
This journal is©The Royal Society of Chemistry 2018 Energy Environ. Sci., 2018, 11, 881--892 | 881

Cite this: Energy Environ. Sci.,

2018, 11, 881

Aqueous vs. nonaqueous Zn-ion batteries:
consequences of the desolvation penalty at
the interface†

Dipan Kundu,‡a Shahrzad Hosseini Vajargah,a Liwen Wan,bc Brian Adams,ac

David Prendergastbc and Linda F. Nazar *ac

Zinc ion batteries using metallic zinc as the negative electrode have gained considerable interest

for electrochemical energy storage, whose development is crucial for the adoption of renewable energy

technologies, as zinc has a very high volumetric capacity (5845 mA h cm�3), is inexpensive and

compatible with aqueous electrolytes. However, the divalent charge of zinc ions, which restricts the

choice of host material due to hindered solid-state diffusion, can also pose a problem for interfacial

charge transfer. Here, we report our findings on reversible intercalation of up to two Zn2+ ions in

layered V3O7�H2O. This material exhibits very high capacity and power (375 mA h g�1 at a 1C rate, and

275 mA h g�1 at an 8C rate) in an aqueous electrolyte compared to a very low capacity and slow rate

capabilities in a nonaqueous medium. Operando XRD studies, together with impedance analysis, reveal

solid solution behavior associated with Zn2+-ion diffusion within a water monolayer in the interlayer gap in

both systems, but very sluggish interfacial charge transfer in the nonaqueous electrolyte. This points to

desolvation at the interface as a major factor in dictating the kinetics. Temperature dependent impedance

studies show high activation energies associated with the nonaqueous charge transfer process, identifying

the origin of poor electrochemical performance.

Broader context
The demand for low-cost, safe batteries is propelling research efforts toward developing new chemistries beyond Li-ion. Multivalent-ion batteries have garnered
considerable attention owing to their potential cost benefit and application in both vehicular and stationary storage systems. The di/tri-valent metal anodes
(Mg, Al, Zn, etc.) in such batteries have low specific (mass) capacities and a higher reduction potential compared to lithium, but their superior volumetric
capacities and low cost make them particularly attractive. While the multivalent charge of the charge-carrying ions restricts the choice of host material due to
sluggish solid-state diffusion, it more importantly poses a problem for interfacial charge transfer as we show here. Using the reversible intercalation of Zn2+ in
layered V3O7�H2O in both non-aqueous and aqueous media as the case-in-point, we show that desolvation at the interface is a major factor in dictating the
kinetics. While the same interlayer spacing and solid solution behavior on Zn2+(de)intercalation are retained in the structure in both cases – governed by a
monolayer of water molecules between the oxide sheets – dramatic differences in performance are realised. The oxide exhibits very high capacity and power in
an aqueous electrolyte, but exactly the opposite in a nonaqueous medium. We find that high activation energies are associated with the nonaqueous interfacial
charge transfer process, clearly identifying that as the origin of poor electrochemical performance. These findings have very significant ramifications in guiding
the search for new multivalent battery systems.

Introduction

Multivalent-ion batteries have garnered considerable attention in
recent years owing to their potential cost benefit and application
in stationary storage systems,1,2 whose development is crucial for
the mass-scale penetration of renewable energy technologies. The
di/tri-valent metal anodes (Mg, Al, Zn, etc.) in such batteries have
low specific (mass) capacities and a higher reduction potential
compared to lithium, but their superior volumetric capacities
and low cost make them particularly attractive.3 Batteries that
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use Zn metal as the negative electrode are particularly promising.4

Zinc is highly abundant, non-toxic and inexpensive, and it has a
high volumetric capacity (5854 mA h cm�3). Its reduction
potential (�0.76 V vs. the Standard Hydrogen Electrode (SHE))
and high overpotential for hydrogen evolution in water renders
zinc stripping and deposition highly reversible in aqueous
media.4 Zn deposition is also facile in nonaqueous
electrolytes,5 in contrast with Mg-metal based batteries where
not only limited anodic stability, but also the passivation of Mg
poses a serious problem.6 The small size and high charge of
divalent cations, however, creates two significant problems.7 The
desolvation energy – defined as the energy penalty associated
with the desolvation of the cation from its solvation shell –
increases with the charge density of the metal cation and thus
hinders its diffusion across the electrode interface. A high charge
density on the ion intercalant also leads to greater coulombic
interaction with the surrounding lattice and hence retards the
solid-state diffusion process.8,9

Strategies that have mitigated these challenges include
nanosizing the positive host material to increase the electrode/
electrolyte contact area and shorten the diffusion length, utiliza-
tion of host structures with spacious layered or channel diffusion
paths, and partial screening of the multivalent cation charge by
water molecules.10,11 The benefit of morphological and struc-
tural engineering was evident in our recent work on Zn2+/H2O
pillared layered V2O5, which exhibited high capacity and excellent
rate capability for reversible Zn2+ storage in aqueous electrolytes.12

The additional effect of water molecules in expanding the layered
galleries further and buffering the high charge density of the
intercalating Zn2+ cations boosts the overall electrochemical
performance. The influence of water in facilitating multivalent
cation intercalation is even more apparent in studies involving
nonaqueous electrolytes, where either a high water content in the
electrolyte or the presence of water molecules in the host lattice
promotes interfacial and solid state diffusion of the cation.13

Notably, electrochemical Mg2+ insertion in birnessite (a layered
MnO2 polymorph) in the absence of water in the electrolyte leads
to a conversion reaction and complete collapse of the layered
MnO2 structure.13,14 Zn2+ intercalation in layered V2O5 or MnO2

can apparently proceed reversibly in nonaqueous electrolytes, but
the presence of trace water was postulated to play a role.15,16 An
in-depth understanding of the origin of the improved kinetics of
aqueous Zn2+ vs. nonaqueous intercalation is lacking. Elegant
studies encompassing theory and experiment identified the for-
mation of a hydrated interface in the LiFePO4–H2O system, where
chemisorbed H2O molecules at the (010) surface complete the
dangling bonds and form bridge that facilitates the Li+ cation
desolvation process at the interface.17 Such a mechanism is likely
operative for many metal oxides whose surfaces are typically
hydroxyl-terminated and hydrated in aqueous media, although
in the case of divalent cations such as Mg2+ or Zn2+, the solvent
shell is more tightly bound and thus easing the desolvation
process is expected to be even more critical.

