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a b s t r a c t

The bilayered vanadium pentoxide (d-V2O5$nH2O, VOH) is the most promising cathode material for
aqueous zinc ion batteries due to its high theoretical capacity, low-cost, and easy preparation. However,
the capacity decay arising from the structure instability remains a significant challenge for the appli-
cation of VOH. The present study focuses on stabilizing the VOH structure via pre-intercalation of Naþ

cations into the bilayers, which occurs by replacing the partial interlayer water. Though has a smaller
interlayer spacing, the Naþ intercalated vanadium oxide (d-Na0.27V2O5$0.7H2O, NaVOH) delivers a large
specific capacity of 420 mA h/g (at 0.05 A/g), with improved energy efficiency, reversibility, and cycling
stability (88% capacity retention after 2000 cycles at 4 A/g), in comparison to those of V2O5$1.0H2O. The
results reveal that Naþions are favorably intercalated within the VOH layers by the spontaneous ion-
exchange with structural water. The introduction of sodium cations, an increased amount of V4þ, as
well as a reduced interlayer water content in NaVOH collectively result in the fast transport and reaction
kinetics as well as the improved structural and electrochemical stability.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

The rapidly-growing energy consumption and the big shift from
traditional fossil fuel to the renewable energy demand safe, reli-
able, efficient, and cost-effective energy storage technologies [1,2].
Aqueous rechargeable batteries (ARBs) appear to be a very prom-
ising solution [3,4]. Compared with their organic counterparts,
ARBs show advantages in terms of non-toxicity, low-cost, eco-
friendliness, ease of handling, high-safety, and high ionic conduc-
tivity (10�1e10 S/cm vs. 10�3e10�2 S/cm for organic electrolytes)
[5]. Among various ARBs, aqueous zinc ion batteries (ZIBs) have
stood out on account of the unique merits of zinc metal anode,
including the high zinc abundance (Zn: 79 ppm, Li: 17 ppm in the
Earth's crust), a high theoretical volumetric capacity
(5855 mA h cm�3 compared to 2061 mA h cm�3 for lithium and
1129 mA h cm�3 for sodium), and relatively low redox potential
(�0.76 V vs. standard hydrogen electrode) [5,6]. One of the biggest
obstacles that hinders the development of aqueous ZIBs is the
sluggish Zn2þ ion transport in cathode materials, arising from the
large atomic mass and divalent state of Zn ions [7]. This can be
detrimental to both the reversibility of the redox reactions and the
structure stability of cathode materials, resulting in the unsatis-
factory cycling stability and rate performance, as well as the inad-
equate energy efficiency of the ZIBs [5,6].

A wide range of cathode materials have been explored for their
zinc ion storage capabilities. Manganese oxides can provide a high
specific capacity of 300mA h/g but suffer frompoor cycling stability
due to active materials dissolution and significant structural varia-
tion [8,9]. Prussian blue and its analogues show a high operating
voltage but exhibit a very limited specific capacity (<100 mA h/g)
[10,11]. Organic redox-active compounds, the promising cathode
materials for the flexible solid state ZIBs, demonstrate low elec-
tronic conductivities and poor rate capabilities [12,13]. Currently,
increasing research efforts have been devoted to the materials with
two-dimensional layered structures, which can enable fast charge
carrier diffusion, like vanadium-based [14e20] and dichalcogenide-
basedmaterials [21,22]. Layered vanadium pentoxide (V2O5) is, now
themost promising cathode candidates for aqueous ZIBs as they can
undergo multielectron transfer, leading to a high theoretical ca-
pacity of 589 mA h/g (with two-electron transfer from V5þ to V3þ),
and their open structure enables facile ion transport [6,23]. Among
V2O5 and its derivations, the hydrated vanadium oxide d-
V2O5$nH2O is particularly promising due to its expanded interlayer
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spacing (~11.5 Å), mixed valence states (V5þ and V4þ), and the fast
ion-exchange capability [24,25]. The bilayered d-V2O5$nH2O is
formed by two layers of [VOx] polyhedra, which are separated and
stabilized by the interlayer water molecules [26]. A high specific
capacity of d-V2O5$nH2O has been demonstrated in the aqueous
ZIBs; when cycled in the voltage range of 0.2e1.6 V vs. Zn/Zn2þ, d-
V2O5$nH2O can deliver a specific capacity of ~300mA h/g at 0.5mA/
g [27e29]. Over prolonged cycling, however, an obvious capacity
fading is observed due to the gradual loss of stacking order of the
VeO layers upon intercalation/deintercalation of charge carriers
[30]. Increasing the electrochemical stability is, therefore, the pre-
requisites needed to realize the practical utilization of d-V2O5$nH2O
cathode materials in aqueous ZIBs.

Pre-intercalation of foreign ions is, by far, the most effective and
facile strategies to stabilize the layered structure [31]. Numerous
species have been studied to tune the interlayer spacing and
chemical composition of d-V2O5$nH2O, including alkali (Liþ, Naþ,
Kþ), alkali earth (Ca2þ, Mg2þ), transition metal (Agþ, Co2þ, Cu2þ,
Zn2þ), and other ions or groups (NH4

þ) [27e29,32,33]. Compared to
the pristine d-V2O5$nH2O phase (VOH), the metal ion-
preintercalated vanadium oxides (MVOH) exhibit higher specific
capacities and better capacity retention [27e29,32,33]. Most of the
studies attributed the better performance of MVOH to the enlarged
lattice spacing and the pillar effect of the pre-introducedmetal ions
[32,33]. Some work, however, contradicted this explanation by
demonstrating a high zinc ion storage capacity and improved
cycling stability with a reduced interplanar space by pre-inserting
cations such as Kþ [28]. Although pre-intercalation strategy has
been widely used, factors that determine the interlayer spacing of
MVOH and reasons that are responsible for the optimized Zn2þ in
storage properties have not been systematically investigated.

