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Unconventional Charge Compensation Mechanism for Proton
Insertion in Aqueous Zn-lon Batteries

Jiwei Wang,? Heran Huang, Linna Qiao,” Haonan Wang,® Krystal Lee,? Guangwen Zhou,>¢ Hao Liu*°*

Aqueous Zn-ion batteries have been proposed as safe and economical options for large-scale energy storage. In theory, they
operate by reversibly shuttling zinc ions between a metallic zinc anode and a cathode material for Zn?* ion intercalation
through an aqueous electrolyte of a zinc salt solution. In practice, protons (H*) in the aqueous electrolyte can compete with
and even predominate Zn?* in the intercalation reaction. A diagnostic consequence of H*, as opposed to Zn?*, insertion is the
precipitation of layered double hydroxide (LDH) crystals, which can be readily identified by electron microscopy and X-ray
diffraction measurements. Absence of LDH formation has been perceived as evidence for Zn? insertion. Using a combination
of X-ray diffraction, electron microscopy, X-ray photoelectron spectroscopy, we reveal a different charge compensation
mechanism in a vanadyl phosphate electrode, where H* insertion predominates in an aqueous Zn(CF3S0s); electrolyte. The
H* insertion induces a conformal deposition of an amorphous ZnO layer on the electrode particle, which cannot be captured
by scanning electron microscopy or X-ray diffraction. Our work underlines the complexity of the charge compensation
mechanism in aqueous Zn-ion batteries, which is relevant to other multivalent systems.

1. Introduction

In the pursuit of sustainable energy solutions, aqueous Zn-ion
batteries (AZIBs) have emerged as promising candidates due to
their high safety, low cost, and abundance of zinc resources. 2
Despite these inherent advantages, AZIBs face a formidable
challenge — the scarcity of robust cathode materials. Several
manganese- and vanadium-based intercalation compounds
have been proposed as cathode materials for AZIBs with
promising electrochemical performance.3-> However, ambiguity
surrounds the charge storage mechanism regarding whether
the reaction involves reversible ZnZ* intercalation. In particular,
H* in the aqueous electrolyte presents a competing, if not the
dominant, species for the intercalation reaction. For example, a
recent electron microscopic study shows H* as the predominant
intercalating ion for a-MnO, in an aqueous Zn electrolyte.® This
undesired H* (co)insertion typically induces the precipitation of
the layered double hydroxide (LDH) due to changes in the local
pH of the electrolyte.”- 8 Thus, the formation of the LDH during
the cycling of AZIBs is considered evidence for proton
(co)insertion. Interestingly, LDH is typically observed in the
cycling of oxide-based materials but not sulfides, suggesting
favorable Zn2* intercalation in non-oxide cathodes.” Engineering
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the aqueous Zn electrolyte also suppresses the LDH formation®
10 and offers a possible pathway to promote Zn2* insertion.
Notwithstanding the progress with the understanding of the
charge storage mechanism in AZIBs, direct structural evidence
for Zn-ion intercalation remains elusive. Given its high atomic
number, the intercalated Zn ions should be readily captured in
the real space by imaging techniques (e.g., high-resolution
transmission electron microscopy) or in the reciprocal space by
scattering techniques (e.g., X-ray diffraction). Yet, most studies
only report changes in the lattice parameters or elemental
mapping of Zn without explicit determination of the position
and occupation of the intercalation site for Zn2* ions. To the best
of our knowledge, the Zn-intercalated crystal structure has only
been reported for a handful of vanadium phosphate-based
cathode materials through the Rietveld analysis.® 1112 The lack
of direct structural evidence brings into question the use of
indirect methods (e.g., observation of LDH formation) for
validating Zn ion intercalation and undermines the
understanding of the complex charge storage mechanism in
AZIBs. Therefore, it is imperative to use direct structural probes
to interrogate the intercalated electrodes in AZIBs.