Only a handful of intercalation host materials allow rever-
sible Zn2+ solid state electrochemistry in aqueous media.18–21

Intercalation chemistry provides the benefit of a topotactic

reaction that minimizes changes in structure. In addition to the
flexible bilayered Zn0.25V2O5�nH2O system mentioned above, nano-
fiber a-MnO2 exhibits remarkably good cyclability in a MnSO4–
ZnSO4 electrolyte against a Zn anode. However, the mechanism
was found to involve a reversible conversion reaction – involving
H+ – not intercalation.22 Zn batteries utilizing Co3O4,23 and NiO
nanosheets24 also operate by classic conversion chemistry at
alkaline pH. In the Zn–NiO battery, the incorporation of 22 wt%
CNTs at the cathode stabilized the cycling, but the 35% capacity
decay after 500 cycles was attributed to the formation of Zn(OH)2

and dendrites, a well-known problem for alkaline Zn batteries.
A composite of Zn particles electrodeposited on carbon fibers for
the negative electrode suppressed dendritic growth however, and
coupled with ultrathin mesoporous Co3O4 nanosheets on Ni
foam for the positive electrode, led to good capacities and long
cycling life (albeit at the expense of volumetric energy density).
Prussian blue analogues such as copper and zinc hexacyano-
ferrate are also promising as high voltage intercalation electrodes
in both aqueous and nonaqueous zinc ion batteries, despite low
specific capacities.25,26

Herein, we demonstrate that interfacial (de)solvation kinetics
at the electrolyte/electrode interface play a major role for
divalent cations. We show that while layered V3O7�H2O can
store Z2 Zn2+ per formula unit and deliver high specific
capacities of 275–375 mAh g�1 in an aqueous electrolyte at
high current rates (375–3000 mA g�1), but V3O7�H2O performs
very poorly in a nonaqueous electrolyte. It cycles only B0.3Zn2+

per formula unit in the initial cycles at a low current density of
5 mA g�1, despite retention of its interlayer water. Our results
were combined with first-principles density functional calcula-
tions to elucidate the possible structure of ZnxV3O7�H2O for
x = 2 formed in aqueous media. The Zn ions reside in slightly
distorted tetrahedral environments with Zn–O bond lengths
that are typical of many zinc oxides. Combining operando X-ray
diffraction and X-ray photoelectron spectroscopy, we show that
the reversible process is accompanied by a solid-solution type
phase evolution in both electrolytes. Temperature dependent
electrochemical impedance studies elucidate the mechanism of
aqueous vis-à-vis nonaqueous Zn2+ (de)intercalation. These reveal
the large impedance and high activation energies associated
with interfacial charge transfer in the nonaqueous system. These
findings shed light on the microscopic understanding of the
Zn2+ intercalation process, showing that the high desolvation
penalty together with strong Coulomb repulsion at the interface
are limiting factors that give rise to the poor rate performance of
the nonaqueous zinc system.

Experimental methods
Synthesis of V3O7�H2O nanofibers

Microwave solvothermal methods developed over the last two
decades are now often used to prepare cathode materials for
lithium ion batteries. In this work, we have modified a time
consuming hydrothermal approach typically used in the synthesis
of single crystalline V3O7�H2O nanobelts to a rapid and scalable
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microwave hydrothermal method. In a standard procedure,
3–4 mmol V2O5 was dispersed in 50 mL of 15 : 1 water/ethanol
(vol) mixture and transferred to a sealed Teflont vessel. The
vessels were fit to a rotor equipped with temperature and
pressure sensors. The rotor containing the vessels were then
placed in a rotating platform for uniform heating in an Anton
Parr microwave synthesis system (Synthos 3000). The system
temperature was raised to 180 1C in 15 minutes and maintained
for 60 to 90 minutes. The preset temperature was maintained
automatically by continuous adjustment of the applied power
(limited to 800 Watts). The as-synthesized product was thoroughly
washed with distilled water followed by a small amount of
isopropanol and dried at 60 1C for 24 h.

Characterization methods

Powder X-ray diffraction (XRD) was performed on a Bruker
D8-Advance powder diffractometer equipped with a Vantec-1
detector, using Cu-Ka radiation (l = 1.5405 Å) in the range from
51 to 801 (2y) in Bragg–Brentano geometry. X-ray data refine-
ment was carried out by conventional Rietveld methods using
Bruker-AXS TOPAS 4.2 software (Bruker-AXS, 2008). The back-
ground, scale factor, zero point, lattice parameters, atomic
positions and coefficients for the peak shape function were
iteratively refined until convergence was achieved. Operando XRD
experiments were conducted using a home-made cell mounted on
a PANalytical Empyrean diffractometer. The diffraction patterns
were collected in Bragg–Brentano geometry using Cu-Ka radiation
and a PIXcel detector with a Ni Kb filter. The aqueous and the
nonaqueous operando cells were cycled at a rate of 50 mA g�1 and
5 mA g�1, respectively, with an XRD pattern collection time
of 15 min. The morphologies of the samples were examined by
field-emission scanning electron microscopy (FE-SEM, LEO
1530) equipped with an energy dispersive X-ray spectroscopy
(EDX) attachment. HAADF-STEM imaging was carried out using
a double aberration-corrected cubed FEI Titan 80-300 equipped
with high-brightness field emission gun (XFEG), monochroamtor,
CEOSt hexapole aberration correctors on probe- and image-
forming lenses. The convergence semi-angle for HAADF-STEM
imaging was approximately 19 mrad, with a collection semi-
angle of 48–130 mrad while the microscope was operated at
200 kV. Multislice HAASDF-STEM image simulations were per-
formed using Dr. Probe software27 using experimental imaging
conditions for a sample thickness of 50 nm. XPS analysis was
performed on a Thermo ESCALAB 250 instrument configured
with monochromatic Al Ka (1486.6 eV) radiation. Spectra were
analyzed using CasaXPS software.

