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Bronze-type vanadium dioxide (VO2(B)) is a promising intercalation pseudocapacitive material due to its

special corner and edge-sharing structure. Meanwhile, the utilization of multivalent cations as charge

carriers has been considered an effective strategy to further improve its charge storage capability.

However, the mechanistic understanding of multivalent cations' intercalation into VO2(B) is still vague,

which greatly limits its practical application. Via a combination of structure characterization, theoretical

calculations and electrochemical analysis, we have shown that only ion (de-)intercalation into VO2(B)

occurs in Na2SO4 and MgSO4 electrolytes upon cycling, and their distinct charge storage performance is

considered due to the synergistic effects between the ionic radius of electrolyte cations and their

polarizing power. In contrast, part of VO2(B) is reversibly converted to Zn3(OH)2V2O7$2H2O in ZnSO4

electrolyte, followed by Zn2+ (de-)intercalation into both phases upon cycling, thus enabling full

utilization of the bulk electrode and realizing maximization of the specific capacitance (460 F g�1 at

1 A g�1 current density). When cycled in Al2(SO4)3 electrolyte, the large VO2(B) nanobelts collapse into

small pellets due to the strong electrostatic force between the Al3+ ions and host structure, thereby

resulting in serious structural instability and inferior pseudocapacitive properties. In general, this work

provides valuable insights in understanding the behaviors of mono/multi-valent cations upon

intercalation into VO2(B), which will enable rational design of more layered oxides with excellent charge

storage properties or will be extended to other applications.
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1. Introduction

In recent years, the increasing demand for electric vehicles and
renewable energy sources has promoted the development of
efficient electrical energy storage (EES) devices with a combi-
nation of high energy density, high power density and good
cycle performance.1–4 Intercalation pseudocapacitors, which
typically involve electrolyte ion insertion into the layers/tunnels
of the electrode materials accompanied by faradaic charge-
transfer, are promising candidates for realizing enhanced
charge storage capability and may bridge the gap between
batteries and electrical double-layer capacitors.5–7 Two-
dimensional (2D) materials, such as manganese dioxide
(MnO2) and vanadium pentoxide (V2O5), are typical intercala-
tion pseudocapacitive materials due to their facile ion interca-
lation channels that enable full utilization of the bulk electrode.
However, the unstable host structure upon cycling due to the
weak van der Waals interactions between adjacent layers limits
their cycle performance.8 Therefore, seeking electrode materials
with a robust structure is extremely necessary. VO2(B), a meta-
stable monoclinic polymorph of vanadium oxides, has emerged
as a promising candidate recently due to its special structure as
J. Mater. Chem. A, 2022, 10, 10439–10451 | 10439
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well as its low cost, natural abundance and easy fabrication.9–13

The crystal structure of VO2(B), comprising sheets of distorted
edge-sharing VO6 octahedra that are linked to adjacent sheets
by corner sharing along the c-direction, is shown in Fig. 1(a).
Unlike other layered oxides, the corner and edge sharing motif
of VO2(B) is resistant to lattice shearing upon cation intercala-
tion, thus leading to a quite stable structure during electro-
chemical cycling.14–16 Meanwhile, the large-sized tunnel along
the b-axis is benecial for fast ion insertion/extraction in
VO2(B), and may therefore also ensure good rate performance
and high power density.17,18

Generally speaking, VO2(B)-based pseudocapacitors are
operated in water electrolyte, meaning that the potential
window of the device is limited by water electrolysis. Therefore,
the preparation of electrodes with high capacitance is needed to
achieve high energy density (according to the formula E ¼ 1/
2CV2, where E is the energy density, C is the specic capacitance
of the electrode material, and V is the potential window of the
Fig. 1 (a) Crystal structure, (b) SEM image, (c) XRD pattern, (d) Raman sp
XPS survey scan, and (h) high-resolution V 2p spectra of the as-prepared
Zn2+ and Al3+ ions.

10440 | J. Mater. Chem. A, 2022, 10, 10439–10451
device).19–21 Aside from the commonly used methods including
morphology control22–24 and forming composites with conduc-
tive substances,25–27 another effective strategy that has recently
emerged is to use multivalent cations (such as Zn2+, Mg2+, Al3+,
etc.) as charge carriers, since they can induce multi-electron
transfers upon cycling compared to those of monovalent
cations (such as Li+, Na+, and K+) and have been conrmed to be
promising in aqueous rechargeable batteries.28–33 For example,
Yang et al.34 studied the pseudocapacitive behavior of Zn2+ upon
intercalation into the tunnels of VO2(B) nanobers in aqueous
electrolyte, and found that the limitation from solid-state
diffusion in VO2(B) is eliminated due to its unique transport
pathways with large tunnel sizes and little structural change,
thus leading to a high reversible capacity of 357 mA h g�1 and
excellent rate capability (171 mA h g�1 at 300C). Cheng et al.35

investigated the zinc storage mechanisms in VO2(B) over a large
voltage range, and demonstrated that the VO2(B) undergoes an
irreversible conversion reaction when the potential approaches
ectrum, (e) FTIR spectrum, (f) N2 adsorption–desorption isotherm, (g)
VO2(B). (i) Ionic radius and polarizing power comparison of Na+, Mg2+,

This journal is © The Royal Society of Chemistry 2022
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�1.5 V. The conversion product shows a high zinc ion storage
capacity of 330 mA h g�1 at 0.1 A g�1 and high rate performance
(130 mA h g�1 at 10 A g�1). Srinivasan et al.36 prepared holey
VO2(B) nanobelts as the cathode material for aqueous
aluminum-ion batteries. The electrode delivers a superior
specic capacity of up to 234 mA h g�1 at 150 mA g�1 and
exhibits a high capacity retention of 77.2% over 1000 cycles at
1 A g�1. Moreover, Hu et al. have conducted a series of experi-
ments on elucidating the charge storage mechanisms of various
vanadium oxides in aqueous electrolytes containing Li+, Na+

and K+ ions, including the effects of lithium concentration on
VOx$yH2O's rate performance,37 the inuences of an intrinsic
porous and crystalline structure on hydrous vanadium oxide's
power characteristics,38 and the novel redox intercalation ability
and ion selectivity for potassium among Li, Na and K ions of
hydrothermally prepared V2O5$1.9H2O.39 Other than that, to the
best of our knowledge, little information about the behaviors of
multivalent cations upon intercalation into VO2(B)-based
pseudocapacitive electrodes is available.

