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ABSTRACT: Rechargeable zinc-ion batteries (RZIB) present an
interesting alternative to rechargeable Li-ion batteries. Among the active
materials, layered vanadium-based oxides show a poor cell voltage but
modifying this structure by attaching a phosphate group to the vanadium
redox center can drastically enhance the cathode voltage. With this
layered VOPO, material, we demonstrate that preintercalating
polypyrrole between crystallographic layers and using electrolyte with
controlled water amounts are two absolutely essential conditions for easy
and reversible Zn** (de)intercalation, thus vastly improving battery
outputs and long-term capacity retention. We establish that the rational
design of open-layered structures hinges imperatively on factors like host
structural integrity and electrode—electrolyte compatibility in delivering

Polypyrrole intercalated
VOPO,

the performance of multivalent-ion batteries.
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B INTRODUCTION

Although rechargeable Li-ion batteries are widely popular in
the field of portable electronics, their application in the large-
scale grid energy technologies are less attractive when
considering cost, safety, and supply risk of Li metal.'™* In
this regard, rechargeable batteries using other metal-ions are
receiving increased attention.”™’ Among the various alternative
metals, zinc metal can be a good choice as an anode when
compared to lithium because of (1) higher volumetric
capacities,” (2) lower cost, and (3) possibility of transferring
multiple charges per ion, when compared to lithium.””

Given the advantages of using zinc metal as an anode,
developing a good cathode material for this anode is of
immense interest. However, most studies suggest that
intercalating multivalent-ions (including Zn**) into the host
structure is difficult when compared to Li* because of the high
charge-to-size ratio of the multivalent-ions.” "' The higher
charge-to-size ratio of a multivalent-ion strongly polarizes the
host structure and limits its diffusivity inside the host
structure.'' Further, multivalent cations can also induce a
heavy structural distortion causing the host structure to
collapse as demonstrated by Park et al.'” Hence, crystal
structures with open frameworks which can both minimize the
high electrostatic repulsion and buffer the steric destabilization
are promising.u'm_17

Various studies have e)éplored layered vanadium-based
oxides as a RZIB cathode,'® and these materials demonstrate
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successful zinc-cation storage via an intercalation mecha-
nism.'”'?7*" These materials possess a high interlayer spacing
created by various preintercalated cations or water molecules.”
The high interlayer spacing can minimize the electrostatic
repulsion between host material and the intercalating cation,
thus easing the multivalent-cation intercalation.'*** In
addition, the intercalated water molecules/cations act as
“pillars”, preserving the structural integrity of the host structure
during (de)intercalation.”**> However, the intercalation
voltage of this class of oxide materials is low, roughly at 0.7
V vs Zn**/Zn>'8

A phosphate group linked to the vanadium-ion center can
enhance the cation intercalation voltage as compared to the
vanadium oxides via an inductive effect.”® VOPO,2H,0 is a
material that exists as a layered phase with a high interlayer
spacing.”” The high interlayer spacing, created by the
preintercalated water molecules between the VOPO, layers,
can minimize the electrostatic repulsion between the
intercalating Zn** and the host structure and, hence, can
make the Zn** migration inside the host easy. However, we
observed a rapid capacity fade and a structural change in the
host during repeated zinc (de)intercalation. On preintercalat-
ing polypyrrole between the VOPO, layers, we observe that
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Figure 1. (a) XRD patterns for synthesized VOPO,-2H,0 and PPy-VOPO,. (b) Crystal structure of VOPO,-2H,0 (c) schematic for PPy-VOPO,
showing the polypyrrole units intercalated between the VOPO, layers, (d) layered stacks of PPy-VOPO, in an SEM image, and (e) V 2p;,, XPS

spectra for VOPO,-2H,0 (bottom) and PPy-VOPO, (top).

the cycling stability improves, and therefore, we study
polypyrrole-intercalated VOPO, (PPy-VOPO,) as a cathode
host material for RZIB. Moreover, for using the Zn(CF;S0;),/
acetonitrile electrolyte with the VOPO,-based cathode for
RZIB, Wang et al. have showed the benefits of adding low-
amounts of water to the electrolyte for improving the battery
performance.”® However, the problems associated with adding
high-amounts of water were not elaborated on. We find that
there is a problem of severe cathode-material dissolution which
in turn affects the cycling stability. By a similar vein, we
demonstrate that an optimum water amount in the electrolyte
is needed to maximize the battery capacity and the cycling
stability for this cathode material. With the optimized
electrolyte, the battery could demonstrate a high average
voltage of 1.1 V vs Zn**/Zn, along with a maximum capacity of
86 mAh g~! and cycling stability of 350 cycles. Finally, using a
combination of XRD and XPS techniques, we elucidate the
zinc storage mechanism for this system.