Electrochemistry

A freestanding film type electrode was fabricated for electro-
chemical performance evaluation. By dispersing a mixture of
nanofibers with Super Ps and a water based composite binder
(carboxymethylcellulose (CMC) and styrene-butadiene rubber
(SBR) (CMC/SBR = 2 : 1) in a 70 : 27 : 3 weight ratio) in deionized
water, a smooth and homogeneous ink was obtained. The ink
was then passed through a Durapores DVPP 0.65 mm filtration
membrane. While the water soluble CMC facilitates the dispersion

of hydrophobic carbon particles into water and enables its
intimate mixing with the nanofibers, the SBR’s excellent binding
ability provides adhesion and electrode flexibility. The binder
molecules not involved in anchoring and adhesion are washed
away during filtration, allowing the preparation of electrode films
with very low binder content. The composite film was dried at
60 1C, and punched into 1 cm2 electrode coins. The electrodes
were further dried at 180 1C for 1 h. The electrochemical proper-
ties were investigated in PFA based Swageloks type cell using 1 M
ZnSO4 in water (pH B 4.3) as the electrolyte and titanium or
stainless steel rods as the current collector. 0.25 M Zn(CF3SO3)2

(zinc trifluoromethanesulfonate; ZnOTf) in acetonitrile (AN) was
used as electrolyte for nonaqueous studies. Galvanostatic cycling
studies were performed using a multichannel biologic VMP3
potentiostat/galvanostat.

Electrochemical Impedance Spectroscopy (EIS) measurements
were performed in a T-shaped true three-electrode cell with Zn as
the reference electrode, in the as-assembled charged state prior to
any electrochemical cycling. Impedance spectroscopy data were
recorded at open circuit voltage (OCV) by applying a potentiostatic
signal perturbation of 5 mV in a frequency range of 200 kHz
and 100 mHz, in a temperature controlled oven using a VMP3
potentiostat/galvanostat (Bio-Logic Science Instruments). The
activation energy for interfacial charge transfer was obtained
from the variation of charge transfer resistance in a tempera-
ture range of 40 1C and 80 1C. All other electrochemical studies
were carried out at a regulated room temperature of 22 1C.
In addition to temperature dependence, the charge transfer
resistance can also be sensitive to dc bias current. Therefore EIS
measurements were carried out at OCV under five different dc
bias currents by applying a galvanostatic signal perturbation of
50 mA at room temperature. The dc bias current was applied
continuously during the impedance measurement (however,
since the application of the bias current changes the state of
charge (SOC), EIS was not measured below 1 Hz as the SOC
changes too much during the slower low frequency measure-
ment; see ESI† for details).

Density functional theory (DFT) calculations

The crystal structures of V3O7�H2O and Zn2V3O7�H2O were fully
optimized using density functional theory (DFT) calculations.28

The Perdew–Burke–Ernzerhof (PBE) type generalized-gradient
approximation (GGA) is used to approximate the exchange–
correlation functional within DFT.29 Projector-augmented-wave
(PAW) type pseudopotentials,30 as implemented in the VASP
source code package,31–33 are used to describe the electron–ion
interactions and the electronic structure is described using a
plane-wave basis. To ensure numerical convergence of the
simulations, a kinetic energy cutoff of 600 eV is used in all
structure relaxations and a k-point grid of 1 � 2 � 6 is used to
sample the first Brillouin zone for a unit cell dimension of
B16.9 � 9.3 � 3.6 Å3. Experimentally-derived structural data
for V3O7�H2O34 were initially used, and following relaxation in
the Pnam cell setting, two Zn ions were inserted and the
structure was fully optimized without any symmetry constraint.
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The data is shown for the lowest energy configuration amongst
the many different ones that were sampled for Zn insertion.

Results and discussion
Materials characterization

The phase purity of the as-synthesized material was confirmed
by Rietveld refinement of the powder diffraction pattern as
shown in Fig. 1a; the corresponding refinement parameters are
presented in Table S1 (ESI†). All the diffraction peaks could be
indexed to orthorhombic V3O7�H2O in the Pnam space group
with lattice parameters of a = 16.8714(6) Å, b = 9.3325(4) Å,
c = 3.6348(1) Å, and a = b = g = 901, which agrees very well
with values previously reported.31 The V3O7�H2O structure can
be described as nearly two-dimensional V3O8 layers that are
comprised of VO6 octahedra and VO5 trigonal bipyramids
connected by edge sharing in the bc (0kl) planes, which are
stacked along the a axis by strong hydrogen bonding. The H2O
molecule bound to the vanadium atom in place of one oxygen
in the VO6 octahedra creates a hydrogen bond with the octa-
hedra in the next layer. The hydrogen bonded layered structure
is very stable up to B300 1C, at which temperature the structure
dehydrates.35 Moreover, V3O7�H2O has good electronic conductivity

arising from the mixed valence of vanadium (V4+/V5+ = 1/2) and
its zig-zag shaped open interlayer arena (Fig. 1b) provides facile
pathways for ion intercalation.36