Herein, we have systematically investigated the behaviors of
Na+, Mg2+, Zn2+, and Al3+ ions (which exhibit distinct physico-
chemical properties including different charge numbers per ion
(Z), ionic radii (r) and polarizing power (a parameter (Z/r2) that
can be interpreted as a measure of the strength of the charge
eld that affects the neighboring atoms40), along with their
natural abundance and low price) upon intercalation into sol-
vothermally prepared VO2(B). By combining a series of structure
characterization experiments, theoretical calculations and
electrochemical analysis, we found that (i) only ion (de-)inter-
calation into the tunnels occurs when VO2(B) is cycled in
Na2SO4 and MgSO4 electrolytes; meanwhile, their distinct
electrochemical behaviors are affected by the synergistic effects
between the ionic radius of electrolyte cations and their polar-
izing power, (ii) part of the VO2(B) is reversibly converted to
Zn3(OH)2V2O7$2H2O when added to ZnSO4 electrolyte, followed
by Zn2+ (de-)intercalation into both phases upon cycling, which
enables full utilization of the bulk electrode, thereby realizing
superior specic capacitance (460 F g�1 at 1 A g�1 current
density), and (iii) when cycled in Al2(SO4)3 electrolyte, the large
VO2(B) nanobelts collapse into small pellets which is mainly
attributed to the strong electrostatic force between Al3+ ions and
the host structure, thereby resulting in serious structural
instability and inferior pseudocapacitive properties. In general,
our detailed comparative studies provide valuable insights in
elucidating the behaviors of mono/multi-valent cations upon
intercalation into VO2(B), which is benecial for the rational
design of more layered oxides with excellent electrochemical
performance.

2. Methods
2.1 Chemicals and reagents

Vanadium pentoxide (V2O5), ethylene glycol (EG), sodium
sulfate (Na2SO4), magnesium sulfate (MgSO4), zinc sulfate
(ZnSO4), aluminum sulfate (Al2(SO4)3), hydrochloric acid (HCl),
acetone (>99.5%) and ethanol (99.5%) were purchased from
commercial suppliers (Sinopharm Chemical Reagent Co., Ltd).
This journal is © The Royal Society of Chemistry 2022
All chemicals were used as received without further
purication.

2.2 Preparation of VO2(B) nanobelts

VO2(B) nanobelts were obtained via a facile one-step sol-
vothermal alcohol reduction reaction of V2O5. In a typical
synthesis procedure, 4 mmol V2O5 was dispersed in 50 mL of
water/ethylene glycol (volume ratio: 3 : 2) mixture under
vigorous stirring for 30 min, which was then transferred into
a 100 mL Teon-lined stainless steel autoclave and kept in an
oven at 200 �C for 6 h. Aer the reaction, the as-prepared
product was thoroughly washed with distilled water and
ethanol several times and then dried in an oven overnight at
80 �C. The solvothermal reaction conditions, including the
volume ratio of water/ethylene glycol and reaction time, were
also adjusted to optimize the pseudocapacitive performance of
the as-synthesized VO2(B) electrodes.

2.3 Material characterization

The as-prepared samples were characterized by powder X-ray
diffraction (XRD) using a Bruker D8 Advance with Cu Ka radi-
ation (l ¼ 1.5418 Å) in the 10–80� 2q range at a scan rate of
5� min�1. Surface morphologies were observed using scanning
electron microscopy (SEM, Zeiss

P
IGMA HD). The structure of

the as-prepared sample was investigated by high-resolution
transmission electron microscopy (HRTEM, FEI Tecnai F20)
operated at an acceleration voltage of 200 kV. The specic
surface area was obtained by nitrogen adsorption and desorp-
tion isotherms collected on a JW-BK200 gas adsorption analyzer
(Beijing JWGB SCI&TECH). X-ray photoelectron spectroscopy
(XPS) was conducted using a Thermo Scientic K-Alpha XPS
instrument to investigate the local chemical environment of the
samples, and the spectra were calibrated using the C 1s peak.
Fourier-transform infrared (FTIR) spectra were obtained using
a Nicolet iS50 spectrometer (Thermo Fisher Scientic, USA) in
the range of 400–4000 cm�1 with an attenuated total reectance
detector. Raman spectroscopy was performed with a confocal
Raman microscope, WITec Alpha 300R system (WITec GmbH,
Germany), at room temperature with a 532 nm wavelength
incident laser light (0.3 mW laser power) and a 50� Zeiss EC
Epiplan objective. Data were processed with Project FIVE+
soware (Version 5.2, WITec GmbH, Germany).