In the present study, the Na-preintercalated d-V2O5 (d-
Na0.27V2O5$0.7H2O, NaVOH) and the pristine d-V2O5$1.0H2O (VOH)
were synthesized via hydrothermal growth. Naþ ions can be
intercalated into VOH structure by easily replacing some interlayer
water molecules, which decreases the interplanar distance from
12.0 Å (VOH) to 11.0 Å (NaVOH) but preserves the bilayered
structure. Our results reveal that the lattice spacing between va-
nadium oxide layers can be correlated to not only the interlayer
water content but also the electronegativity and hydrated radius of
the preintercalated cations. Despite its narrower interlayer spacing,
NaVOH exhibits a much faster Zn2þ diffusion rate (DZn

2þ~10�9) than
that of VOH (DZn

2þ~10�10). When being used as the cathodematerials
for the aqueous ZIBs, NaVOH demonstrates a specific capacity of
420 mA h/g at 50 mA/g, higher than that of VOH (324 mA h/g at
50 mA/g), an improved energy efficiency with a highly reversible
Zn2þ intercalation/deintercalation, and a better electrochemical
stability (88% capacity retention compared to 43% for VOH after
2000 cycles at 4 A/g). Electrochemical properties of the metal
cation-intercalated vanadium oxides depend on a synergistic effect
of many factors, including the types of the introduced cations, the
amount of tetravalent vanadium ions, and the content of interlayer
water, rather than the interlayer distance alone. Here, the influence
of the preintercalated cations on the interplanar spacing, structural
stability, as well as the electrochemical performance of the elec-
trodes was investigated. The underlying cation-exchange mecha-
nism in d-V2O5$nH2O and the interplay between the interlayer
water and the intercalated metal cations was discussed.

2. Results and discussion

2.1. Crystal structure, microstructure, and composition

The scanning electron microscopy (SEM) image (Fig. 1a) shows
that NaVOH has a highly interweaved foam-like architecture, built
2

from ultrathin nanoribbons. In the high-resolution transmission
electron microscopy image of NaVOH, a set of lattice fringes with
an interplanar spacing of 2.17 Å (Fig. 1b) is observed, which cor-
responds to the (005) planes of NaVOH and agrees well with the
peak at 41.1� from X-ray diffraction (XRD) (d005 ¼ 2.19 Å). Another
set of lattice fringes, which are perpendicular to that of (005)
planes, shows an interplanar spacing of 1.96 Å and corresponds to
the spacing of (510) plane of NaVOH. The TEM-energy dispersive
spectroscopy (EDS) elemental mapping images (Fig. 1c) reveal the
homogenous distribution of the Na, V, and O in the NaVOH
nanoribbons, confirming the successful introduction of Na ions in
the VOH. From the EDS spectra of NaVOH, the absence of sulfur
peaks (S) confirms that all unreacted Na2SO4 salts was removed
upon washing and centrifuging. All sodium here is the chemically
preintercalated Naþions in NaVOH. The Na:V ratio in NaVOH
is estimated to be 1:7.5, with a chemical formula of d-
Na0.27V2O5$nH2O.

Fig. 1d shows the XRD patterns of NaVOH and VOH. The
diffraction peaks of VOH could be well indexed to the standard
V2O5$1.6H2O pattern (JCPDS No.40-1296) [32]. The pronounced
(00l) diffraction peaks of two samples indicate a typical layered
structure along c-axis. The structure of hydrated vanadium pent-
oxide has double V2O5 sheets, which is constructed by the square
pyramidal [VO5] units and the octahedral [VO6] units, and contains
interlayer guest cations/water molecules (as shown in the inset of
Fig. 1d) [34]. NaVOH exhibits almost the same characteristic peaks
as that of VOH, suggesting that the bilayered structure of VOH is
well-preserved after the introduction of Naþ cations. The (001)
peak of NaVOH (2q¼ 8.1�) shifts toward a higher degree comparing
to that of VOH (2q ¼ 7.3�), which corresponds to a decreased
interlayer spacing of NaVOH (NaVOH: 11.0 Å, VOH: 12.0 Å). This is
different from most work reported that pre-inserting metal ions
enlarges the interplanar spacing of V2O5$nH2O [14,17,35], with the
exception of Kþ [28]. The exact parameter(s) and mechanism
determine the variation of interlayer spacing of hydrate vanadium
pentoxide are not clear and obviously require further study. As pre-
inserted ions are serving as charge carriers but remain chemically
inert, valence states and ionic radius are likely the first character-
istics to be considered. Literature data and our prior and current
results revealed no coherent correlation between the interlayer
spacing and ionic radius or valence states of pre-inserted cations.
Table 1 compares and summarizes the structural and composition
data of various MxV2O5$nH2O materials (M ¼ Na, K, Mg, Al), the
interlayer spacing of MxV2O5$nH2O can be correlated to both the
hydrated radius and the electronegativity of pre-inserted cations.
As shown in Fig. 2 and Table 1, a larger hydrated ion radius leads to a
bigger interlayer spacing of MxV2O5$nH2O, but not the anhydrous
ionic radius. Also, a smaller electronegativity of M cation leads to a
smaller interlayer spacing due to a stronger electrostatic attraction
force between M cations and O anions pulling adjacent VeO layers
closer.