B RESULTS AND DISCUSSION

The X-ray diffractogram for the synthesized VOPO,-2H,0
(Figure la) matches well with the database (JCPDS 04-014-
1253).”” Tachez et al.”® have described the crystal structure
(Figure 1b) as a structure consisting of VOPO, layers wherein
each vanadium-ion center is bonded to six O atoms with
slightly different bond lengths and thus forms a distorted VO
octahedra (shown as orange octahedra). Four of these V—O
bonds, where O atoms are shared to phosphate tetrahedra
(purple tetrahedra), lie in the equatorial or a-b plane. One of
the axial bonds is formed with an O atom which is slightly
shorter than the equatorial V—O bond length, while the other
axial V—O bond is elongated as two H atoms are attached to
this O atom, similar to a water molecule (red sphere bonded to
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two white spheres). Notably, this structure gives rise to
extended hydrogen-bonding networks allowing for discrete
water molecules to reside within the VOPO, layers (where O
atom is represented in green). These H,O molecules are
weakly bonded and can be easily removed.”’

The XRD pattern for the synthesized PPy-VOPO, (Figure
la) matches well with previous reports.”"** While all the peak
positions for the “I’-dependent hkl planes shift to higher 26
angles after polypyrrole intercalation, the “I’-independent
(020) plane does not shift, indicating that only the unit cell
dimension along the direction perpendicular to the VOPO,
layers (c-axis) contracts. This observation is consistent with the
argument made by Benes et al. that most of the intercalating
species leave the VOPO, layers unaltered and only change the
VOPO, interlayer separation (Figure 1c).”” The reduction in
the “c” unit cell length leads to a decrease in the spacing
between the VOPO, layers from 7.43 A (in VOPO,-2H,0) to
6.72 A, calculated using (001) planes. Although intercalating
most organic species between the VOPO, layers increases the
VOPO, layer spacing, a few species including polypyrrole have
been shown to decrease the interlayer separation after
intercalation (Table S1).>' De et al. have suggested that the
reduction in the interplanar spacing could be due to the
replacement of weakly bonded water molecules with
polypyrrole units.”> The overlap of the (020) and (012)
planes, which has also been observed previously with
polypyrrole intercalation into VOPO,, can be ascribed to the
fact that all the XRD peaks are much broader after intercalating
polypyrrole as the crystallite size reduces after polypyrrole
intercalation.

The SEM micrograph for PPy-VOPO, (Figure 1d) indicates
that the material consists of an irregular stack of sheets, unlike
the orderly stacked layers of VOPO,2H,0 (Figure S1). This
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Figure 2. (a) EIS spectra for RZIB using VOPO,.2H,0 or PPy-VOPO, as a cathode material, (b) comparison of the cycling stabilities for VOPO,-
2H,0 and PPy-VOPO, at a current rate of 30 mA g~' in 1 M Zn(CF;SO,),/acetonitrile electrolyte with 10 vol % water. (c) Charge—discharge
curve of second cycles and (d) EIS spectra for PPy-VOPO, RZIB in Zn(CF;SO;),/acetonitrile electrolyte with different water concentrations.

observation is consistent with the XRD results, wherein the
broadening of (00!) type peaks after polypyrrole intercalation
indicates that the crystallite size along the axis normal to the
VOPO, layers is reduced.”® Polypyrrole intercalation changes
the color of powder from bright yellow to dark green (Figure
$2).** The presence of polypyrrole in the host was confirmed
by FTIR (Figure S3), and the chemical composition of the
final material as determined by using TGA and CHN analyzer
is (PPy),4VOPO,-1.17 H,0O (Figure S4 and Table S2).