2.4 Electrochemical measurements

Nickel (Ni) foam was used as a conductive substrate, and was
carefully cleaned with 1 M HCl solution to remove the surface
oxide layer and was then rinsed with acetone, ethanol and
deionized water before use. The working electrode slurry was
prepared by mixing 80 wt% active material, 10 wt% acetylene
black and 10 wt% PVDF in N-methylpyrrolidinone (NMP)
solvent, with the obtained mixture coated onto the Ni foam
substrate (1 cm � 1 cm). Aer being dried at 80 �C in an oven
overnight, the Ni foam was pressed under a pressure of 10 MPa,
and then used for the electrochemical tests. The loading of the
active material on the working electrode was determined by
comparing the mass difference between the original and coated
J. Mater. Chem. A, 2022, 10, 10439–10451 | 10441
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Ni foams, which is typically in the range of 1.4–1.6 mg cm�2.
The electrochemical performances were measured using
a conventional three-electrode cell in 1 M Na2SO4, MgSO4,
ZnSO4 and Al2(SO4)3 aqueous electrolytes, with Ag/AgCl and
platinum foil used as the reference and auxiliary electrodes,
respectively. Cyclic voltammetry (CV) scans were carried out
from �0.5 to 0.6 V at various scan rates from 1 to 100 mV s�1

(the voltage range was set to 0–0.8 V when Al2(SO4)3 was used as
the electrolyte due to the anomalous CV curve of VO2(B) cycled
from �0.5 to 0.6 V as shown in Fig. S1†). Galvanostatic charge–
discharge (GCD) was measured in the potential window of �0.5
to 0.6 V (0–0.8 V for Al2(SO4)3 electrolyte) at different constant
current densities from 1 to 10 A g�1. Both the CV and GCD
measurements were conducted on a Solartron analytical 1470E
cell test system. Electrochemical impedance spectroscopy (EIS)
measurements were performed on a Solartron impedance
analyzer 1260A in the frequency range of 0.01 Hz–100 kHz at
open-circuit potential with an AC perturbation amplitude of
10 mV. EIS data was tted to an electrical equivalent circuit
model using soware ZView.
2.5 Computational methods

Density functional theory (DFT) calculations were carried out to
examine the adsorption energy of Na, Mg, Zn and Al on VO2(B)
surfaces using the Vienna ab initio simulation package (VASP)
code.41 The generalized gradient approximation (GGA) was used
at the PBE42 level for functional options with spin polarized
calculations. In all calculations, the cutoff energy for the plane
wave basis set was xed at 500 eV, and the self-consistent-eld
(SCF) calculations were repeated until both the total energy
difference between two iterations and the forces on atoms
converged to within 1 � 10�5 eV and less than 0.01 eV Å�1,
respectively. The vacuum thickness was set to 15 Å for all
calculations, and a special 3 � 3 � 1 k point of structures was
chosen. The DFT-D3 43 method with Becke–Johnson damping
was applied to the calculation. The calculations for V atoms
were carried out by using the GGA+U44 approach.
The U parameter has been obtained by means of a linear
responsemethod, which is 4.2 eV for the V atom. The J value was
set to 0.8 eV. In the specic calculation, we selected the
commonly exposed (001) surface of VO2(B) for cutting to
simulate the surface adsorbed by metal ions. Lattice parameters
of VO2(B) were A ¼ 12.03 Å, B ¼ 3.69 Å and C ¼ 6.42 Å, and for
Zn3(OH)2V2O7 they were A ¼ B ¼ 6.05 Å and C ¼ 7.19 Å which
matched the XRD results obtained from the experiment.
3. Results and discussion
3.1 Phases and microstructures

To study the intercalation behaviors of Na+, Mg2+, Zn2+ and Al3+

in VO2(B), we rst synthesized VO2(B) nanobelts via a facile
solvothermal approach, where the reaction conditions were
optimized to obtain VO2(B) that exhibits the best electro-
chemical performance (as shown in Fig. S2–S5 and Tables S1
and S2†) and was then used for further structure characteriza-
tion and electrochemical evaluation. A SEM image of the as-
10442 | J. Mater. Chem. A, 2022, 10, 10439–10451
prepared VO2(B) nanobelts is shown in Fig. 1(b). The appear-
ance of VO2(B) is typical of the layer-like morphology, with
platelets that may either form solvothermally or nanosheets
that restack. Visible nanosheets are generally re-stacked into
at and smooth grains with some scrolling at the edges as has
been reported in other studies.4,14,45 The VO2(B) nanobelts
exhibit a large aspect ratio with a lateral size of 100–200 nm and
length of 1–2 mm. Fig. 1(c) shows the XRD pattern of the as-
prepared sample. All diffraction peaks are well indexed to the
monoclinic structure of VO2(B) (ICDD Card no. 81-2392) without
the presence of other impurity peaks, indicating the high purity
of the as-prepared sample. The color variation from yellow to
dark blue (as shown in Fig. S6†) aer the solvothermal reduc-
tion reaction also indicates the transformation of V2O5 to
VO2(B). The high-resolution TEM (HRTEM) image (Fig. S7(a)†)
displays two types of interplanar distances of 0.18 and 0.21 nm,
consistent with the characteristic values for d020 and d003 of
monoclinic VO2(B).46,47 The fast Fourier transform (FFT) anal-
ysis derived from the TEM image could also be indexed to
diffraction spots of monoclinic VO2(B) indicating (020) and
(003) crystal planes as shown in the inset image of Fig. S7(a).†
Moreover, EDS mapping analysis (Fig. S7(b)†) unambiguously
conrms the existence of V and O elements and the homoge-
neous prole. To further conrm the chemical compositions of
the as-prepared sample, we carried out Raman measurement
with the results shown in Fig. 1(d). The strong peak centered at
140 cm�1 is assigned to the skeleton bending vibration of the
V–O–V bond and is related to the layer structures, indicating
that the VO2(B) exists in a layer-by-layer form which has been
conrmed by the SEM images. The peaks located at 96, 191 and
281 cm�1 are attributed to the bending vibrations of V]O
bonds. The peaks at 407 and 480 cm�1 are correlated with the
bending vibrations of the bridging V–O–V. The band at
525 cm�1 is assigned to the stretching mode of the edge-shared
O that is triply coordinated, and the band at 690 cm�1 corre-
sponds to the doubly coordinated oxygen stretching mode of
the corner-shared oxygen. The band at 992 cm�1 is attributed to
the in-phase stretching vibrational mode of the apical V]O
bond. All Raman peaks are in good accordance with those re-
ported in the literature.33,48,49 Fig. 1(e) shows the FTIR spectra of
the as-prepared sample. Three distinct peaks centered at 986,
832 and 523 cm�1, which stand for the symmetrical stretching
modes of V5+]O and V4+]O, as well as the stretching mode
vibration related to V–O–V in VO2(B), are clearly observed.33,50,51

Therefore, the above results undoubtedly conrmed that pure
phase VO2(B) nanobelts have been successfully synthesized in
our experiment.