Raman spectra of NaVOH is very similar to that of VOH (shown
in Fig. 1e) and the assignment of the observed modes is given in
Table S1. For VOH, the highest frequency mode at 1025 cm�1 is
attributed to the stretching of the strongest V]O bonds in [VO5]; the
bending of those V]O bonds occurs at around 265 and 424 cm�1

[39,40]. The peak at 898 cm�1 in VOH is characteristic of the VeOH2
stretching vibration [41]. The corresponding mode in NaVOH ex-
hibits a much decreased intensity, suggesting a reduced amount of
interlayer water in NaVOH. This is supported by the peak at
353 cm�1, which is attributed to the lattice water vibration [41]. The
peak at 709 cm�1 for VOH originates from the stretching vibration
of V2eO bonds (doubly coordinated oxygen) [39], whereas the one
located at 671 cm�1 corresponds to those disordered V2eO [42].
Such split peak was not observed in NaVOH. Only a single broad



Fig. 1. (a) SEM image, (b) HR-TEM image, and (c) TEM image with the corresponding EDS elemental mappings of NaVOH. (d) XRD patterns of NaVOH and VOH, with a schematic
diagram of the NaVOH crystal structure (inserted). (e) Raman spectra of NaVOH and VOH. EDS, energy dispersive spectroscopy; HR-TEM, high-resolution transmission electron
microscopy; SEM, scanning electron microscopy; TEM, transmission electron microscopy; XRD, X-ray diffraction.

Table 1
Correlation between properties of the chemically preintercalated M cations (size, electronegativity) and the structure and composition of MxV2O5$nH2O materials.

Preintercalated M cation None Na K Mg Al

Ionic radius (Å) [36,37] e 0.95 1.33 0.65 0.53
Hydrated ion radius (Å) [36,37] e 3.58 3.31 4.40 4.80
Interplanar spacing (Å) 12.0 11.0 9.9 13.2 13.4
Electronegativity of element (Pauling scale) [38] e 0.93 0.82 1.31 1.61
Electronegativity difference (O: 3.44) e 2.51 2.62 2.13 1.83
M: V e 1:7.5 1:12 1:12.5 1:11
Amount of V4þ (%) 9.1% 12.1% 20% 16.5% 23.0%

(This work) (This work) [28] [27] [29]

Fig. 2. The relationship between interlayer spacing of MxV2O5$nH2O with respect to the (a) radius of the hydrated M cation and (b) the electronegativity difference between M and
oxygen.

X. Jia, R. Tian, C. Liu et al. Materials Today Energy 28 (2022) 101063
peak was detected at 699 cm�1, suggesting a more ordered vana-
dium oxide structure due to Naþ introduction [28,43]. The peak at
512 cm�1 is assigned to the V3eO (triply coordinated oxygen)
3

stretching vibration [44]. The low-frequency peak at 158 cm�1 is
associated with the bending vibration of eVeOeVeOe chains
[28,39]. VOH exhibits one additional peak at 136 cm�1, which
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comes from the chain vibration subjected to the compressive
deformation along a direction [45].

Thermal stability and hydration degree (n in d-NaxV2O5$nH2O)
of the samples were examined by simultaneous thermogravimetry
analysis (TGA) and differential scanning calorimetry (DSC) analysis.
Fig. 3a shows there are weight losses with an increasing tempera-
ture, attributing to two kinds of interlayer water in V2O5$nH2O. One
is that leaves at 120 �C; this is the physically adsorbed and weakly
bound water, the amount of which is determined by the water
pressure in the environment. The other type leaves at 250 �C, which
corresponds to the water that chemically and tightly bonded to the
vanadium oxide network [26,46,47]. According to the weight loss
during the two stages, the corresponding water removal process for
NaVOH and VOH can be expressed as follows:

NaxV2O5$0:7H2O����!120�C
NaxV2O5$0:07H2O����!250�C

NaxV2O5

V2O5$1:0H2O����!120�C
V2O5$0:38H2O����!250�C

V2O5

Overall, the H2O content of NaVOH and VOH is estimated to be
n¼ 0.7 and n¼ 1.0, respectively. This number is smaller than that in
V2O5$1.6H2O (n ¼ 1.6), as the samples were heated to 120 �C for 2 h
prior to the TGA test. A smaller amount of water situated between
the bilayers in NaVOH explains its narrower interlamellar spacing
than that of VOH. A sharp exothermic DSC peak is observed at
~350 �C for both VOH and NaVOH, which corresponds to the
crystallization of the orthorhombic V2O5 due to some local re-
organizations [48]. The DSC curve of VOH showed a sharp endo-
thermic peak at 679 �C, which is assigned to the melting of V2O5. It
is found that the decomposition of NaVOH does not start within the
range of testing temperature, suggesting its better thermal stability
than VOH. From the temperature range of 120e200 �C, it can be
estimated that the two samples have the same amount of physically
Fig. 3. (a) TGA/DSC curves of NaVOH and VOH within 30e700 �C. (b) XPS survey spectra, h
and VOH. DSC, differential scanning calorimetry; TGA, thermogravimetric analysis; XPS, X-
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adsorbed H2O per V2O5 (n ¼ 0.62) because they were synthesized
under the same H2O vapor pressure. In the second phase
(250e400 �C), notably, for VOH, the mass loss is about 3.6%, cor-
responding to n ¼ 0.38 water bonded to the vanadium oxide
network. The weight loss of NaVOH during this stage, however, is
very limited, suggesting a negligible amount of chemically bonded
water in NaVOH (only ~0.07). This probably arises from the
replacement of structural water by the intercalated foreign cations
(Naþ ions in our case). According to Livage et al. [46,49], when
water molecules is adsorbed between bilayers, surface hydroxyl
groups could be easily involved in the acid dissociation reactions to
produce solvated protons (� V � OH þ H2O/� V � O� þ H3Oþ).
These acid protons (H3Oþ) tend to move along the bilayer surface
and can be easily replaced by the other cations or molecules,
endowing VOH with ion-exchange properties. Our thermogravi-
metric results (Fig. 3a) reveal that approximately 0.31 water per
V2O5 was removed when Naþions were preintercalated. This value
is in linewith the literature data that there is 0.3H3Oþ per V2O5, and
the exchange capacity of V2O5$nH2O with respect to the mono-
valent metal cations is about 0.3 [46,50]. The X-ray photoelectron
spectroscopy (XPS) survey spectrum (Fig. 3b) reveal the embed-
ment of Naþ into the lattice of NaVOH, where a clear Na 1s spec-
trum is detected at 1071.5 eV. The V 2p3/2 spectra reveal a mixed
V5þ and V4þ valence states in both NaVOH and VOH samples
(Fig. 3c). The peak centered at a higher binding energy of 517.4 eV
was ascribed to the oxidation state of V5þ, while a lower binding
energy of 516.3 eV was assigned to V4þ [32,51]. The molar ratio of
V4þ/V5þ is determined to be 1:7 in NaVOH and 1:10 in VOH, sug-
gesting an average oxidation state of V4.88þ and V4.91þ for NaVOH
and VOH, respectively. The results of XPS confirm the increased
concentration of lower valent vanadium in NaVOH.