The morphology and the microstructure of the as-synthesized
V3O7�H2O were revealed by SEM and TEM analysis. A very uniform
1D nanofibrillar morphology with a length of several tens of
micrometers is evident from the low-magnification SEM image
shown in Fig. 1c. The high magnification SEM image (Fig. 1c,
inset) suggests the fibers have a smooth surface with a tendency
to bundle closely together. The low-magnification HAADF-
STEM image (Fig. 1d) reveals a typical width of B80 nm for
the nanofibers, which is consistent with the SEM observations.
Since Zn2+ is expected to intercalate into the gallery between the
bc planes (see Fig. 1b), Zn2+ ion diffusion will primarily take
place along the width of the nanofibers with a maximum path
length of B40 nm. Such a short distance gives rise to the good
power characteristics (i.e., rate capability, see below). The single
crystalline nature of the nanofibers is apparent from the
atomic-resolution HAADF-STEM image (Fig. 1e) and the corres-
ponding fast Fourier transform (FFT) of the image (Fig. S1,
ESI†). Clearly resolved lattice fringes in the [010] orientation –
corresponding to the (200)/bc planes – run parallel to the length
of the nanofibers, indicating [001] to be the growth direction
for the nanofibers. This STEM image matches well with the

Fig. 1 Structural characterization of microwave-hydrothermal synthesized V3O7�H2O with XRD, SEM, and STEM. (a) Rietveld refinement showing data
points (Yobs, red circles); calculated profile (Ycalc, black line); difference profile (blue line) as indicated. Refined parameters are a = 16.8714(6) Å,
b = 9.3325(4) Å, c = 3.6348(1) Å, and a = b = g = 901. (b) Crystal structure viewed along the [010] direction showing the large interlayer gallery between
V3O7 sheets perpendicular to the [100] direction for Zn2+ intercalation. VOx polyhedra are depicted in green and blue for the pristine and the Zn2+

intercalated materials, respectively. ZnOx polyhedra, grey; O, red spheres. (c) Panoramic SEM image of the as-synthesized nanofibers depicting their high
degree of homogeneity and extended length (Z10 mm); inset: high magnification SEM image illustrating the tendency of the nanofibers to bundle
together. (d) Low magnification HAADF-STEM image of individual nanofibers revealing their typical width. (e) A lattice resolved HAADF-STEM image of a
single nanofiber showing the characteristic 0.844 nm distance of the bc planes running parallel to the length of the nanofibers, confirming the single
crystal nature of the nanobelts which grow along the c direction; inset: simulated image of the V3O7�H2O structure along the [010] zone axis.
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overlaid simulated image (Fig. 1e, inset) of V3O7�H2O along the
[010] direction. The zig-zag shaped open interlayer arena is also
evident here (Fig. 1e).

Electrochemical Zn2+ storage performance

To investigate the electrochemical Zn2+ storage performance of
V3O7�H2O, 1 M ZnSO4 in H2O and 0.25 M Zn(CF3SO3)2 (ZnOTf)
in acetonitrile (AN) were chosen as the representative aqueous
and nonaqueous electrolytes, respectively. A zinc metal foil was
used as the negative electrode in both electrolytes and a
titanium rod as the current collector. ZnSO4/H2O electrolytes
have been shown to support highly reversible Zn2+-ion stripping
and deposition (B99.5% Coulombic efficiency, see Fig. S2,
ESI†) at the Zn negative electrode12,17 with a relatively wide
electrochemical window of B2.4 V. For nonaqueous studies,
Han et al. investigated a range of electrolytes. They found
ZnOTf/AN to be one of the most suitable for reversible cycling
of the Zn metal anode, exhibiting a wide electrochemical
window (up to B3.6 V vs. Zn2+/Zn, see Fig. S3, ESI†).5 Indeed,
cells cycled in acetonitrile showed no oxidative degradation in
our hands. Fig. 2a shows the voltage polarization curves in the
aqueous electrolyte at a current density of 375 mA g�1 in a
potential window of 0.4–1.1 V vs. Zn2+/Zn. A very high capacity,
exceeding 400 mA h g�1, corresponding to 42Zn2+ intercala-
tion is observed in the first discharge, of which B370 mA h g�1

is recovered upon charging to 1.1 V. The irreversible capacity
corresponds to the retention of about 0.15 Zn2+ per mole of
V3O7�H2O. This is expected to translate into better cyclability,
as previously observed in Zn0.25V2O5, by pillaring the layered
structure during Zn2+ cycling.12 Following the first cycle,

Zn2+ (de)intercalation becomes highly reversible at an average
voltage of B0.65 V. A predominantly sloping voltage profile
is observed, suggesting a solid-solution type Zn2+ (de)inter-
calation process. Notably, even though the average voltage is
relatively low compared to other positive Zn2+ hosts,20 the very
high specific capacity more than compensates for it, resulting
in a high-energy (240 W h kg�1) cathode material. The aqueous
Zn2+ (de)intercalation in V3O7�H2O is a high rate process (see
Fig. S4, ESI†), evident from rate performance studies. Current
density has a relatively small effect on the obtained capacity.
The system delivers high reversible specific capacities of
325 and 270 mA h g�1 at rates of 4C (1500 mA g�1) and 8C
(3000 mA g�1), respectively. Here, the C rates are defined based
on 375 mA g�1 E 1C. The corresponding cycle life performance
at a representative 8C rate (Fig. S5, 1C rate, ESI†) is shown in
Fig. 2b, demonstrating a very good cyclability with 80% of the
reversible capacity retention after the 200th cycle at nearly
100% Coulombic efficiency.