Nitrogen adsorption–desorption measurement was also
performed to characterize the pore structures and obtain the
specic surface area of the as-synthesized VO2(B), with the
results shown in Fig. 1(f). A well-dened type IV-like isotherm
with a distinct H3-type hysteresis loop has been observed,
indicating the presence of macropores and slit-like mesopores
according to the IUPAC classication.4,52,53 The Brunauer–
Emmett–Teller (BET) specic surface area (SSA) of VO2(B) is 40.9
m2 g�1, which is comparable with those reported in the litera-
ture.13,48,54 The porous structure with a large SSA can serve as an
This journal is © The Royal Society of Chemistry 2022
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electrolyte reservoir and facilitates electrolyte ion inltration,
which is benecial for improving the electrochemical charge
storage performance of VO2(B). Furthermore, the XPS
measurement was applied to investigate the oxidation state of
vanadium in the as-prepared VO2(B). The survey spectrum
shown in Fig. 1(g) clearly indicates the presence of vanadium
and oxygen in the sample. The high-resolution V 2p3/2 peak
(Fig. 1(h)) can be resolved into two peaks centered at 516.4 and
517.8 eV, which correspond to V4+ and V5+, respectively,13,33,55,56

and is consistent with the FTIR results. The presence of V5+ is
either due to the incomplete reduction of vanadium during
solvothermal reaction, or may be attributed to the partial
oxidation of the VO2(B) surface which is known to occur easily
when vanadium ions are exposed to ambient environments and
is consistent with previous reports.14 Moreover, it is demon-
strated that the mixed-valent vanadium on the surface can
increase the electronic conductivity of vanadium oxides,57,58

which is also benecial for improving the electrochemical
performance of VO2(B) nanobelts.
3.2 Electrochemical analysis

To explore the intercalation behaviors of Na+, Mg2+, Zn2+ and
Al3+ in VO2(B), we rst performed electrochemical measure-
ments of the as-prepared electrodes in aqueous electrolyte.
Fig. 2(a) shows the CV curves of VO2(B) in different electrolytes
measured at a 1 mV s�1 scan rate. Clearly, it can be seen that
there are similar quasi-rectangular CV curves with the presence
of two pairs of redox peaks when VO2(B) is cycled in Na2SO4 and
MgSO4 electrolytes, indicating typical faradaic behaviors that
correspond to the conversion between different vanadium
oxidation states and multistep ion intercalation/de-
intercalation processes.14,29,32 Similarly, a pair of broad and
strong redox peaks are observed when VO2(B) is cycled in ZnSO4

electrolyte. CV at different scan rates (Fig. S8,† 1–100 mV s�1)
was also carried out to further evaluate the intercalation
behaviors of Na+, Mg2+ and Zn2+ in VO2(B). It is clear that the
cathodic peaks shi toward higher voltages and the anodic
peaks move to lower voltages with increasing scan rate owing to
the polarization, a well known phenomenon consistent with
previous reports.34 Noteworthily, the Zn2+ intercalation leads to
an obvious larger peak potential shi, a typical behavior that is
related to the crystal phase changes of electrode materials upon
cycling,33,34 thus implying a different charge storage mechanism
of VO2(B) when cycled in ZnSO4 electrolyte. When VO2(B) was
cycled in Al2(SO4)3 electrolyte, an extremely strong anodic peak
at around 0.08 V was observed in the rst charging process,
which is in agreement with that reported by Cai et al.36 on an
aqueous aluminum ion battery using a VO2(B) cathode and
implies an Al3+ de-intercalation process. It is interesting to note
that this peak diminished dramatically during the subsequent
charge–discharge processes (as shown in Fig. S9(a)†), thus
indicating the unstable structure of VO2(B) when cycled in
Al2(SO4)3 electrolyte which is easily destroyed and may be
attributed to the high polarizing power of Al3+ (Fig. 1(i)).

The electrochemical performances of the as-prepared VO2(B)
in different electrolytes were further evaluated by galvanostatic
This journal is © The Royal Society of Chemistry 2022
charge–discharge measurements at different current densities,
with the results shown in Fig. 2(b) and Fig. S10.† The nonlinear
charge–discharge curves indicate a typical behavior that
involves redox reactions,4 which is in keeping with the CV redox
peaks. Notably, the GCD proles of VO2(B) cycled in ZnSO4

electrolyte exhibit obvious sloping plateaus (especially at low
current density), which may correlate with its different charge
storagemechanism that involves phase changes of the electrode
material. Fig. 2(c) and Table S3† show the specic capacitances
of the as-prepared VO2(B) cycled in different electrolytes as
a function of different current densities and are calculated by
using the following equation:4,14

C ¼ IDt

mDV
(1)

WhereC (F g�1) is the specic capacitance, I (A) is the constant
discharge current, Dt (s) is the discharge time, DV (V) is the
potential window, and m (g) is the mass of the active material in
the electrode. Noteworthily, it is found that although the rate
capabilities are similar when VO2(B) is cycled in Na2SO4, MgSO4

and ZnSO4 electrolytes, the obtained specic capacitances are
dramatically different. At 1 A g�1 current density, the specic
capacitance of VO2(B) obtained in ZnSO4 electrolyte is 460 F g�1,
which is 2.1 times higher than that cycled in Na2SO4 electrolyte
(218 F g�1) and 2.6 times higher than that cycled in MgSO4