Among various cathode materials, vanadium-based compounds
(vanadium-based oxides and phosphates) have attracted much
interest owing to their exceptional electrochemical properties,
such as high theoretical capacity and high operating voltage.13
While proton (co)insertion is a common occurrence in
vanadium oxide and VPO4F cathodes,4 15 |ittle is known about
the actual charge storage mechanism in VOPO, cathodes, which
have demonstrated promising electrochemical performance for
its various polymorphs.16-19 Specifically, the oversight of the
structural analysis of the intercalated phase raises doubt on the
veracity of Zn ion intercalation in VOPO,.



Here, we employed &-VOPO, as a model compound to
investigate the intercalation mechanism in an aqueous
Zn(CF3S0s), electrolyte. Structural analysis of the operando
synchrotron X-ray diffraction (XRD) and high-resolution XRD
results unequivocally show the absence of Zn in the intercalated
phase, which exclusively contains proton. Remarkably, the
predominant proton insertion does not induce the precipitation
of any LDH phase. Instead, a thin Zn-based layer on the e-VOPO,
particle surface is revealed by transmission electron microscopy
(TEM). This work uncovers a new charge compensation
mechanism for proton insertion and underlines structural
analysis in revealing complex reaction mechanisms in AZIBs.

2. Results and discussion
2.1 Characterization of as-synthesized e-VOPO,

All diffraction peaks of the as-synthesized e-VOPO, sample can
be indexed to Space Group Cc adopted by the &-VOPO,
polymorph (Figure 1A)2°, whose crystal structure is shown in
Figure 1B. The refined unit cell parameters are a = 7.2656(6) A,
b =6.88178(1) &, c = 7.2611(6) A, and 6 = 115.3400(1)", which
are in good agreement with the previously reported values.?!
The &-VOPO, particles exhibit a cuboid morphology with
primary particle sizes in the range of 100 to 200 nm (Figure S1),
consistent with the morphology reported by Chen et al. using
the same synthesis method.22 STEM EDS elemental mapping
demonstrates the uniform distribution of V, P, and O elements
throughout a single VOPO, particle (Figure 1C).
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Figure 1. (A) XRD pattern with Rietveld refinement; (B) structure model of e-VOPO,
projected in b-c plane; and (C) HAADF image of an as-synthesized e-VOPO, particle along
with the elemental mapping of V (red), P (blue), and O (green).

2.2 Electrochemical performance of e-VOPO,

Galvanostatic charge-discharge was performed to investigate
the intercalation chemistry of as-synthesized &-VOPO, in
aqueous Zn ion electrolytes. Swagelok-type cells were
employed for the measurement with a zinc foil as the anode and
a 3M Zn(CF3S03), aqueous solution as the electrolyte. Figure 2A
displays the initial galvanostatic discharge and charge profile of
the e-VOPO,4 cathode cycled at a current rate of C/50 (3.3 mA/g).
The discharge process shows two distinct voltage plateaus at
1.4V and 1.25V, which are apparent as peaks in the differential
capacity plot in Figure 2B. The discharge capacity is 119 mAh/g,
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corresponding to the transfer of 0.72 electrons per formula unit
(f.u.) of VOPO,4. This discharge capacity is comparable with
previously reported values for vanadium phosphate-based type
cathodes (Lin(PO4)3, 6-VOPO4, Na3V2(PO4)3) in AZIBs.11, 16,23, 24
The charge process also exhibits two voltage plateaus at 1.4 V
and 1.55 V, mirroring the discharge process. This suggests a
reversible reaction during discharge and charge. The
appearance of two distinct voltage plateaus seems to imply the
presence of multiple phase transitions or reaction mechanisms.
For example, the two distinct voltage plateaus observed for
VPO4F in AZIBs have been attributed to the sequential Zn ion
and proton intercalation.® However, only a single phase
transition is identified during the discharge process through
structural characterization, which is described in the next
section. The voltage profile changes into a sloping curve with
increasing cycle number (Figure S2), which suggests the
instability of e-VOPO,4in aqueous environments (Figure S3).