To verify the feasibility of Naþ pre-intercalation in VOH and its
substitution of interlayer water, we performed the first-principals
calculations based on the density functional theory. The
igh resolution of Na 1s spectra (inserted) and (c) V 2p3/2 spectra collected from NaVOH
ray photoelectron spectroscopy.
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computational details can be found in the SI. In V2O5$nH2O, due to
the strong polarizing power of V5þ, the coordinate water mole-
cules can undergo acid dissociation reactions on the interlayer
surface (½VðOH2Þ6�5þ þ hH2O0½VðOHÞhðOH2Þ6�h�ð5�hÞþ þ hH3Oþ),
leading to the formation of H3Oþ ions [46,50,52]. In the calculation
model of VOH, there is one H3Oþ per five H2O [26]. For the cal-
culations of NaVOH, we replaced one of the H3Oþ in VOH with one
Na atom. The optimized lattice parameters of the VOH and NaVOH
structure demonstrate that the interlayer distance (lattice
parameter c) slightly decreases after Naþ insertion (as summa-
rized in Table S2), which agrees well with the XRD results of our
samples. The formation energy of replacing one H3Oþ with one
Naþ is calculated to be �0.46 eV, thus confirming that the pre-
intercalation of Naþ ions into VOH is an energetically favorable/
spontaneous process. A lower energy of NaVOH also suggests its
enhanced thermal stability. This is supported by the TGA results
that the decomposition of VOH starts at 679 �C, while that of
NaVOH does not occur in the range of our testing temperature
(30e700 �C). The total density of states of NaVOH and VOH
(Fig. 4a) show that, substituting one H3Oþ with one Naþshifts the
conduction bond to the left toward the Fermi level. The reduced
band gap of NaVOH means the easier excitation of electrons to the
conduction band, indicative of an improved electronic conduc-
tivity of NaVOH. The bonding interactions between Naþ and VOH
can be seen from the projected density of states (Fig. 4b). The
overlap between the electronic states of Na and the V and O atoms
demonstrates the covalent hybridization interactions between
inserted Na and the VOH structure. The charge density difference
was then calculated to clarify the bonding nature of Na with the
adjacent atoms in NaVOH. As shown in Fig. S1, there is a depletion
of electron density (blue region) around Na and an enrichment of
electron density (yellow region) around V and O. This indicates
the obvious charge transfer between Na and the surrounding
atoms, revealing the formation of ionic bonds between the
inserted Na and the host. Quantitatively, the Bader charge analysis
confirms there is ~0.9 |e| transferred from Na to the nearby V and
O, demonstrating that Na is strongly ionized. In summary, the
density functional theory results show that, by replacing water
(H3Oþ) in the interlayer space, the intercalation of Na ions in VOH
is thermodynamically favorable and is accompanied by an
improved thermostability and electronic conductivity. In addition,
strong chemical bonds (predominantly ionic) will form between
Na and the VOH structure, contributing to the enhanced host
structure stability. These results confirm the Naþ replacing water
mechanism, clarify the benefits of Naþ pre-intercalation, and help
explain the origin of the better Zn2þ storage performance in
NaVOH.
Fig. 4. (a) The total density of states of VOH and NaVOH. (b) The projected density of states o
(pink) is the density of states of the Na atom. The Fermi energy has been shifted to zero, d
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2.2. Electrochemical properties and battery performance

The Zn2þ storage performance of NaVOH and the role of pre-
intercalated Naþ ions were evaluated by assembling CR 2032 coin
cells using 3 M Zn(CF3SO3)2 aqueous solution as the electrolyte and
Zn metal foil as the anode. Fig. 5a shows the initial three cyclic
voltammetry (CV) profiles of Zn//NaVOH cells tested within the
voltage range of 0.2e1.6 V (vs. Zn2þ/Zn) at a scan rate of 0.1 mV/s.
Two pairs of well-defined redox peaks are observed at around ~1.0
and 0.5 V, which are ascribed to the redox reactions between V5þ/
V4þ and V4þ/V3þ pairs, respectively [20,27]. Thewell overlapped CV
profiles for the first three cycles suggest a highly reversible elec-
trochemical Zn2þ insertion/extraction process in NaVOH. For
comparison, the 3rd cycle of CV curves for NaVOH and VOH are
shown in Fig. 5b. They exhibit similar shapes and have peaks at the
similar positions, indicating that the redox reactions during the
electrochemical Zn2þ ion intercalation/deintercalation are the
same for both materials. The difference between two samples is
that NaVOH possess a larger current response and a larger inte-
grated area of CV curves in comparison to that of VOH (as sum-
marized in Table 2), indicating a larger capacity of NaVOH. Also, the
smaller voltage gaps between each pair of redox peaks of NaVOH
than those of VOH reflect the lower polarization, a better revers-
ibility, thus the better electrochemical kinetics of NaVOH elec-
trodes. Fig. 5c compares the galvanostatic discharge (Zn2þ