By contrast, nonaqueous Zn2+ (de)intercalation into layered
V3O7�H2O exhibits extremely poor power capability. Similar
current densities as applied in the aqueous studies delivered
negligible capacities and thus nonaqueous Zn2+ (de)intercalation
was performed at a very slow rate of 5 mA g�1. The voltage–
capacity curves are shown in Fig. 2c. The potential window was
expanded to 0.5–1.8 V, which is well within the stability window
of the Zn(CF3SO3)2/AN electrolyte,5 to enable reversible Zn2+

(de)intercalation. The nonaqueous voltage profile in the first
cycle closely resembles the aqueous voltage profile, and exhibits
similar inflection regions with ill-defined discharge/charge curves.
However, the first cycle capacity corresponds to only B0.3Zn2+

Fig. 2 Electrochemical zinc storage performance of the V3O7�H2O nanofibers in aqueous (1 M ZnSO4/H2O) and nonaqueous (0.25 M ZnOTf/acetonitrile)
electrolytes. (a) Galvanostatic discharge and charge profiles of the V3O7�H2O freestanding cathode at a 1C (375 mA g�1) rate in the aqueous electrolyte.
(b) Cycling performance and the corresponding Coulombic efficiency at a 8C (3000 mA g�1) rate showing B80% of the capacity retention after
200 cycles for the aqueous system. (c) Charge/discharge polarization curves of the V3O7�H2O electrode in the nonaqueous electrolyte at a current
density of 5 mA g�1. (d) Cyclability and the corresponding Coulombic efficiency for the nonaqueous system at a current density of 5 mA g�1.
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(de)intercalation per mole of V3O7�H2O (59 mA h g�1), which is
about 85% less than the aqueous value at a current density of
375 mA g�1, notwithstanding the applied low current. However,
as cycling continues, following an initial dip, the specific capa-
city increases progressively from the 10th cycle, and reaches
a stable value of 175 mA h g�1 at the 50th cycle (Fig. 2c, d, and
Fig. S6, ESI†). An increase in specific capacity with cycling has
been observed previously15 for nonaqueous Zn2+ intercalation,
and can be attributed to a decrease in the charge transfer
impedance at the negative electrode (see below) as a result of
progressive electrochemical polishing of the zinc surface. The
voltage profile also evolved with cycling. The average voltage
decreased from B0.9 V at the 1st cycle to B0.75 V in the 50th
cycle, primarily due to the increase in capacity in the median
voltage range; the overall profile was retained, however. The
optimal limit of nonaqueous Zn2+ storage was elucidated by
applying a coulometric titration protocol (Fig. S7, ESI†), revealing
a 42Zn2+ intercalation process into V3O7�H2O that is very similar
to the aqueous system. This confirms the similarity of the overall
electrochemical Zn2+ storage behavior of the two systems.

Structural aspects of Zn2+ ion storage

Operando XRD. Significant insight into the Zn2+ intercalation
process and the concomitant phase evolution of V3O7�H2O were
obtained from operando X-ray diffraction studies. For this study,
the aqueous and the nonaqueous cells were galvanostatically
cycled at 50 mA g�1 and 2 mA g�1, respectively, where the
potential window was restricted to 0.4–1.1 V for the aqueous
and 0.5–1.8 V for the nonaqueous systems. A relatively small
current density was applied to ensure better resolution with
respect to the Zn2+ composition, which also resulted in a slightly
higher degree of Zn2+ intercalation compared to that observed in

standard electrochemical studies (see above). A very reversible
structural evolution is evident in both aqueous and nonaqueous
systems as depicted in Fig. 3a and b, shown in a narrow two-
theta range for clarity (a wider 2y window is shown in Fig. S8,
ESI†). Overall, a continuous shift of the peak positions, with
the trend observed during Zn2+ uptake being reversed during
its extraction, indicate a solid solution type phase evolution in
both aqueous and nonaqueous systems. On discharge, with
increasing zinc uptake in V3O7�H2O, the (200) peak moves
to higher 2y values, indicating a decrease in the interplanar
distance, i.e., the a lattice parameter. This can be explained by
the efficient screening of the interlayer electrostatic repulsion as
the Zn2+ content increases, which draws the layers together.
Conversely, the increase in the Zn2+ content shifts the (020) peak
to lower 2y values, which corresponds to an increase in the b
lattice parameter resulting from the expansion of the VOx poly-
hedra upon V5+/V4+ reduction.

In the aqueous system, along with the aforementioned
changes, increasing x in ZnxV3O7�H2O also leads to a decrease
in all the peak intensities for x 4 0.4, which is concomitant
with the appearance of new peaks at 81 and 161 2y. These new
peaks increase in intensity with increasing depth of discharge,
but remain unchanged in position throughout the discharge
process, indicating the formation of a new phase. It also forms
during the electrochemical Zn2+ conversion reaction with a-MnO2

in 1 M ZnSO4/H2O and has been identified as zinc hydroxide
sulfate with a nominal formula of Zn4(SO4)(OH)6�nH2O.21,37 In
ref. 28, a mechanism was proposed to account for its formation
that leads to a gradual increase in the pH of the electrolyte.
However, for V3O7�H2O, we neither observed any H+ intercalation
from a pH 4 – H2SO4 electrolyte, and nor was there any notable
change in the pH of the electrolyte during cycling, as probed in situ