2.3 Reaction mechanism during the first cycle
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Figure 2. (A) Voltage profile of the galvanostatic cycling of the e-VOPO,

cathode cycled at C/50 between 0.6 V and 1.7V, and (B) the corresponding

differential capacity (dQ/dV) curve highlighting the voltage plateaus.
To elucidate the structural evolution of &-VOPO,; during
discharge and charge in the first cycle, ex situ XRD was
measured for the pristine electrode, the electrode discharged
to 0.6 V, and the electrode charged to 1.7 V following an initial
discharge to 0.6 V (Figure 3A). For the electrode discharged to
0.6 V, a set of new Bragg peaks emerges together with
significant intensity variations for peaks assigned to &-VOPO,
(indicated by asterisks in Figure 3A), which indicates substantial
structural changes of the e-VOPQ4 phase as a result of this initial
discharge reaction. The preservation of sharp Bragg peaks
during the first discharge suggests a topotactical structural
evolution, which is characteristic of the intercalation reaction,
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as opposed to the conversion reaction that typically results in
the loss of sharp Bragg peaks. Upon charging back to 1.7 V, the
electrode shows an XRD pattern similar to the pristine
electrode, indicating a reversible reaction in the first cycle.
Complementary XAS measurement was performed for the
pristine, discharged, and charged electrodes to track changes of
the V oxidation state during the first cycle (Figure 3B). The
pristine electrode shows a main edge at 5488.2 eV and a pre-
edge peak at 5470.7 eV, which agrees well with the K-edge
spectra for VOPQ,4.25 26 The pre-edge corresponds to the
transition from 1s to 3d unoccupied orbitals and is sensitive to
the local electronic structure around the absorbing atom.2” For
the electrode discharged to 0.6 V, the main edge shifted toward
a lower energy, accompanied by the appearance of a pre-edge
peak characteristic of V4* at 5469.3 eV. This demonstrates the
reduction of V>* to V4 during the first discharge. When the
electrode charges back to 1.7 V, the main edge shifts back to its
original position as observed for VOPO,4, which corresponds to
the oxidation of V4 back to V>*. This XAS result shows the
reversible redox of V5*/V4* during the first discharge and charge
cycle, consistent with the reversible structural changes
observed in the ex situ XRD result.

To unravel the reaction mechanism during the first cycle, we
analyzed the crystal structure of the electrode discharged to 0.6
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Figure 3. (A) Ex situ X-ray diffraction patterns and(B) V K-edge X-ray absorption
near edge structure (XANES) spectra measured for the pristine electrode, the
electrode at the end of first discharge at 0.6 V (Dis 0.6 V), and the electrode at
the end of first charge at 1.7 V following an initial discharge to 0.6 V (Ch 1.7 V).
Asterisks indicate Bragg peaks not observed in the e-VOPO4 phase or those
whose intensity varies significantly from the pristine e-VOPO4. XANES spectra
for VOPO4, LiVOPO4, and Li2VOPO4 are included as references for V5+, V4+,
and V3+, respectively.