electrolyte (180 F g�1). The signicantly enhanced charge storage
capability of VO2(B) in ZnSO4 electrolyte could be attributed to its
different charge storage mechanism, which has been implied by
CV and GCD measurements and will also be discussed in more
detail in the next section. Moreover, the specic capacitances of
VO2(B) obtained in Al2(SO4)3 electrolyte are smaller than those
obtained in the other three electrolytes (especially at high current
densities), which is mainly due to the collapsed structure of
VO2(B) with Al3+ (de-)intercalation as reected from the CV tests
and is also conrmed later. EIS measurements were also
employed to understand the charge transfer kinetics of VO2(B) in
different electrolytes, with the results shown in Fig. 2(d) and
Fig. S11.† All plots exhibit a straight line in the low frequency
region and a single semicircle in the high-frequency region,
indicating a diffusion-limited step in the low frequency region
and a charge transfer limited step in the high-frequency
region.59,60 The Nyquist plots were modeled and interpreted by
using an appropriate electrical equivalent circuit, which is shown
in the inset in Fig. 2(d). Clearly, it was found that the charge
transfer resistance (Rct) increased with increasing the charge
numbers of electrolyte cations in a linear trend (Fig. 2(e)). To
further understand the mono/multi-valent cations' intercalation
behaviors, we turn to the reaction kinetics. Generally speaking,
the response current (i) of CVs obeys a power law relationship
with the scan rate (v) according to eqn (2):61,62

i ¼ anb (2)

where a and b are variable parameters, and the b-values can be
determined from the slope of linear t of the log(i) vs. log(n) plot
at a xed potential (V). In particular, the b-value offers a critical
J. Mater. Chem. A, 2022, 10, 10439–10451 | 10443
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Fig. 2 Electrochemical analysis of VO2(B) cycled in Na2SO4, MgSO4, ZnSO4 and Al2(SO4)3 electrolytes. (a) Cyclic voltammetry curves measured
at 1 mV s�1 scan rate, (b) galvanostatic charge–discharge curves measured at 1 A g�1 current density, (c) specific capacitances at various current
densities, (d) Nyquist plots (inset: the electrical equivalent circuit used for fitting the impedance spectra), (e) comparison of charge transfer
resistances, (f) variation of log(i) vs. log(v) for power law (i ¼ anb) fitted at peak potentials to their b-values (Na+, Zn2+ and Mg2+), and (g) the linear
dependence of anodic currents with the square root of scan rate for VO2(B) cycled in Al2(SO4)3 electrolyte.
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insight into the charge storage mechanism; that is, b ¼ 0.5 and
1 indicate diffusion-controlled and surface-controlled
processes, respectively. As shown in Fig. 2(f), the b-values (ob-
tained by using the anodic peaks at �0.15 V) are around 0.6 for
VO2(B) cycled in Na2SO4, MgSO4 and ZnSO4 electrolytes, indi-
cating mixed kinetic behaviors of the surface-controlled and the
intercalation process, with the diffusion-controlled process
being dominant, and are consistent with their rate perfor-
mance. When cycled in Al2(SO4)3 electrolyte, the linear rela-
tionship between anodic currents and the square root of scan
rate (n1/2) in the range from 1 to 100 mV s�1 (Fig. 2(g)) clearly
demonstrates that the aluminum ion insertion is a diffusion
controlled process.60

In general, the electrochemical analysis reveals distinct
charge–discharge behaviors of VO2(B) with mono/multi-valent
cation intercalation, including: (i) signicantly improved
charge storage capability was obtained when VO2(B) was cycled
in ZnSO4 compared to that cycled in MgSO4, indicating the
presence of different charge storage mechanisms since both
Zn2+ and Mg2+ show similar charge numbers, ionic radii and
10444 | J. Mater. Chem. A, 2022, 10, 10439–10451
polarizing power; (ii) Mg2+ ion insertion should result in higher
capacitance due to the accompanying two-electron transfers
compared to Na+ ion intercalation upon cycling. However, our
electrochemical results show that the VO2(B) cycled in both
electrolytes exhibit similar charge storage performance, which
is likely due to the synergistic effects between the ionic radius of
electrolyte cations and their polarizing power; (iii) the structural
reason for the inferior electrochemical properties of VO2(B)
cycled in Al2(SO4)3 electrolyte should be further elucidated.
3.3 Charge storage mechanism investigation

In order to gain deeper insights into the charge storage mech-
anisms of mono/multi-valent cation intercalation into VO2(B),
a series of ex situ studies (XRD, Raman, SEM and XPS) were
carried out on the as-prepared samples at fully charged and
discharged states (rst cycle, 1 mV s�1 scan rate). The electrode
materials were scratched off for XRD analysis (since the intense
Ni peaks make it difficult to directly detect samples on Ni foam,
as shown in Fig. S12†), and the coated Ni foams were directly
used for SEM, Raman and XPS measurements. Ex situ XRD
This journal is © The Royal Society of Chemistry 2022
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patterns of VO2(B) obtained at fully discharged and charged
states are rst presented to study the structural changes upon
cycling (Fig. 3(a–d)). Compared to the pristine electrode, nega-
tive shis of the (110) diffraction peaks were observed for
VO2(B) aer being fully discharged in both Na2SO4 and MgSO4

electrolytes, suggesting lattice expansions that correspond to
Na+ and Mg2+ intercalation during the discharge process.
Interestingly, it is found that the diffraction patterns at the fully
discharged state become sharper and stronger, which is likely
because the intercalated cations make the arrangement of V
and O more orderly because of the interaction among the three
ionic species,33 thus further indicating that the charge storage
mechanism of VO2(B) in Na2SO4 and MgSO4 electrolytes is
mainly attributed to the cation intercalation. At the fully
charged state, the crystallinity of VO2(B) was found to decrease
dramatically, seeing that the intensities of the main diffraction
peaks are weakened and several weak peaks have disappeared.
It is believed that the inserted ions interact with the host
structure, and upon de-intercalation, the local structures of
VO2(B) are likely to be distorted since the Na+ ion possesses
a large ionic size and the Mg2+ ion exhibits large polarizing
power/strong interaction with the host structure, thus leading
to the observed amorphization upon re-charging which has
seldom been reported before. It is reasonable to suppose that
the de-intercalation of Na+ and Mg2+ ions may simply induce
a local structure variation instead of severely destroying the
long-range atomic ordering. For the VO2(B) cycled in ZnSO4

electrolyte, a series of new reections at 2q values of about 12.2,
20.1, 20.8, 30.1, 33.9, 36.3, 42.5 and 52.0 emerged at the fully
Fig. 3 Ex situ (a–d) XRD, (e–h) Raman, and (i) SEM analysis of VO2(B) cycl
and discharged states (the XRD pattern, Raman spectrum and SEM imag