The chemical interaction between the intercalated poly-
pyrrole and the VOPO, layers was further illustrated in the
XPS results (Figure le). Before the polypyrrole intercalation, V
in the material shows mostly the 5+ oxidation state at an
energy of 518.7 eV along with a small amount in the 4+
oxidation state at 516.8 eV.**° However, after the polypyrrole
intercalation: (1) the relative ratio of V*/V>* increases,
indicating that the vanadium-ions exist in a mixed oxidation
state of V*/5*, The existence of mixed oxidation state of V was
also confirmed by V K-edge XANES spectra which showed
that the average oxidation state of V lies between 4+ and S+(
Figure SS). (2) Both the peaks shift to lower binding energies
with the host intercalation by polypyrrole, a phenomenon
which has also been observed during layered VOPO, host
intercalation by other carbon materials.*®

The mixed valency of the V-ion center enhances the
electronic conductivity of the PPy-VOPO, host structure when
compared to VOPO,2H,0 (Figure S6)***” because the
electron charge cloud can be delocalized between adjacent V-
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ions when present in the mixed oxidation state.”®*” Intercalant
polypyrrole also improves the electronic conductivity as it is
partially present in its oxidized state when intercalated between
VOPO, layers.”"**> Due to the improved electronic con-
ductivity, the semicircle in the EIS spectra, which Kundu et al.
ascribed to the charge—transfer resistance at the electrode—
electrolyte interface,”" is smaller for PPy-VOPO, as compared
to VOPO,-2H,0 (Figure 2a and Figure S7).

Additionally, polypyrrole intercalation between the VOPO,
layers benefits the structural integrity as it acts as a better
pillaring unit when compared to water. For VOPO,-2H,0, a
drastic capacity fading is observed during charge/discharge
(Figure 2b and Figure S8). Ex-situ XRD (Figure S8c) for the
cycled electrodes revealed that the interplanar spacing between
the VOPO, layers reduce over repeated cycling, which can be
ascribed to the loss of the hydrogen-bonded water molecules
from the host structure.””**> On the other hand, the capacity
retention showed a drastic improvement in the case of PPy-
VOPO, (from 25% to 90% in 30 cycles, Figure 2b and Figure
S9). A similar improvement in the capacity retention was also
observed when Wei et al. preintercalated some char(ged cations
between the layered structure of vanadium oxide.”” Wei et al.
explained that the intercalating species holds the layered
structure intact and reduces the structural distortion in the
host structure during repeated (de)intercalation.

While our aim was to use a water-solvent based electrolyte
for testing the PPy-VOPO, as the RZIB cathode material, a
purely aqueous electrolyte could not be used as the PPy-
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Figure 3. (a) Cyclic voltammetry for PPy-VOPO, RZIB in 1 M Zn(CF;S0;),/acetonitrile electrolyte with 10 vol % water; each pair of peaks is
marked with a dashed line and assigned a numerical identifier. (b) Battery cycling performance at 0.1 A g™" and (c) rate capability for PPy-VOPO,
RZIB in 1 M Zn(CF;S05),/acetonitrile electrolyte with 10 vol % water.

VOPO, material slowly dissolves in water (Figure S10).
Therefore, an acetonitrile solvent-based electrolyte was used.
However, without any addition of water in the acetonitrile-
based electrolyte, the battery could show hardly any capacity
(Figure 2c). On adding small amounts of water to the
electrolyte, we see an improvement in the capacities. A similar
trend in the capacity improvement was also observed for the
case of VOPO,2H,0 (Figure S11b).