V. Following an initial failed attempt to index all Bragg peaks
observed for the electrode discharged to 0.6 V with a single
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phase, we fitted the XRD pattern with an e-VOPO4 phase and
individual peaks assigned to an unidentified phase to model the
XRD pattern as a two-phase mixture. Indexing only the peaks
assigned to the unidentified phase successfully yielded a unit
cell in Space Group (S.G.) Cc, which is also adopted by e-VOPO,.
The unit cell volume (335.14 + 0.01 A3) of the newly indexed
phase is only 1.8 % larger than e-VOPO, (328.88 A3),2! which
suggests a topotactic transformation between e-VOPQO,4 and this
new phase, likely induced by ion intercalation. Hence, Rietveld
refinement was attempted to determine the structure of this
intercalated phase using the structure parameters of e-VOPQO,42!
as the initial structure model. The refinement resulted in a
satisfactory fitting profile (Figure 4A) and a reasonably refined
structure model (Table S1) even without considering any
intercalated species. The average V-O bond length in the new
phase is significantly longer than in e-VOPQ,, which is consistent
with the reduction of V>*. The refined molar phase fraction of
the intercalated phase is 63.0 £+ 0.2 %, which is in good
agreement with the fraction of V4* species estimated from the
discharge capacity of this electrode (Figure S4). This suggests
that Vin the intercalated phase assumes +4 oxidation state. The
refined cell volume and the average V-O bond length are
intermediate between VOPO4 and H,VOPO,428 (Figure 4B), which
is consistent with the assignment of +4 for V in the intercalated
phase. The failure to observe any intercalated species through
XRD indicates proton, not ZnZ*, insertion as the charge
compensation mechanism for the observed reduction of V ions
during discharge. While it is impossible to refine the position
and occupancy of protons against XRD data, charge balance
assuming V4* suggests a chemical formula of HVYOPO, for the
intercalated phase. Hereafter, HVYOPOQO, is used to denote the
intercalated phase.
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Figure 4. (A) Fitting profile for the Rietveld refinement of the HYOPO4 phase
against the high-resolution synchrotron XRD pattern. (B) Refined unit cell
volume and the average V-O bond length for VOPO4, HxVOPO4, and
H2VOPO4. Data for H2VOPO4 are obtained from reference 28.
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Synchrotron operando XRD was performed to interrogate the
nature of the intercalation reaction during the first discharge
(Figure 5). Upon discharge, Bragg peaks corresponding to
VOPQO, decrease in intensity concomitant with the emergence
of a new set of peaks assigned to HVOPO, (Figure 5A). No peaks
corresponding to LDH are observed at low angles, which is
consistent with the ex situ XRD result in Figure 3A. Rietveld
refinement was performed to obtain the unit cell volume
(Figure 5B) and the scale factor (Figure 5C) of both the VOPO,
and HVOPO, phases. The unit cell volume of VOPO, increases
only from 328.32(8) A3 at the beginning of discharge to
328.97(23) A3at the end of discharge, while the unit cell volume
of HVOPO, approaches 335.5(8) A3 at the end discharge.
Notably, the unit cell volume of VOPO, increases rapidly in the
first 1.6 h of discharge, corresponding to the first voltage step
at 1.4V, but slowly afterward (Figure S5). Interestingly, this kink
in the change of the unit cell volume coincides with the
inception of the protonated HVOPO, phase (Figure S5).
Therefore, the first voltage step at 1.4 V on discharge is a
pseudo voltage plateau and corresponds to a single-phase
reaction, where proton insertion leads to the HsVOPO,4 (6 << 1)
solid solution. After 1.6 h, the scale factor for VOPQO4, which is
proportional to its phase fraction, decreases linearly with the
linear increase of the scale factor for HYOPO,. Therefore the
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Figure 5. (A) Operando XRD patterns collected during the discharge of an e-VOPO,
cathode in an aqueous Zn ion electrolyte. Arrows indicate the positions of strong
HVOPO, peaks. Refined (B) unit cell volume and (C) scale factor for both the VOPO,
and HVOPO, phases.
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second discharge plateau at 1.25 V corresponds to a true two-
phase reaction between HsVOPO, and HVOPO,.

Figure 6. (A) STEM HAADF image and EDS elemental mapping of (B) O, (C) P, (D) V, (E)
Zn and (F) combination of various elements measured for an e-VOPOQ, particle in an
electrode discharged to 0.6 V. The scale bar corresponds to 70 nm.

2.4 Fate of Zn during proton intercalation

Precipitation of Zn-based layered double hydroxide (LDH) has
been recognized as the diagnostic feature of proton
intercalation in AZIB due to changes in the local pH near the
electrolyte.” & 11 However, the intense Bragg peaks
characteristic of the crystalline LDH precipitates are not
observed in either the ex situ high-resolution XRD or the
operando XRD (Figure S6) despite the mounting evidence for
proton insertion. Examination of the discharged electrode by
scanning electron microscopy finds no significant changes in the
morphology of the electrode after discharge (Figure S7).
However, elemental analysis by ICP and EDS reveals a reversible
change in the Zn composition after discharge and charge (Table
1). The e-VOPO, electrode discharged to 0.6 V shows a Zn to P
ratio of 0.42 and 0.54 by ICP and EDS analysis, respectively. In
comparison, the discharge capacity is equivalent to the charge
carried by only 0.31 Zn per f.u. of VOPO4. Once the electrode is
charged back to 1.7 V, effectively no Zn is observed by either ICP
or EDS. Hence, the formation of the Zn-containing byproduct is
reversible.