insertion) and charge (Zn2þ extraction) (GCD) curves of NaVOH and
VOH at a current density of 0.05 A/g. Both NaVOH and VOH display
two pairs of charge/discharge plateaus (1.1e0.9 and 0.7e0.4 V),
which agree well with the two pairs of redox peaks shown in CV
curves (Fig. 5b). For NaVOH, the potential gap between the charge/
discharge plateaus is smaller than that of VOH, also in good
agreement with the narrower peak separation from the CV curves.
In the 1st cycle, NaVOH delivers an initial discharge capacity of
420 mA h/g, much higher than that of VOH (324 mA h/g). After 50
cycles, the GCD curve of NaVOH remains almost unchanged, while
VOH shows an obviously enlarged overpotential and a significant
capacity decay, indicating a more reversible Zn2þ intercalation/
deintercalation and better cycling stability of NaVOH.

Rate responses of NaVOH and VOH are compared in Fig. 5d. The
discharge capacities of Na-pre-inserted V2O5 at 0.5, 1.0, 2.0, 4.0, and
8.0 A/g are 395, 375, 348, 310, and 262 mA h/g, respectively. Even
when the current density increases to 8.0 A/g, it still delivers a high
reversible capacity of 262 mA h/g, achieving a capacity retention of
66% (with respect to the capacity at 0.5 A/g). When the rate returns
to 0.5 A/g, a reversible capacity of 385 mA h/g can be recovered,
indicating a good structure stability and the high electrochemical
reversibility of NaVOH. The VOH cathode, in comparison, supplies a
f NaVOH, the left axis (black) is the density of states of V, O, and H atoms, the right axis
enoted by the dotted line.



Fig. 5. Electrochemical characterizations of the aqueous Zn//3 M Zn(CF3SO3)2//NaVOH and Zn//3 M Zn(CF3SO3)2//VOH cells. (a) The initial three cycles of CV curves for NaVOH at a
scan rate of 0.1 mV/s. (b) CV curves of NaVOH and VOH at 0.1 mV/s (c) The 1st and 50th galvanostatic charge/discharge curves at a current density of 0.05 A/g. (d) Rate capability. (e)
Rate capability evaluated in terms of energy efficiency, insert figure: a comparison of the voltage hysteresis of two samples at 0.05 A/g, the area enclosed by the charge/discharge
profile represents the energy loss. (f) Long-term cycling stability at 4.0 A/g. (g) Ragone plots of the aqueous Zn//NaVOH and Zn//VOH cells and the aqueous ZIBs with other reported
vanadium-based cathode materials. Noted that the energy density values are based on the mass of the active materials in cathode.

Table 2
A comparison of the peak positions and potential gaps between redox pairs of NaVOH and VOH.

Sample Redox pairs (V) Peak voltages (V) Peak separation (V) Central position (V)

VOH V5þ/V4þ 0.96/1.12 0.16 1.04
V4þ/V3þ 0.46/0.70 0.24 0.58

NaVOH V5þ/V4þ 0.98/1.05 0.07 1.02
V4þ/V3þ 0.48/0.57 0.09 0.52
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smaller capacity than that of NaVOH at all current densities, and it
has only 57% capacity retentionwhen the current density increases
from 0.5 to 8.0 A/g. Besides specific capacity/energy, another critical
factor to be considered for the large scale energy storage applica-
tion is energy efficiency, which is defined as the ratio of the dis-
charged energy density to the charged energy density [53]. As
presented in Fig. 5e, at a current rate of 0.05 A/g, the energy
6

efficiency of NaVOH is 88%, much higher than that of VOH (78%),
and this value drops slightly for NaVOH (64%) while rapidly for VOH
(50%) when the current rate increases to 8.0 A/g, again revealing the
higher reversibility and faster kinetics of Zn2þ insertion/extraction
in NaVOH. The long-term cycling performance of the Zn//NaVOH
and Zn//VOH cells were evaluated at a high current density of 4.0 A/
g (Fig. 5f). The discharge capacity of NaVOH gradually increases in
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the initial 150 cycles and stabilizes at 310mA h/g. After 2000 cycles,
a high specific capacity of 274 mA h/g can still be maintained for
NaVOH (with a capacity retention of 88%). This is much higher than
that of VOH, whose specific capacity decreases sharply from
186 mA h/g to 79 mA h/g with a capacity retention of only 43%.

NaVOH samples show good performance in both rate capability
and cycling stability compared with that of VOH, which can be
attributed to the substitution of partial interlayer water by Naþ ions
and the introduction of more tetravalent vanadium in NaVOH.
Interlayer Naþ ions can form stronger chemical bondswith the VeO
framework than interlayer water molecules, which helps to better
maintain the layered structure during cycling. The presence of
more V4þ can facilitate the electronic hopping between V4þ and
V5þ and weaken the electrostatic interactions between carrier ions
and the host lattice. Both factors are beneficial to the ionic and
electronic diffusion and contribute to a suppressed structural
distortion during the repeated Zn2þ intercalation and dein-
tercalation. In addition to the improved rate and cycling perfor-
mance, the aqueous Zn//NaVOH cell also realizes an energy density
of 295Wh/kg (at a power density of 372W/kg) and a power density
of 5477 W/kg (at the energy density of 178 Wh/kg), which is not
only superior than VOH but also outperform many cathode mate-
rials for the aqueous ZIB systems (as illustrated in the Ragone plots
in Fig. 5g) [14e18] NaVOH with a narrower interlayer spacing
achieves a larger specific capacity, higher energy efficiency, longer
cycling stability, and better rate capability than the pristine VOH,
which arise from the low amount of interlayer water, high content
of V4þ ions, and the strong bonding between the interlayer Naþions
and the vanadium oxide network.