This journal is © The Royal Society of Chemistry 2022
discharged state, which can be assigned to the Zn3(OH)2V2O7-
$2H2O phase (ICDD Card no. 50-0570) with a much larger
interlayer spacing.34,63 It is also reasonable to assume that the
desolvation of zinc may not be necessary since the large inter-
layer of the new phase could accommodate the hydrated zinc
ion, and is thus benecial for facilitating zinc ion diffusion.
During the subsequent charging process, the reections corre-
sponding to Zn3(OH)2V2O7$2H2O completely disappear at the
fully charged state, suggesting the reversible structural evolu-
tion and is consistent with the electrochemical results. In
addition, the peak positions of VO2(B) were also shied toward
lower 2q angles upon discharging, indicating that Zn2+ inter-
calation into VO2(B) also occurs. Therefore, it is demonstrated
that the VO2(B) experiences a reversible conversion reaction to
Zn3(OH)2V2O7$2H2O in ZnSO4 electrolyte, followed by Zn2+ (de-)
intercalation into both phases upon cycling, thus enabling full
utilization of the bulk electrode and thereby leading to its
superior charge storage properties.3 Finally, when Al3+ serves as
an electrolyte cation, an obvious broadening of the main
diffraction peaks and the vanishing of weak diffraction peaks
have been observed, along with the presence of an unidentied
peak at �20� that may correlate with Al3+ intercalation, thus
implying the strong deformation of VO2(B)'s crystal structure
that is mainly due to the large polarizing power of Al3+ ions and
is in keeping with the electrochemical test results.

More details of the local structural evolution of VO2(B) were
revealed by Raman spectra, with the results shown in Fig. 3(e–
h). For the electrodes cycled in Na2SO4 and MgSO4 electrolytes,
similar variations of the Raman spectra have been observed
ed in Na2SO4, MgSO4, ZnSO4 and Al2(SO4)3 electrolytes at fully charged
e of the uncycled VO2(B) are also included for ease of comparison).
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from the pristine to the fully discharged state, including the
emergence of two new peaks centered at �119 and �494 cm�1,
the disappearance of peaks located at 457, 479 and 522 cm�1,
the shis of peaks at 191, 280 and 692 cm�1, and the broad-
ening of all features, which can be attributed to the interactions
of intercalated Na+ and Mg2+ ions with VO2(B) and is consistent
with the XRD results. It is interesting to note that although Na+

and Mg2+ exhibit different physicochemical properties, the
changes of Raman peaks upon ion insertion are quite similar,
which is also consistent with the electrochemical results. The
observed Raman spectra variations are partially recovered aer
being fully charged, meaning that the Na+ and Mg2+

intercalation/de-intercalation processes are not fully reversible
for VO2(B), which were also found in other vanadium oxides.51

Surprisingly, better reversibility has been found for VO2(B)
cycled in MgSO4 electrolyte, although the low mass Mg2+

mobility within the bulk lattice is typically reported due to its
large polarizing power (Fig. 1(i)). Thus, the above ex situ Raman
observations may indicate that different amounts of Na+ and
Mg2+ ions are intercalated into the tunnels. Specically, hard
desolvation of the hydrated magnesium results in a smaller
amount of bare Mg2+ ions, and the large polarizing power of
Mg2+ leads to a strong interaction with oxygen in VO2(B) upon
discharging and therefore prohibits deep penetration into the
bulk of the host structure. In contrast, easy desolvation of the
hydrated sodium leads to a larger amount of bare Na+ ions,
while most of them are able to diffuse into the bulk of VO2(B)
because of its smaller polarizing power.64 However, a lot of Na+

ions may not be able to easily escape during the re-charging
process because of the long diffusion pathway and crowded
tunnel gallery, thus resulting in inferior reversibility. This may
also explain their similar electrochemical performance,
meaning that although Mg2+ ions induce two-electron transfers
upon cycling, the intercalation amount of Na+ ions is much
larger, thus leading to their comparable charge storage capa-
bility. When VO2(B) was cycled in ZnSO4 electrolyte, several new
features emerged at 162, 260, 836 and 875 cm�1 at the fully
discharged state that could be attributed to the Zn3(OH)2V2O7-
$2H2O phase.63 During the subsequent charging process, the
Raman peaks of Zn3(OH)2V2O7$2H2O completely disappeared at
the fully charged state, indicating good reversibility of the phase
transformation which is consistent with the XRD results.
Moreover, obvious peak shis have been observed upon dis-
charging, indicating the intercalation of Zn2+ ions. Finally,
when VO2(B) was cycled in Al2(SO4)3 electrolyte, it was found
that the main Raman peaks are still preserved, indicating stable
local structures even if the long-range atomic ordering has been
destroyed as indicated by XRD. The Raman spectrum of VO2(B)
at the fully discharged state is similar to the pristine one, while
an obvious broadening of the Raman features has been
observed in the re-charging process, indicating that Al3+ de-
intercalation is more likely to distort VO2(B)'s crystal structure.