Table 1. Zn to P ratio measured by ICP and EDS for the electrode discharged to 0.6 V and
the electrode charged to 1.7 V following a first discharge to 0.6 V.

Discharged Charged
Electrochemistry | 0.31 0.02
ICP 0.42 0.03
EDS 0.54 0.04

To elucidate the morphology and distribution of this Zn-
containing species, TEM-EDS mapping was conducted for the &-
VOPO, electrode discharged to 0.6 V. The elemental mapping of
a discharged e-VOPO, particle (Figure 6) shows an accumulation
of Zn on the VOPO, particle surface. Similar Zn accumulation on
the particle periphery is observed for two other particles (Figure
S8).

Surface-sensitive X-ray photoelectron spectroscopy (XPS)
measurement was conducted for the pristine and the cycled
electrodes to interrogate the nature of the surface Zn-
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containing species. The discharged electrode shows a
prominent Zn 2p peak with an asymmetric shape that can be
deconvoluted into two peaks (Figure 7A). This Zn 2p signal is
attributed to the Zn formed on the particle surface as observed
in the TEM (Figure 6C). Assignment of the Zn peaks based only
on their binding energy is challenging since many surface Zn
species reported for AZIBs give rise to peaks around 1022 eV
(Tables S2).8 10. 29,30 However, the absence of any S species in
the XPS survey scan (Figure S9) rules out Zn LDH or Zn(CF3SO3)2
as the surface Zn species. The more intense peak at 1020.8 eV
disappears upon charge and is attributed to the reversible Zn-
containing species formed on the VOPO, particle surface.
Concurrent with the emergence of the Zn 2p peak, the O 1s
spectrum (Figure 7B) for the discharged electrode deviates
substantially from that observed for the pristine VOPO4: the O
1s peak broadens and shifts to a lower binding energy
compared to the pristine electrode. Since the O 1s spectrum for
e-VOPO, is expected to remain almost invariant regardless of
the V oxidation state,3! this change in the O 1s signal can only
be explained by the surface Zn species. The shift to a lower
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Figure 7. (A) Zn 2p, (B) O 1s and V 2p and (C) C 1s XPS core levels obtained for the
pristine VOPQ, electrode (black), VOPO, electrode discharged to 0.6 V (red), and
VOPO, electrode charged to 1.7 V following an initial discharge to 0.6 V (blue). The
dashed grey lines indicate the peak deconvolution fitting profiles.
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binding energy is ascribed to the formation of ZnO (Figure S10),
which has been reported to show an O 1s binding energy of 530
eV32 and is consistent with the Zn 2ps;; peak at 1020.8 eV.
Discharging to 0.6 V also results in the appearance of a new C 1s
peak at 282.5 eV (Figure 7C). Such a low binding energy peak
has been reported for a zinc halide/graphite composite
electrode33? and assigned to the zinc carbide C-Zn-C bond.34 This
indicates the formation of zinc carbide species in addition to
oxides during the discharge process. Some ZnO likely deposits
on the carbon surface, which results in the formation of Zn-C
bond at the ZnO/carbon interface. Nevertheless, the exact
mechanism for the zinc carbide bond formation requires further
investigation and is beyond the scope of the present work.
Following charging, the O 1s spectrum recovers the original
shape as observed for the pristine VOPO, electrode concurrent
with the disappearance of the Zn 2ps/; peak at ~1020.8 eV and
the C 1s peak at 282.5 eV. This observation is consistent with
the loss of surface Zn species in the charged electrode.

Given the universal observation of LDH precipitates for proton
intercalation in electrodes cycled in aqueous Zn(CF3SOs);
electrolyte,® 11 the formation of the ZnO coating layer presents
a different reaction pathway for buffering the pH change
induced by proton intercalation. The Zn-based LDH typically
precipitates as isolated crystals, whereas the ZnO byproduct
presents as a conformal layer that wraps around the VOPO,
particles. This morphological difference suggests predominant
heterogeneous nucleation for ZnO formation on &-VOPO,
particles and homogeneous nucleation for LDH in other
reported electrodes. The e-VOPO, surface could significantly
lower the heterogeneous nucleation barrier for ZnO, which
becomes energetically more favorable than the homogeneous
nucleation of LDH.