The ex-situ XRD, XPS, TEM, and SEM were carried out to study
the structure variation of NaVOH during the Zn2þ ion intercalation/
Fig. 6. (a) Ex-situ XRD patterns of NaVOH electrodes at the pristine, fully discharged and cha
The high resolution XPS spectra of Zn 2p of NaVOH electrodes at different states. TEM image
the fully charged state.
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deintercalation processes. Fig. 6a shows the ex-situ XRD patterns of
NaVOH after the initial discharging and charging. After being dis-
charged to 0.2 V, the (001) peak shifts from the pristine state (8.14�)
to a lower degree (6.5�), corresponding to an interlayer expansion
from 11.0 Å to 13.7 Å with Zn2þ ion insertion. After the subsequent
charging to 1.6 V, the (001) peak shifts back to the original position
associated with Zn2þ extraction. In addition, the (003), (004), and
(005) peaks all present the similar shifting process upon cycling,
indicating a highly reversible Zn2þ intercalation/deintercalation in
NaVOH. Also, it can be observed that the original layered structure
of NaVOH is well-preserved during cycling, suggesting its good
structure stability. Fig. 6b is the high resolution XPS spectra of Zn 2p
at the discharged/charged states. At the pristine state, there is no
Zn2þ signal detected. When discharged to 0.2 V, two strong peaks
appear at 1022 and 1045 eV, arising from the intercalation of Zn2þ.
At the fully charged state, though becoming much weaker in in-
tensity, these two Zn peaks can still be detected. This might origi-
nate from the surface-adsorbed Zn2þ salts on the electrode or the
trapped Zn2þ ions in the lattice [32]. Fig. 6c and d presents the TEM
image with the corresponding elemental mapping of NaVOH at the
fully discharged and charged states. The homogeneous distribution
of Zn, Na, V, and O in the discharged NaVOH confirms the uniform
insertion of Zn in the structure. The detection of weaker Zn signal in
the charged electrode is consistent with the XPS results (Fig. 6b).
The detection of strong Na signal in both the fully discharged and
charged state, revealing that the preintercalated Naþ ions remain
stable and inert in the structure upon cycling. The Na:V ratio in the
charged NaVOH is estimated to be 14% from the TEM-EDS results
and 13% from SEM-EDS, which does not change much with the
pristine state (Na:V ~13.4%). This suggests that the preintercalated
Naþ would not be, or at least not severely, replaced by the cycled
rged states (The peaks at 38, 40 and 53� comes from the titanium current collector). (b)
and the corresponding EDS mappings of NaVOH at (c) the fully discharged state and (d)
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Zn2þ, which means no deterioration of the vanadium oxide
network upon cycling. Though EDS is a surface analytical tool, not
very precise tool to quantify the accurate element content, the
comparison is still reliable. The Zn:V ratio in the discharged NaVOH
is estimated to be 1.2 from SEM-EDS (Table S3), much higher than
that in VOH (Zn:V~0.46). This demonstrates a two times larger
amount of Zn2þ ions intercalating into NaVOH than VOH, sup-
porting the higher specific capacity of NaVOH (420 mA h/g at
50 mA/g) than VOH (324 mA h/g). The above results confirm the
highly stable and reversible structure of NaVOH upon Zn2þ inter-
calation/deintercalation. During discharging/charging, the original
structure of NaVOH is well-maintained without obvious Naþ ion
stripping. Compared with VOH, NaVOH has the ability to uptake
more Zn2þ ions upon discharging; the possible explanations for this
are discussed in the galvanostatic intermittent titration technique
(GITT) results.
2.3. Reaction and transport kinetics

CV analysis at various scan rates is carried out to explore the
electrochemical reaction kinetics. As the scan rate increases from
0.1 to 1.2 mV/s (Fig. S2), the reduction and oxidation peaks shift to a
lower and higher voltage, respectively, due to the enlarged polari-
zation. The well-maintained shapes of CV curves with increased
scan rates, however, indicate the facile and reversible Zn interca-
lation/deintercalation in NaVOH without crystallographic phase
change. The peak current (ip) obeys a power-law relationship with
the scan rate v (ip ¼ avb) [54,55]. Note that the boundary values of b
are 0.5 and 1.0, corresponding to the diffusion-dominated and the
capacitive-controlled current response, respectively [54,55]. For
both NaVOH and VOH, the b-values of all four redox peaks lie in the
middle range of 0.5e1.0 (Fig. 7a and Fig. S3), which means that the
Zn2þ ion storage is achieved by a combination of diffusion and
pseudo-capacitive-controlled process. Notice that the capacitive
contribution is independent of scan rate, while the diffusion-
controlled charge storage obeys a linear relationship with v�1=2,
so the contribution of each component can be separated using the
following equation [54]:

