it reveals that the surface of V-NF has a petal-like
structure with a diameter distribution between 2.4 and 2.6 pm. The V-
NF is composed of many sheets from the enlarged view (Fig. 2k), and the
TEM image of V-NF is solid structure (Fig. S4j). The HRTEM image of V-
NF (Fig. S41) indicates that the lattice spacing is 0.362 nm, corre-
sponding to d spacing of the (110) plane of monoclinic VO3 (B) [21].
Unexpectedly, we found that reaction time can also affect the
morphology of the material. After the reaction time changed from 4 to 6
h, the V-NF is transformed into V-NS. The structure of V-NS is formed by
the accumulation of many small nanosheets (Fig. 2m and Fig. S3c).
Among all the nanostructured VO, prepared, V-NS has the largest
diameter, ranging from 7.2 to 7.6 pm, and the TEM image shows that the
V-NS structure is solid (Fig. S4m). The lattice spacing of V-NS is 0.351
nm corresponding to the (110) plane of VO, (B) (Fig. S40) [21].
Furthermore, with the help of NH4HCO3, we obtained large diameter V-
NSS. Although the obtained V-NSS is also a solid sphere structure, the
morphology is different from that of V-NS. The SEM image of V-NSS
demonstrates that V-NSS is a flower-like nanosphere composed of many
nanosheets (Fig. 2p and Fig. S3d). Their diameters are mainly between

6.0 and 6.6 pm, and the TEM image confirms their solid structure
(Fig. S4p). Moreover, the EDS elemental mapping of all materials
demonstrates the uniform distribution of the V and O elements, which
further verifies the successful fabrication of different morphologies of
VO, (Fig. 2 and Fig. S2).

Thermogravimetric analysis (TGA) was conducted to investigate the
phase transition of various VOg materials under air atmosphere. As
shown in Fig. S5, from 30 to 350 °C, about 3 ~ 5 % weight loss was
mainly attributed to volatilization of residual solvent, and decomposi-
tion of surfactants. When the temperature was elevated from 350 to
600 °C, the significant increase of sample weight was presented. The
results indicated that the VO, is oxidized to V505 [23], the phase tran-
sition occurred along with the increase in temperature. To further verify
the structure transformation, the V-NH materials were calcined at 600
°C in air atmosphere and characterized by XRD. As shown in Fig. S6 and
its diffraction peaks is completely directed to the orthorhombic phase
V205 with high crystallinity (JCPDS card No. 41-1426), which is
consistent with the above analysis of TG curves [23].

The N; adsorption—-desorption isotherms measurement was adopted
to investigate the Brunauer-Emmett-Teller (BET) surface area and pore
size distribution of the samples. According to the adsorption-desorption
curves in Fig. 3, it can be seen that the specific surface area of the pre-
pared samples ranges from 4 to 30 m2 g%, in detail, the specific surface
area of V-NH can reach up to 31.3 m?> g_1 (Fig. 3b). V-NF, V-NS and V-
NSS have the low the specific surface area of 5.3, 5.2 and 4.3 m? g~}
(Fig. 3c—d), respectively. Both V-NW and V-NE have the moderate the

specific surface area of 20. 8 and 12.4 m? g~ !, respectively (Fig. 3a and
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Fig. 4. (a) CV curves of V-NS electrode at various scan rates. (b) log (peak current) versus log (sweep rate) plots according to the CV data at selected oxidation/
reduction peaks. (¢) CV curve of the V-NS electrodes with capacity separation at 0.6 mV s~*. (d) The capacitive contributions of V-NS electrode at different scan rates.

c). Fig. 3 also shows their pore size distribution, it is concluded that the
prepared VO, with different morphologies are predominantly meso-
porous [15].

To further analyze electrochemical activity of the prepared VO,
nanostructures, the cyclic voltammetry (CV) tests were measured in
electrolyte of 2 M Zn(OTf), with a scan rate of 0.2 mV s~ L. Two pairs of
redox peaks for all samples can be clearly observed in initial three cycles
(Fig. S7), implying that the insertion/extraction of Zn?* is a multistep
process [24]. To evaluate the effect of morphology on diffusion coeffi-
cient of Zn?" in VO, nanostructures, the electrochemical kinetics of Zn>*
in VOg nanostructures at a series of scanning rates from 0.2 to 1.0 mV st
were measured (Fig. 4a and Fig. S8) and the capacitive effect of the
battery system is calculated. The detailed calculation method is given in
the support information. The b values of VOy with different nano-
structures are shown in Fig. 4b and Fig. S9. In general, when the b value
is close to 0.5, it illustrates the Zn*" insertion process dominates,
whereas the b value approaches 1.0, it indicates a capacitive-controlled
dominant process. We conclude that the electrochemical process of V-
NW, V-NH, V-NE and V-NF electrode is dominated by the insertion of
Zn2", while the electrochemical process of V-NS and V-NSS electrode is
the mixed mode of ion insertion and capacitive-controlled process [25].
Among them, the b values of V-NS electrode are much higher than that
of other nanostructured electrodes, indicating the faster ion diffusion
kinetics in V-NS electrode. We also calculate the distribution of capac-
itance contribution to the total capacity of VO, with different nano-
structures, and specific calculations are given in the Supporting
Information. At scan rates of 0.2, 0.4, 0.6, 0.8 and 1.0 mV s~ !, the
capacitive ratios for V-NS electrode are 60 %, 70 %, 72 %, 78 % and 87

%, respectively, which is much higher than that of other electrodes,
suggesting the electrochemical process in V-NS electrode with faster ion
transfer kinetics (Fig. 4c, d, Fig. S10 and S11) [26].

In summary, we have demonstrated a facile and flexible method-
hydrothermal synthesis to synthesize various VO nanostructures. By
adjusting the components of the solution, V-NW and V-NH are obtained.
By controlling the type of surfactant, we fabricate three different VO3
morphologies including V-NF, V-NE and V-NS. Interestingly, VO, is
transformed from V-NF to V-NSS by changing reaction time in the
presence of SDS. Moreover, the method of preparing VO3 can be scaled
up for production. The electrochemical behavior of the prepared VO,
shows that VO, with different morphologies prepared in this work are
capable of storing Zn2*.
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Appendix A. Supplementary data

Experimental materials and methods, EDS elemental mapping of O,
TEM and HRTEM images, TG curves, XRD pattern, CV curves and
comparison of capacitance effect of different nanostructures. Supple-
mentary data to this article can be found online at https://doi.org/10.10
16/j.inoche.2025.114238.
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