To investigate why the addition of water in the electrolyte
increases the capacity, we measured the EIS impedance
spectrum for the VOPO,-based battery system with varying
water amounts (Figure 2d). We observed a reduction in the
semicircle diameter on increasing the water concentration in
the electrolyte. Kundu et al. had previously ascribed the
semicircle to the charge-transfer impedance at the electrode—
electrolyte interface, specifically to the energy penalties
involved in desolvating Zn>* from its solvation shell during
Zn** charge transfer at either the cathode or the anode.”
Studies have found that the energy penalty to desolvate a
multivalent-ion is much lower in water when compared to
solvents like acetonitrile or propylene carbonate.”**' This is
also evident in the broadening of the CV peaks in the system
without any added water in the electrolyte and indicates
sluggish kinetics (Figure S12).*” Similar to the PPy-VOPO,
system, we find the same trend of broadened CV peaks and
reduced capacities in a water-free electrolyte for VOPO,:
2H,0, again indicating poor kinetics (Figure S11).
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While adding a small amount of water in the electrolyte is
beneficial, increasing the water amounts beyond 10 vol % is
detrimental. Adding a higher water amount leads to a marginal
increase in the capacity but deteriorates the capacity retention
due to the PPy-VOPO, material dissolution in the water
(Figure S13). Therefore, a trade-off exists between (1)
increasing the water content in the electrolyte to reduce zinc
cation desolvation energies at the electrolyte—electrode
interface and (2) decreasing the electrolyte water content to
limit the cathode material dissolution. Based on the capacities
and cycling performance of the Zn/PPy-VOPO, system with
different electrolytes, we find the electrolyte with 10 vol %
water to be the optimum and investigate this system in detail.

The cyclic voltammogram (Figure 3a) for PPy-VOPO, in 10
vol % water electrolyte shows three pairs of oxidation—
reduction peaks. A similar CV profile with multiple peaks was
also observed for VOPO,-based cathode for Li, Mg, and K
systems,””**** and the appearance of multiple peaks was
attributed to the guest cation insertion in multiple stages.*” We
also note that the polypyrrole itself, when used as a cathode
material, does not give any redox peak in CV (Figure S14a).

The Galvanostatic charge—discharge (GCD) test at a high
current rate of 0.1 A g~' shows a good cycling stability up to
350 cycles (Figure 3b). We report an unprecedented
operational lifetime of 455 h, surpassing the other reported
works on VOPO,-based ZIAB (Table S3), indicating that the
cathode material dissolution over an extended period of time is
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Figure 4. (a) Ex situ XRD of PPy-VOPO, cathode showing shifts in the (00]) type planes at various stages of charging. XPS spectra for (b) Zn 2p
peaks and (c) V 2p;, during different states of charging. (d) Schematic depicting overall mechanism of zinc (de)intercalation into the PPy-VOPO,

host structure. Green spheres indicate Zn*" ions.

much lower in our system. We note that the capacity values
decrease initially in the first few cycles and then subsequently
increase, similar to other reported works.”>*** The initial
capacity drop has been attributed to the fact that during the
discharging step, some Zn®** ions intercalated in the host
structure remain in the host structure as “dead Zn?" sites” and
cannot be fully extracted during the charging step. The
subsequent capacity rise has been ascribed to the gradual
activation of the electrodes by other reports on RZIB.*"*®
Notably, the capacity rise during the gradual activation regime
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was significant (%~ 50%) and lasted for nearly 200 cycles. This
slow and long activation has also previously been observed in
the Zn(CF;S0,),/acetonitrile electrolyte systems and was
attributed to both sluggish kinetics in the electrolyte and a
decrease in charge transfer impedance at the zinc anode via
progressive electrochemical polishing.”* The rate performance
of the battery (Figure 3c) demonstrates that the maximum
discharge capacities achieved at a current rate of 25, 50, 100,
200, 500 mA/g are 86, 76, 65, 57, and 43 mAh/g, respectively.
When the current is returned to the rate of 25 mA/g, the
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battery could still achieve a discharge capacity of 78 mA/g,
which is 90.6% of the initial capacity. We also note that the
polypyrrole shows a very limited capacity contribution (Figure
S14b).