Q ðvÞ¼Qc þ kv�1=2

where Qc represents the capacitive-controlled charge storage, kv�1/

2 quantifies the diffusion-controlled charge storage (k is a constant).
By determining k, the percentage of two contributions at each scan
rate can be calculated. As presented in Fig. S4, the charge storage in
NaVOH is largely diffusion-controlled; even at high scan rates,
diffusion process still accounts for more than 40%. But for VOH, the
capacitive contribution occupies the dominant ratio at all scan
rates. Another thing to note is, as the scan rate increases from 0.1 to
Fig. 7. Zn2þ ion storage kinetics of NaVOH and VOH. (a) b-values of redox peaks in CV curves
NaVOH and VOH at different scan rates. (c) The diffusion coefficient of Zn2þ ions upon disc
intermittent titration technique.
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1.2 mV/s, the calculated diffusion contribution of NaVOH decreases
slightly from 58% to 42%. The diffusion contribution of VOH, how-
ever, drops significantly from 36% to 14%. The less drop in diffusion
contribution of NaVOH explains its better rate performance and
suggests its enhanced ion diffusion kinetics.

It needs to be noted that, for electrode materials, the percentage
of capacitive contribution makes little sense without revealing the
exact capacity. To have a thorough comparison of the reaction ki-
netics of NaVOH and VOH, the total capacity, as well as the two
types of capacity, is quantified at each scan rate. As shown in Fig. 7b,
the total stored charge (per unit weight) in NaVOH is much larger
than that in VOH (more than 250 C/g at 0.1 mV/s), in accordance
with the higher specific capacity of NaVOH measured from GCD
tests (more than 90 mA h/g at 0.05 A/g). Specifically, the capacitive-
contributed capacity in NaVOH (494 C/g) is slightly lower to that in
VOH (587 C/g), while the diffusion-controlled capacity in NaVOH is
two times larger than that in VOH at all scan rates. This clearly
reveals that the increased capacity of NaVOH is mostly provided by
the diffusion-controlled process. This quantitative analysis dem-
onstrates that NaVOH acquires less charge storage from the
capacitive contribution than VOH; but it gets a sharp rise in the
diffusion portion, thus enabling the total capacity to actually sur-
pass that of VOH. The highly increased diffusion-contributed ca-
pacity of NaVOH suggests its enhanced ionic diffusion kinetics,
which will be verified by the GITT results.

The smaller peak separations in CV curves, the better rate per-
formance, a lower polarization, and higher energy efficiency of the
battery with NaVOH cathode suggest that the Zn2þ insertion/
extraction in NaVOH is much more kinetically favorable than VOH.
Fig. S5 shows theNyquist plots of NaVOH andVOH, both comprising
of a depressed semicircle in the high frequency region and a sloped
line in the low-frequency region (1e0.1 Hz). The diameter of the
semicircle corresponds to the charge transfer resistance at the
electrode/electrolyte interfaces,while the slopeof the straight line is
related to the ion diffusion rate in the bulk electrodes [55]. The
obtained charge transfer resistance (Rct) and the Zn2þ ion diffusion
coefficient (DZn

2þ) of NaVOH and VOH before and after cycling are
listed in Table S4. Before cycling, the Rct of the ZIBwith VOH cathode
is calculated to be 91U, much larger than that of NaVOH (35U). This
observation agrees with our theoretical calculations that the band
gap of VOH is reduced after the pre-intercalation of Naþions. The
better electronic conductivity of NaVOH can be ascribed to its higher
amount of V4þ, which can facilitate the hopping of unpaired elec-
trons between V4þ/V5þ. After cycling, the Rct values of both samples
decrease significantly due to the gradual penetration of aqueous
electrolytes. This is consistent with the capacity raising observed in
the initial cycles (Figs. 5d and f). From the slope of the straight line
(in the low-frequency region in Fig. S5), we can tell, before cycling,
the Zn2þ diffusion coefficient of NaVOH is slightly smaller than that
(Fig. S2) of NaVOH. (b) The calculated capacitive- and diffusion-contributed capacity in
harging/charging during the 3rd GITT cycle. CV, cyclic voltammetry; GITT, galvanostatic
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of VOH. After cycling, however, DZn
2þ of NaVOH becomesmuch larger

than that of VOH. The possible explanations could be, initially, the
larger interlayer spacing of pristine VOH contributes to its faster ion
diffusion than that of the pristine NaVOH. After cycling, however,
some of the intercalated Zn2þ ions were trapped in the VOH struc-
ture by replacing the interlayer water. As previously stated, the
partial interlayerwaterexist as the acidprotons state (H3Oþ) inVOH,
those H3Oþ can be easily replaced by other cations or molecules
[46,50]. Upon the first discharging, those H3Oþ in VOH will be
randomly substituted by the intercalated Zn2þ ions, hindering the
subsequent Zn2þ migration [46]. This detrimental phenomenal can
be largelyavoided inNaVOHbecause of the stronger chemical bonds
between Naþ and the oxide network.

The change of Zn2þ diffusion rates upon charging/discharging
was analyzed using the GITT. As shown in Fig. 7c, the calculated DZn

2þ

for VOH is in the range of 2.8 � 10�11e2.5 � 10�9 upon discharging
and 1.1� 10�10e1.7� 10�9 upon charging (see calculation details in
the SI). Even though has a narrower interlayer distance, NaVOH
displays a pretty-competitive diffusion coefficient value
(1.1 � 10�10 to 7.1 � 10�9 during discharging and 4.6 � 10�10 to
6.2 � 10�9 during charging), superior to VOH. This is quite different
from the previous consensus that a larger interlayer spacing always
leads to a faster ion diffusion, the possible explanations will be
discussed later. Another observation is that DZn

2þ during charging
(deintercalation) is lower than that during discharging (intercala-
tion), for both NaVOH and VOH. This is because the extraction of
Zn2þ ions is more difficult than insertion due to the electrostatic
interactions between the cycled ions and the host, responsible for
the voltage polarization. If we compare this DZn