The SEM images of VO2(B) cycled in different electrolytes
and obtained at fully charged and discharged states were
compared, and are shown in Fig. 3(i). Clearly, it can be seen that
the samples cycled in Na2SO4, MgSO4 and ZnSO4 electrolytes
preserve the sheet-like morphology without obvious
10446 | J. Mater. Chem. A, 2022, 10, 10439–10451
deterioration, implying that intercalation/de-intercalation of
Na+, Mg2+ and Zn2+ ions has little effect on VO2(B)'s morphol-
ogies. However, signicant morphological change has been
observed for VO2(B) with Al3+ ion intercalation. The large-sized
VO2(B) nanobelts in the pristine sample were completely
destroyed during the rst discharge process, with the formation
of small pellets and the lateral dimensions are in the range of
40–60 nm, which is maintained during the subsequent charging
process. The irreversible morphology variation of VO2(B) cycled
in Al2(SO4)3 electrolyte is in accordance with our previous
results and other reported studies, demonstrating severe
structural deformation caused by the strong electrostatic force
between Al3+ ions and the host structure, which also explains its
inferior charge storage properties. Ex situ XPS analysis was also
performed directly on the as-prepared electrodes at fully
charged and discharged states to further elucidate their charge
storage mechanisms. Clearly, the V 2p3/2 bands of fully dis-
charged VO2(B) cycled in Na2SO4, MgSO4 and ZnSO4 electrolytes
shied to lower binding energies compared with uncycled ones
(Fig. 4(a–c)), while the Na and Mg 1s peaks at 1071.8 and
1304.6 eV and the Zn 2p peaks at 1022.2 and 1045.3 eV can be
observed (Fig. S13(a–c)†),32,51,65 indicating decreased oxidation
states of V with ion intercalation. The strong Zn 2p signals
(Fig. S13(b)†) at the fully discharged state also indicates the
formation of the Zn3(OH)2V2O7$2H2O phase and is consistent
with our previous results. In the re-charging process, the Na and
Mg 1s peaks, as well as Zn 2p peak, are still present, demon-
strating that the intercalation/de-intercalation processes of the
Na+, Mg2+ and Zn2+ ions are not fully reversible and some of the
cations are captured aer being charged. However, the dramatic
decrease of Zn 2p peak intensities indicates good reversibility of
the phase transformation in ZnSO4 electrolyte. It is noted that
the energy shi of the V 2p3/2 peak in VO2(B) cycled in ZnSO4

electrolyte is comparable to those cycled in Na2SO4 and MgSO4

electrolytes, despite their obviously different specic capaci-
tances. This is likely due to the fact that the as-formed Zn3(-
OH)2V2O7$2H2O with a much larger interlayer spacing enables
Zn2+ ion diffusion into the bulk electrode, whereas XPS is
a surface sensitive technique and therefore not able to detect
those oxidation state changes occurring in the bulk. Finally, the
unnoticeable shi of the V 2p3/2 peak (Fig. 4(d)) and low
intensity of the Al 2p peak (Fig. S13(d)†)36 have been observed
with Al3+ ion intercalation, except the fact that the capacitance
of VO2(B) cycled in Al2(SO4)3 electrolyte at a low scan rate is non-
negligible. This could be attributed to the extremely deformed
structure of the active material upon rst discharging, and
shallow intercalation of the Al3+ ion into VO2(B) tunnels that
leads to inhomogeneous changes of the vanadium oxidation
state, all together making it hard to discern the oxidation state
change of vanadium via XPS. Further analyzing the oxygen-
containing bonds gives more detailed insights (Fig. 4(e–h)).
The characteristic O 1s peaks representing –OH and H–O–H
bonds32,36 in the fully discharged VO2(B) cycled in Na2SO4,
MgSO4 and ZnSO4 electrolytes are stronger relative to the initial
states (Fig. 4(i–k)), suggesting proton insertion into VO2(B)
along with the Na+ and Mg2+ ions, as well as the formation of
the Zn3(OH)2V2O7$2H2O phase with the Zn2+ ion intercalation.
This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Ex situ XPS spectra of (a–d) V 2p and (e–h) O 1 s of VO2(B) cycled in Na2SO4, MgSO4, ZnSO4 and Al2(SO4)3 electrolytes at fully charged and
discharged states (the XPS spectra of uncycled VO2(B) are also included for ease of comparison). (i–l) Comparison of the relative contents of
various oxygen-containing bonds.
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Interestingly, an obvious peak centered at about 534.3 eV is
observed for VO2(B) cycled in Al2(SO4)3 electrolyte, which is
attributed to the bridging oxygen atoms involving Al ions.66

Therefore, the above results further conrm the strong elec-
trostatic interaction between Al3+ ions and the host structure,
which is the intrinsic reason for complete deformation of the
long-range atomic structure of VO2(B).

To further understand the mono/multi-valent cation inter-
calation into VO2(B), we have performed DFT calculations to
examine the adsorption energies of Na, Mg, Zn and Al on
VO2(B)'s surfaces, with the results shown in Fig. 5(a–d) and
Table S4.† Negative adsorption energy values are observed for
This journal is © The Royal Society of Chemistry 2022
all four cations, indicating their favorable adsorption on the
VO2(B) surface. Specically, the Al3+ ion exhibits the largest
adsorption energy (�8.17 eV), which is in accordance with its
high polarizing power and indicates strong chemical bonds
between Al and O. Such a strong interaction may impede Al3+

desorption and furthermore destroy the lattice structure, thus
resulting in serious structural instability and is consistent with
our previous experimental results. Moderate adsorption ener-
gies of Na+ (�3.39 eV) and Mg2+ (�4.78 eV) have been obtained,
which also correlate well with their polarizing power, therefore
demonstrating weakened interaction of Na and Mg with lattice
oxygen compared to Al, leading to enhanced ion intercalation
J. Mater. Chem. A, 2022, 10, 10439–10451 | 10447
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Fig. 5 The optimized structural geometry of (a) Na, (b) Mg, (c) Zn, and (d) Al adsorbed on the VO2(B) surface and their adsorption energies. Side
views of the deformation charge density for (e) Na, (f) Mg, (g) Zn, and (h) Al adsorbed on the VO2(B) surface. Color code: grey spheres for V and red
spheres for oxygen.
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into the tunnels (especially for the Na+ ion) which has been
conrmed experimentally. Surprisingly, the Zn2+ ion exhibits
the smallest adsorption energy (�0.83 eV) except the fact that it
possesses high polarizing power, which signies the most
favorable intercalation of the Zn2+ ion into VO2(B). Moreover, we
have calculated the standard Gibbs free energy change during
the formation process of Zn3(OH)2V2O7 according to the
formula:

DG ¼ DEtol + DEzpe � TDS � eU (3)

where DEtol(n), DEzpe(n) and DS(n) representing the corre-
sponding reaction are the DFT total energy difference, zero
point correction energy difference, and entropy change under
standard conditions (T ¼ 298 K). As shown in Table S5,† the
negative DG value clearly indicates thermodynamically favor-
able formation of Zn3(OH)2V2O7 in the presence of VO2 and Zn2+

ions. Thus, the above calculation results demonstrate the facile
insertion of Zn2+ into VO2(B) and ease of formation of the
Zn3(OH)2V2O7 phase, which is consistent with our structural
characterization and electrochemical analysis. In order to
further understand the interaction between adsorbed cations
and VO2(B) during the insertion process, we have calculated the
distribution of the deformation charge density by using the
formula:

Dr ¼ rAB � rA � rB (4)

where rAB represents the total charge density of VO2(B) con-
taining one adsorbed atom, rA and rB are the charge density of
isolated VO2(B) and the electrolyte cation while maintaining the
same positions/coordinates for all atoms in the system.67,68 The
yellow and blue regions correspond to enrichment and deple-
tion of electron density, respectively. An obvious charge transfer
10448 | J. Mater. Chem. A, 2022, 10, 10439–10451
occurred between all adsorbed atoms and the VO2(B) layer. The
adsorbed atoms lose electrons (corresponding to the blue
region) while the nearby O and V receive electrons (corre-
sponding to the yellow region) as illustrated in Fig. 5(e–h).
Meanwhile, different distributions of the deformation charge
density imply different bonding situations between the adsor-
bed atoms and host structure. Fig. 5(h) shows a large blue
region around the Al ion, a large yellow region around lattice
oxygen and direct large area contact of the electron emergence
region between Al and O, which implies a strong interaction
between them due to a large number of transferred electrons69

and is in line with its large adsorption energy. Similar bonding
situations have been observed for Na and Mg adsorbed VO2(B)
(Fig. 5(e and f)), except their smaller number of transferred
electrons, and therefore manifests their weaker interaction
compared to the Al adsorption system. Moreover, a discontin-
uous region of electrons appears between Zn and O, while
a small yellow region around lattice oxygen has been observed
(Fig. 5(g)), indicating extremely weak interaction between
adsorbed Zn and lattice oxygen.69 Therefore, the distributions of
deformation charge density are consistent with the calculated
adsorption energies for Na, Mg, Zn and Al adsorbed VO2(B),
which further conrms their different intercalation behaviors.

Based on the above discussions, the charge storage mecha-
nisms of VO2(B) cycled in the four different electrolytes can be
illustrated as follows (Fig. 6). The ion (de-)intercalation into the
tunnels, accompanied by the V oxidation state change, is the
main charge storage mechanism for VO2(B) cycled in Na2SO4

and MgSO4 electrolytes. However, different amounts of Na+ and
Mg2+ ions are intercalated into VO2(B) tunnels due to the
synergistic effects between the ionic radius of electrolyte cations
and their polarizing power, which explains their comparable
charge storage capability. In contrast, part of VO2(B) is
This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Schematic illustration of the charge storage mechanisms of VO2(B) cycled in Na2SO4, MgSO4, ZnSO4 and Al2(SO4)3 electrolytes.
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reversibly converted to Zn3(OH)2V2O7$2H2O when added to
ZnSO4 electrolyte, followed by Zn2+ ion (de-)intercalation into
both phases during the charge–discharge processes, thus
enabling full utilization of the bulk electrode and leading to its
superior specic capacitance. Moreover, the large VO2(B)
nanobelts collapse into small pellets when cycled in Al2(SO4)3
electrolyte, which is attributed to the strong electrostatic force
between Al3+ ions and the host structure, therefore resulting in
severe structural instability and inferior pseudocapacitive
properties.

4. Conclusions

In summary, we have systematically investigated the behaviors
of Na+, Mg2+, Zn2+ and Al3+ upon intercalation into VO2(B)
through a series of structural characterization experiments,
theoretical calculations and electrochemical analysis. It is
found that only ion (de-)intercalation into VO2(B) occurs in
Na2SO4 and MgSO4 electrolytes upon cycling (with different
amounts of Na+ and Mg2+ ions intercalated into the tunnels),
and their distinct charge storage properties are mainly attrib-
uted to the synergistic effects between the ionic radius of elec-
trolyte cations and their polarizing power. In contrast, part of
VO2(B) is reversibly converted to Zn3(OH)2V2O7$2H2O in ZnSO4

electrolyte due to easy transformation to the new phase, along
This journal is © The Royal Society of Chemistry 2022
with Zn2+ (de-)intercalation into both phases upon cycling, thus
enabling full utilization of the bulk electrode and leading to
superior charge storage capability. When cycled in Al2(SO4)3
electrolyte, the large VO2(B) nanobelts collapse into small
pellets, which is mainly due to the strong electrostatic force
between Al3+ ions and the host structure, thus resulting in
serious structural instability and inferior pseudocapacitive
properties. In general, the detailed experimental comparisons
and theoretical calculations demonstrated in our work provide
valuable insights in the mechanistic understanding of the
mono/multi-valent cations' intercalation into VO2(B), which is
benecial for the rational design of more layered oxides with
excellent electrochemical performance or will be extended to
other applications.
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