Fig. 3 Operando X-ray diffraction study of the V3O7�H2O electrode during cycling in the aqueous (a) and in the nonaqueous (b) electrolytes. Both (a) and
(b) present the evolution of the XRD pattern as a function of Zn2+ content in V3O7�H2O during the first electrochemical discharge and charge cycles.
A narrow 2y window is shown here for clarity. The (200) peak corresponds to the interlayer distance.
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by a pH meter (see Fig. S9–S11 and accompanying discussion in
the ESI† for details). The highly crystalline lamellar hydroxy-
sulfate precipitates on the surface of ZnxV3O7�H2O, over-
whelming the underlying XRD reflection intensities. This was
confirmed using elemental mapping using EDX in STEM, which
revealed a very homogeneous Zn distribution in the fibers
corresponding to the intercalated Zn, whereas the sulfur map
identified Zn4(SO4)(OH)6�nH2O as agglomerated particles resid-
ing on the vanadate fibers (Fig. S7, ESI†). Finally we note that
the charge process follows the reverse evolution of discharge;
however, as noted above, a small fraction of zinc is retained at
the end of charge, leading to a charged phase with slightly
different lattice parameters compared to the starting phase. As
expected, a smaller change in Zn2+ concentration (in V3O7�H2O)
leads to an overall smaller variation in the lattice parameters for
the nonaqueous Zn2+ (de)intercalation process. Nevertheless, the
nearly identical evolution of the XRD profile and the corres-
ponding structural changes in the same Zn2+ composition space
confirm the similarity of the Zn2+ (de)intercalation mechanism
in aqueous and nonaqueous systems.

DFT simulations

Our experimental results were combined with first-principles
density functional calculations to elucidate the possible struc-
ture of ZnxV3O7�H2O for x = 2 which is close to the composition
of the fully discharged phase. Table 1 lists the experimentally
obtained lattice parameters obtained from analysis of the XRD
pattern of the fully intercalated phase in Fig. 3, compared with
the values predicted by DFT for the lowest energy solution. The
a and b lattice parameters predicted from DFT for the Zn
inserted structure are 16.695 Å and 9.656 Å, respectively, which
correspond to only a slightly larger discrepancy with experi-
ment compared to the values for the known V3O7�H2O struc-
ture. We note that the experimental a and b lattice parameters
for Zn2V3O7�H2O were determined solely from the (200) and
(020) reflections, respectively, and therefore are not as accurate
as full pattern matching. The latter was not possible due to the
high degree of preferred orientation of the fibers, which also
precludes measurement of the in-plane c lattice parameter. In
accord with the experimental XRD results described above, the
DFT calculations show that intercalation of the Zn2+ ions in the
interlayer space contracts the a axis, as the vanadium oxide
sheets are pulled closer together due to Zn-ion binding. This
effect has also been noted for Zn2+ intercalation in Zn0.25V2O5,
and in LiV3O8.12,18 The in-plane b and c lattice parameters
expand by about 0.3 Å due to the expected decrease in the

vanadium oxidation state from V4.67+ to V3.33+ on discharge. The
fully relaxed structure is presented in Fig. 4, together with the
Zn–O and V–O interatomic distances. The Zn ions reside in
slightly distorted tetrahedral environments with Zn–O bond
lengths between 1.9 and 2.2 Å, which are typical for zinc oxides
such as ZnO (i.e., 1.97–2.00 Å) that also contain tetrahedral
zinc ions. Consideration of longer Zn–O distances expands
the coordination to either octahedral or square pyramidal
coordination environments, which are often seen in organozinc
compounds.38 While this model may not be strictly correct
(other higher energy structures were also obtained via DFT
simulation and could be thermodynamically accessible), we
believe that it offers a very reasonable picture of the proposed
local structure of Zn2V3O7�H2O.

XPS analysis. The evolution of chemical speciation during
electrochemical cycling as studied by ex situ XPS is shown in
Fig. 5. Details on the fitting and analyses can be found in the
corresponding section of the ESI† (Table S2 and accompanying
discussion). The Zn 2p region provides clear evidence of
reversible Zn2+ (de)intercalation in both aqueous and nonaqu-
eous systems. The XPS signal intensities (counts per second)
are presented with respect to the height of the line in each plot.
The signal from the pristine sample is consistent with the
absence of Zn, whereas the spectrum on charge confirms the
retention of some intercalated Zn2+, in accordance with
the operando XRD observations. The discharged spectrum from
the cathode in the aqueous system differs significantly from its
nonaqueous counterpart. In the former, Zn2+ intercalation
leads to the appearance of components with slightly different
binding energies, which can be resolved into a minimum of two
signals. This can be explained by the intercalated zinc ions
exhibiting dissimilar coordination environments, as suggested
by the DFT calculations (see above). Overall, the substantial
difference in the spectral intensities between the discharged
and charged samples gives clear indication of reversible Zn2+

ingress/egress in both electrolytes.
In the V 2p region, the appearance and the increase in intensity

of the lower binding energy components (V3+ and V4+) upon
discharge characterize the reduction of vanadium in V3O7�H2O.
While the V4+ signal intensifies strongly upon discharge in both
aqueous and nonaqueous systems, a V3+ component also appears
in the former, in accord with the reduction to an average valence
of V3.33+ based on B2Zn2+ intercalation. This is fully reversed
upon charge, where the pristine V 2p spectrum is regenerated.

ElS – interfacial charge transfer impedance. EIS measurements
were performed using a three-electrode T-shaped cell (see
Fig. S12, ESI†) to investigate the origin of the rate capability
difference between aqueous and nonaqueous Zn2+ intercalation
in V3O7�H2O, and to separate the processes at the V3O7�H2O and
the Zn electrodes. The cells were placed at open circuit voltage
for 2 h to reach equilibrium before the impedance measurements.
Fig. 6a and b show the Nyquist plots at room temperature obtained
for the working (V3O7�H2O) and the counter (Zn) electrodes,
respectively, in the aqueous and nonaqueous electrolytes.
These spectra feature purely ohmic contributions at very high
frequencies (working electrode) corresponding to solution and

Table 1 Lattice parameters of V3O7�H2O and Zn2V3O7�H2O derived from
experiment, and density functional theory calculations for the lowest
energy configurations

Lattice
parameter (Å)