2þ difference between
discharge and charge processes for the two materials (Table 3), it is
obvious that this difference is smaller for NaVOH than VOH,
explaining the smaller voltage polarization of NaVOH observed in
the CV and GCD curves. When comparing the diffusion rate change
upon cycling, we can see the average DZn

2þ of NaVOH remains highly
stable; for the discharging process, there is even a 13% increase
from the 1st to the 3rd cycle. The average DZn

2þ of VOH, however,
decreases 39% for the discharge process and 15% for the charge
process during the first three cycles, indicating a rapid decay of ion
diffusion kinetics in VOH upon cycling. Based on the above
description, clearly, NaVOH displays a faster Zn2þ ion trans-
portation, a smaller diffusion rate difference between charging and
discharging, as well as a lower diffusion rate fluctuation upon
cycling. This explains the better rate performance, smaller polari-
zation, and slower capacity fading of NaVOH.

In summary, the intercalation of Naþ ions and its replacement of
some interlayer water in VOH generate very intricate influences on
the electrochemical reaction kinetics. On one hand, due to the
removal of partial structural water, the interlayer space of NaVOH
shrunk, which seems to be a hindrance factor for the charge carrier
diffusion. Actually, although there is a ~1 Å decrease (NaVOH: 11.0 Å,
VOH: 12.0 Å), the interplanar distance of NaVOH is still more than
two times larger than the radius of hydrated Zn2þ ions (4.3 Å [36]),
wide enough for its quick transportation. In this case, when
comparing the reaction kinetics of NaVOH and VOH, the role of
Table 3
The calculated average Zn2þ diffusion coefficient for NaVOH and VOH in the first
three GITT cycles.

Zn2þ diffusion coefficient (DZn2þ, cm2/s)

1st 2nd 3rd

VOH Discharge 7.2 � 10�10 5.0 � 10�10 4.4 � 10�10

Charge 3.4 � 10�10 3.2 � 10�10 2.9 � 10�10

NaVOH Discharge 1.5 � 10�9 1.8 � 10�9 1.7 � 10�9

Charge 1.4 � 10�9 1.3 � 10�9 1.2 � 10�9
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interlayer distance is not as significant as the other limiting factors,
like the structural variation during ion insertion/extraction or the
electrostatic interactions between charge carriers and the host. For
NaVOH, as discussed before, the preintercalated Naþ ions form
strong ionic bonds with the VeO network and remain stable in the
structure upon cycling, which could help preventing the kinetics
decline caused by the structure distortion. As a result, NaVOH pro-
vides the unimpeded ion diffusion channels and enables a larger
amount of Zn2þ to diffuse deep into the inner structure without
being blocked, thus exhibiting not only the promoted reaction ki-
netics but also a higher capacity than VOH. As for VOH, on the
contrary, some of its interlayer water (H3Oþ) can be easily replaced
by the inserted Zn2þ upon the initial discharging. The exchange of
coordinatedwaterwith Zn2þ canoccur randomlyalong thediffusion
pathways, which not only deteriorates the VeO skeleton but also
limits the migration depth of Zn2þ ions. So, both the cycling per-
formance and reaction kinetics of VOH decay severely, while those
of NaVOH remain highly stable.

3. Conclusions

By pre-intercalating Naþ ions into the oxide structure, about 0.3
interlayer water per V2O5 will be favorably replaced, leading to a
decreased interlayer spacing from 12.0 Å (VOH) to 11.0 Å (d-
Na0.27V2O5$0.7H2O, NaVOH). Though has a narrower interlayer
spacing, NaVOH demonstrates a fast Zn2þ diffusion rate (DZn

2þ~10�9)
and delivers a larger specific capacity of 420mA h/g (at 0.05 A/g), an
improved energy efficiency (88% at 0.05 A/g) with a higher Zn2þ

intercalation/deintercalation reversibility, and a significantly
improved electrochemical stability (88% capacity retention after
2000 cycles at 4 A/g), in comparison to those of VOH. These ob-
servations are different from many previous works that pre-
intercalation foreign species will always expand the lattice
spacing of VOH, and the bigger interlayer distance accounts for the
improved electrochemical reversibility and stability. The inter-
planar distance of MxV2O5$nH2O (M: preintercalated metal cations)
depend on both the amount of interlayer water and the types of
pre-inserted M cations. A higher interlayer water content, a larger
hydrated ion radius, and a bigger electronegativity of M (smaller
electronegativity difference between M and oxygen) give
MxV2O5$nH2O awider interplanar space. The understandings about
how the Naþpre-intercalation affect the crystal structure and the
electrochemical performance are first, Naþ ions can be pre-
intercalated into VOH via replacing partial interlayer water; this
results in a decreased basal distance, a reduced structural water
content, and an increased V4þ amount in NaVOH. Second, the
introduction of more V4þ can facilitate the hopping of electrons
between V4þ and V5þ, hence enhancing the electronic conductivity.
Third, the replacement of partial interlayer water by Naþions could
alleviate the interactions between cycled Zn2þ ions and the host,
which ensures a faster and more reversible Zn2þ ion insertion/
extraction without server structural distortion. As for the VOH, its
structural water (those exist in the form of H3Oþ) can be readily and
randomly replaced by Zn2þ ions upon discharging, blocking the
pathways for the subsequent Zn2þ migration. So, both the cycling
performance and kinetics properties of VOH decay severely upon
cycling. This work not only highlights the versatility of pre-
intercalating metal ions into the bilayered vanadium oxides but
also reveals its effects on the interlayer spacing, structural stability,
and the overall electrochemical performance.
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