To gain insights into the host material intercalation
behavior, we take ex situ XRD of the cathode material in the
charged and discharged states of the fifth cycle (Figure 4a). We
note that the X-ray diffraction patterns of the electrodes show a
preferential orientation along the (00!) type planes which can
be ascribed to the PPy-VOPO, sheets orienting parallel to the
electrode surface after electrode fabrication. As shown in
Figure 4a, the shifts in the (001) and (002) planes to higher 26
angles in the discharged sample indicate an interlayer
contraction as compared to the pristine sample. The interlayer
layer spacing, as estimated using the (001) plane, shrinks from
6.72 to 6.39 A. This contraction in the interlayer spacing was
also observed when Zn®" is intercalated in other layered
materials.'*'”>> The reason was ascribed to the electrostatic
attraction between the guest Zn** cation and the host material
layers, pulling the layers close to each other. When the cathode
material is charged, the (001) and (002) planes again shift to
lower 26 angles and closely resemble the diffractogram of the
pristine sample. We note that even after a charging/discharging
of 100 cycles, the host structure can retain its layered structure
(Figure S15). The (001) interplanar spacing is 6.14 A in the
100th discharged state which implies that the host structure is
still electrochemically active and intercalates Zn-ions. This
interplanar spacing is slightly lower than the 6.39 A spacing
observed for the fifth discharge cycle suggesting more zinc
cations are stored in the host and is consistent with an increase
in the capacity observed in the later cycles after the initial
electrochemical activation (Figure S13).

XPS further supports the zinc intercalation phenomena into
the host structure. The Zn 2p XPS spectra in the pristine,
charged, and discharged states of the cathode material are
shown in Figure 4b. While no zinc is present in the pristine
electrode, Zn 2p;/, (1022.07 V) and Zn 2p,/, (1045.27 eV)
peaks appear in the discharged state, indicating the presence of
Zn** species. Further, when the electrode is charged, the zinc
peak intensites reduce, indicating that most of the zinc cations
have been extracted out of the cathode material. However, we
also note that some residual amount of Zn®* species still
remains inside the host structure after charging, even when the
interlayer spacing is observed to be restored from the XRD
results. This observation is consistent with the studies made by
Kundu et al. where the authors observed that a small quantity
of Zn** ions are trapped in the host vanadium oxide structure
in the first cycle, and thereafter the slightly modified host
structure shows a reversible Zn?* (de)intercalation.”*

Vanadium XPS spectra provides further evidence of the zinc
(de)intercalation inside the host (Figure 4c). The pristine
electrode showed two peaks present in the sample at the
binding energy values of 517.8 and 516.3 eV. When the
electrode was discharged, both the peaks showed a red shift to
the values of 517.1 and 516.0 eV, respectively, indicating a
reduction of the vanadium-ion centers during Zn>' inter-
calation. When the electrode was charged, both the peaks are
blue-shifted from the discharged electrode values to the final
values of 517.5 and 516.3 eV, respectively. However, we note
that the final peak position of the V** model peak in the
charged state was slightly red-shifted compared to the pristine
sample, indicating that not all the vanadium-ion centers were
oxidized back during the charging process. This can be
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ascribed to the fact that some Zn**-ions remain trapped in the
host structure after charging; therefore, the vanadium-ion
environment is modified in the charged electrode as compared
to the pristine electrode.

Therefore, based on the structural characterization studies,
we can deduce the following mechanism (Figure 4d). During
discharging, the vanadium-ion centers reduce as zinc cations
intercalate into the host structure. The intercalated zinc cations
pull the VOPO, layers close to each other via the electrostatic
attractive forces. During charging, the vanadium-ion centers
oxidize again as the zinc cations are deintercalated from the
host structure, and the VOPO, layers restore their original
separation. However, few zinc cations remain trapped inside
the host structure and thus the vanadium-ion environment
cannot fully revert to the original state.

B CONCLUSIONS

In conclusion, we demonstrate that PPy-VOPO, can deliver a
high average discharge voltage of 1.1 V vs Zn*"/Zn as a RZIB
cathode. From the host material’s perspective, a high interlayer
spacing between the VOPO, layers made Zn®' cation
(de)intercalation feasible. However, only after the polypyrrole
intercalation between the VOPO, layers, a high structural
stability was achieved and the battery could perform reversibly
up to 350 cycles. From the electrolyte perspective, we observed
that contrary to the popular belief, an aqueous electrolyte
might not always be better than a nonaqueous electrolyte as it
might lead to problems like the electrode material dissolution.
On the other hand, a nonaqueous electrolyte might not also be
the best choice due to poor kinetics, and the choice of the
electrolyte is subjective to the electrode material. These
findings will help us in designing better cathode and electrolyte
materials not only for zinc-ions but in general for all
multivalent-ions.
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