DFT Experimental

V3O7�H2O Zn2V3O7�H2O V3O7�H2O Zn2V3O7�H2O

a 16.925 16.695 16.871 16.42
b 9.312 9.656 9.333 9.85
c 3.656 3.786 3.635 —
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contact resistance, and low frequency inductive behavior
(aqueous system), which typically corresponds to the relaxation
of species adsorbed (e.g., Znad

2+ and ZnOHad in near neutral
aqueous sulfate media) at the electrode surface.39,40 In the
nonaqueous electrolyte there is also a low frequency arc for the
working electrode which arises from finite length diffusion of
ions in the porous electrode network (Fig. S13, ESI†). However,
there is a common feature of a high-medium frequency capa-
citive semicircle which is representative of the charge transfer
impedance (RCT) at the electrode–electrolyte interface.41 The RCT

value was extrapolated in all cases by fitting the width of the
semicircle arc. Due to the nonlinearity of the current/voltage
relationship as described by the Butler–Volmer equation, the RCT

can be sensitive to a dc bias current, and this outcome can in
turn verify the observed semicircular trajectory as the charge
transfer step.42,43 Therefore, EIS measurements were carried out
under different dc bias current magnitudes. These showed a
clear shrinking of the semicircles for both electrodes (Fig. S14,
ESI†) as the dc bias current increased, thus confirming the
validity of our assignment of the charge transfer process. The
decrease of the inductive loop component (that comes after

the capacitive arc) with increasing bias current also indicates
a step-wise charge transfer mechanism, as outlined in the
literature.44 Such a mechanism involves desolvation/adsorption
of the charged intermediate at the electrode surface followed by
an electron transfer step. Increasing bias enhances the electron
transfer process and thus reduces the charged intermediate
concentration, leading to the expected decrease of the inductive
loop component (Fig. S14, ESI†).

The charge transfer resistance in the aqueous system is
clearly very small (working electrode: 20 O; counter electrode:
100 O) compared to the nonaqueous system (working electrode:
300 O; counter electrode: B12 000 O). The large RCT for the Zn
electrode in the nonaqueous system does not arise from
electrolyte decomposition (zinc’s electrochemical potential is
too low, rendering it relatively non-reducing5 compared to alkali
metals), but instead arises in part from a native insulating zinc
oxide layer. In the aqueous electrolyte this oxide is immediately
leached out in the slightly acidic environment (1 M ZnSO4/
H2O – pH: 4.2), and thus the impedance is quite low. In the
nonaqueous system the oxide layer is removed upon repeated
cycling by electrochemical polishing15 as reflected in the 410 fold

Fig. 4 Model of Zn2V3O7�H2O predicted by DFT calculations. (a) atomic model of Zn2V3O7�H2O based on DFT calculations showing the
local Zn coordination which comprise slightly distorted tetrahedral environments; (b) the same atomic model that includes longer bond lengths
(up to 2.75 Å), showing there are effectively two different zinc environments, octahedral and square pyramidal. The table below summarizes the
distances presented in the model, where the values in bold represent the short Zn–O bonds shown in (a) and the values in italics are the additional longer
bonds revealed in (b).
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drop in the corresponding RCT value to B900 O after 50 discharge/
charge cycles (Fig. S15, ESI†). The decrease in RCT with cycling
results in better electrochemical kinetics and an increase in the
specific capacity with cycling (see above). Using this value for
the ‘‘polished’’ Zn electrode, we can compare the RCT ratio
for the nonaqueous : aqueous electrolytes. At the Zn counter
electrode, the ratio is 10 : 1 (900 O/90 O), and at the working
(V3O7�H2O) electrode, the ratio is even higher (15 : 1). To under-
stand the reason for these high ratios, we need to consider
the effect of desolvation of the Zn2+ cation, and cation–anion
pairing in the two different media.

The process of charge transfer at either the positive or negative
electrode interface requires desolvation of the intercalating
ions from their solvation shell. Typically, the energy involved
in such a process is dictated by the nature and interaction of the
cations with the solvent molecules and counter anions. Being
divalent, zinc imposes a greater desolvation penalty compared
to any similarly sized monovalent cation (i.e., Li+).5–7 Likewise,
cation–anion pairing of the electrolyte salt, as observed by first

principles calculations for various Zn salt–solvent systems such
as Zn(CF3SO3)2/acetonitrile,5 is also expected to increase the
desolvation energy for the nonaqueous electrolyte. While strong
ion-pairing for Mg2+–(trifluoromethane sulfonyl)imide (TFSI�)
favors conversion and amorphization of oxides,13,45 the fact that
we do observe (de)intercalation of Zn2+ in acetonitrile implies a
relatively weak cation–solvent and cation–anion interaction in
accord with theory.5,7 Nonetheless, the high desolvation energy
leads to much higher RCT values in the nonaqueous Zn2+ system
than in the aqueous electrolyte.

In order to get further insight into the interfacial charge
transfer process, impedance measurements were carried out
at elevated temperatures between 40–80 1C. The RCT values at
each temperature were again estimated by extrapolating the
corresponding semicircle. Fig. 6c and d illustrate the plots of
ln(RCT

�1) vs. reciprocal temperature, which obey the Arrhenius
equation: 1/RCT = A exp(�Ea/RT), where A is the frequency
factor, Ea is the activation energy for interfacial charge transfer,
and R and T have their usual meanings. We assign this Arrhenius