3. Conclusions

This work reveals proton intercalation coupled with the V5*/Vv4*
redox as the prevailing charge storage mechanism for the e-
VOPO, electrode cycled in an AZIB. To buffer the local pH
change induced by this proton intercalation, an amorphous
conformal ZnO layer is formed on the e-VOPO, particle surface,
which deviates from the established buffering mechanism
through LDH formation. Such a departure highlights the
important role of the electrode surface in altering the reaction
pathway and byproduct to buffer the local pH change.
Multimodal structural characterization is necessary to elucidate
the actual reaction mechanism in future AZIBs research.

4. Experimental section
4.1 Synthesis of e-VOPO,

e-VOPO; was synthesized through the calcination of the
monoclinic H,VOPO, precursor as reported by Song et al.35In a
typical synthesis, 3.50 g VClz (Sigma-Aldrich, 97%) and 1.76 g
P,0s (Sigma-Aldrich, = 98%) were dissolved in 60 mL 190 proof
ethanol (Pharmco-AAPER). The solution was then transferred
into a 125 mL Teflon sleeve in a Parr reactor and heated at 180

J. Name., 2013, 00, 1-3 | 5



°C for 72 hours. The hydrothermal product was collected by
centrifugation and washed with anhydrous ethanol three times.
Subsequently, e-VOPO,4 was obtained by annealing the H,VOPO,
precursor at 550 °C for 3 hours under flowing O, in a tube
furnace. XRD measurement was conducted with a Bruker D8
diffractometer with Mo Ka radiation in the Bragg-Brentano
geometry to verify the phase purity of the product.

4.2 Materials characterization

Scanning electron microscopy (SEM) images and energy-
dispersive X-ray spectroscopy (EDS) were acquired with a Zesis
FE-SEM Supra-55 VP scanning electron microscope.

X-ray photoelectron spectroscopy (XPS) with Al Ka X-ray
radiation was used to reveal the surface chemical compositions
and oxidation states of the elements in the electrodes at
different states of charge.

Scanning transmission electron microscopy: High-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) imaging was performed using the FElI Talos F200X
operating at 200 kV. The microscope is equipped with a four-
quadrant EDS detector for elemental mapping.

High resolution synchrotron X-ray diffraction: The discharged
electrode was sealed in a Kapton capillary for the high-
resolution XRD at beamline 11-BM at the Advanced Photon
Source (APS), Argonne National Laboratory, with a wavelength
of 0.458149 A. TOPAS Academic v6 was used for the structural
analysis.36

X-ray absorption spectroscopy: Ex situ V K-edge and Zn K-edge
X-ray absorption (XAS) spectra were obtained at beamline 20-
BM at APS through a mail-in program. The beamline was
operated with a Si (111) double-crystal monochromator. The
data were collected in transmission mode and normalized using
the Athena software.3”

4.3 Electrochemical testing

Electrochemical properties of the e-VOPO,4 were analyzed using
pellet electrodes. The pellet electrodes were prepared by
compressing a premixed &-VOPO,4 acetylene black, and
polyvinylidene fluoride (PVDF) powder in a weight ratio of 6:2:2
with a hydraulic press. Swagelok-type cells were assembled in
air with the &-VOPO, pellet as the cathode, Zn metal as the
anode, and glass fiber as the separator. 3M Zn(CF3SOs),
dissolved in water was used as the electrolyte. All tests were
conducted using a Bio-logic BCS 805 or a LAND battery cycler.

4.4 Synchrotron operando XRD measurement

Operando X-ray diffraction was conducted at beamline 17-BM
at the APS with a wavelength of 0.24114 A. Pellet electrode
consisting of 60wt% &-VOPO,, 20wt% acetylene black, and
20wt% PVDF was assembled in the AMPIX cell3® with Zn metal
as the anode, glass fiber as the separator, and 3M Zn(CFsS0s);
in water as the electrolyte. Diffraction measurements were
conducted in the transmission geometry with an area detector.
The diffraction pattern was measured every 12.6 min while the
cell was cycled at C/25 (1 C = 165 mAh/g) at room temperature.
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