Fig. 5 Ex situ X-ray photoelectron spectroscopy of the pristine electrodes (row marked (a)), discharged electrodes (row marked (b)), and charged
electrodes (row marked (c)) showing the Zn 2p, V 2p, and O 1s regions of the XPS spectra. In the fitted XPS spectra, black line = experimental data, red line =
overall fitted data, other colour lines = fitted individual components. For the aqueous system, the Zn 2p region for the discharged electrode was convoluted
into two signals, corresponding to zinc sites with different coordination environments as depicted in Fig. 4b. We cannot rule out the possibility of the second
signal arising from the zinc hydroxide sulfate precipitate, but this is highly unlikely since the aqueous discharged/charged electrodes were rigorously
washed. The intensity of the Zn 2p signals can be gauged from the height of the black lines shown on the plot. V 2p region: V3+: olive green, V4+: blue, V5+:
orange. The oxidation states of the V components used in fitting the experimental spectra are best approximated, and their assignment is fully consistent
with the literature.48 For detailed XPS analysis see the ESI.†
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behavior to the interfacial charge transfer process. We can rule
out passivation phenomena due to electrolyte decomposition at
either electrode as the source of Arrhenius type kinetics,
because the impedance would increase with temperature due
to aggravated decomposition at higher temperatures, not decrease
as we observe here. The aqueous Ea value of 19.47 kJ mol�1

at the working (V3O7�H2O) electrode is comparable to the
activation energy for aqueous Li+ intercalation into the Prussian
blue framework (24.1 kJ mol�1),46 which exhibits insertion/
extraction of partially hydrated Li+. Similarly, intercalation of
Zn2+ from an aqueous medium in a partially hydrated form is
highly probable. This will furthermore screen the Coulomb
repulsion among the Zn2+ ions during interfacial charge transfer
on intercalation. However, in the nonaqueous system, aceto-
nitrile co-intercalation with Zn2+ is highly unlikely due to the
large radius of the solvation shell (estimated to be 9.5 Å based on
the size of an AN molecule of 4.36 Å47). Along with the expected
stronger Zn2+–OTf� ion pair effect in acetonitrile, this explains
the large difference in RCT values at the positive electrode
between the aqueous and nonaqueous systems. Thus in the
aqueous electrolyte, the transfer of a partially hydrated Zn2+

cation across the solid–liquid interface into the hydrated vana-
date interlayer gallery accounts for a much lower activation
energy than in the non-aqueous electrolyte, where desolvation
is associated with an almost four-fold higher activation energy.
These combined factors enable the high rate capabilities of the
aqueous zinc ion V3O7�H2O battery.

Conclusions

Combining electrochemical studies and operando XRD, we
demonstrate that Zn2+ reversibly intercalates into the layered
structure of V3O7�H2O in both aqueous and nonaqueous
electrolytes. Theoretical studies utilizing DFT calculations pro-
vide a consistent model for the fully discharged structure in
aqueous media, where B2 zinc ions per formula unit are
intercalated. V3O7�H2O demonstrates excellent reversible zinc
storage properties: high specific capacities – 375 mA h g�1 at
1C and 275 mA h g�1 at 8C, good cycle life performance,
and impressive rate capability with nearly 100% coulombic
efficiency in the aqueous (ZnSO4/H2O) electrolyte. The nano-
structured morphology of our cathode contributes to the
excellent electrochemical performance of V3O7�H2O, similar to
what we reported for Zn0.25V2O5�H2O.12 However, what is most
remarkable here is that such beneficial chemical and structural
properties do not translate to good electrochemical perfor-
mance in the Zn(CF3SO3)2/acetonitrile based nonaqueous
electrolyte which delivers low specific capacity, significant
voltage hysteresis, and poor rate capability. This is despite
the existence of a hydrated layered oxide which retains its
strongly-bound water in the non-aqueous media. Importantly,
operando XRD analysis showed a similar structural transforma-
tion accompanies the Zn2+ (de)intercalation process in both
systems, so the structural energetics and solid state diffusion
characteristics of Zn2+ cannot be the governing factor dictating

Fig. 6 Electrochemical impedance spectroscopy analysis of the interfacial charge transfer process. Complex plane impedance plots of (a) V3O7�H2O –
working (WE) and (b) Zn – counter (CE) electrodes in the aqueous (black) and the nonaqueous system (blue) at regulated temperature of 22 1C. The charge
transfer resistance values (RCT) were approximated by extrapolating the capacitive semicircles in the high-medium frequency region (red dotted arcs), as the
complex nature of the impedance profile in the low frequency regime due to an inductance loop in the aqueous cell precluded an equivalent circuit fit (see
Fig. S13, ESI† for the fit of the non-aqueous cell WE). Arrhenius plots of inverse RCT(RCT

�1) values at different temperatures (from 40 1C to 80 1C) for (c) working
(WE) and (d) counter (CE) electrodes. The activation energies for interfacial charge transfer processes were obtained from the slope of the fitted line.
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the significantly different electrochemical performance in the
two media. Its origin was revealed by electrochemical impe-
dance studies, which showed a strikingly lower charge transfer
resistance and associated activation energies for positive (and
negative electrode) processes in the aqueous system compared
to the nonaqueous system. At the positive electrode, this clearly
shows a higher desolvation penalty in the nonaqueous system as a
consequence of ion pair formation, whereas shielding of the Zn2+

charge by water molecules facilitates its facile interfacial diffusion
in the aqueous system. The presence of a ‘‘Janus interface’’,17

where the dangling bonds at the layered hydrated vanadate
surface are also undoubtedly compensated by hydroxyl groups
and/or chemisorbed H2O molecules, will form a coordination
environment in aqueous media that may further facilitate fast
Zn-ion transport across the solid/liquid interface. Computational
studies are underway to further elucidate this mechanism, but
are beyond the scope of the current work.

In short, for divalent cations like Zn2+, solid-state diffusion
may not be the primary limiting factor in achieving good
electrochemical storage performance. Interfacial charge transfer
processes also play a major role in determining the rate behavior of
such a system. In this light, aqueous zinc ion batteries employing
hydrated transition metal oxide based cathodes seem best poised
for practical application due to their high capacity and good
discharge/charge kinetics. The development of nonaqueous
divalent-ion batteries such as Mg2+ should focus on methods to
reduce the desolvation penalty and inhibit ion pair formation.
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