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ABSTRACT

For a sustainable future in the energy storage technology, alternative battery chemistries. such as
those based on the insertion chemistry of multivalent (MV) ions (i.e., Mg-, Zn-, Ca-, and Al-ion)
have received a significant interest over the years. For their future development, a clear
understanding of the underlying chemistry is absolutely critical. This Perspective highlights the
propensity of the transition in the charge-carrier ion species from MV ions to protons in a MV-
ion system, especially when water is incorporated into the electrolyte either as a solvent or an
additive, directly contradicting the commonly held belief that water improves MV-ion mobility.
Recent literature demonstrating this phenomenon is introduced, emphasizing the critical need to
employ appropriate analytical techniques to unequivocally determine the nature of charge-carrier

ions in MV systems.
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An increasing concern on the global environment and energy sustainability is driving research
and development on clean energy storage technologies. Currently, lithium-ion batteries (LIBs)—
which operate on the reversible insertion of Li ions into an oxide cathode and a graphite anode —
are the most prominent candidate, being commercially used in numerous portable electronic
devices and electric vehicles (EVs).! It is expected that the number of LIBs used will skyrocket
as the EV market grows and the utility industry begins to adopt LIBs. Due to this, there is a
growing concern on the availability of Li, which would impact the sustainability and cost of
LIBs.? Hence, other insertion-based battery chemistries that utilize cheaper and earth-abundant
elements are sought after as “beyond Li-ion” technologies. Among those, multivalent-ion
batteries (MIBs) such as Mg-, Zn-, Ca-, and Al-ion batteries have gained significant attention in
recent years.’?

There are still numerous challenges that must be overcome for MIBs to even be considered as
a practical replacement to LIBs. One major problem is the sluggish diffusion kinetics of MV ions
in solid-state insertion hosts. Successful demonstrations of reversible Li-ion insertion into
various insertion-based solid-state hosts over the years has promoted the perception that similar
insertion behavior could be achieved with MV ions. This viewpoint was consolidated partly by
the realization of MV-ion insertion, including Mg ions, into exceptional solid-state hosts with a
chalcogenide-based framework, such as the Chevrel phase MosTs (T: S, Se).* For a given host
material, however, the diffusion of MV ions would be much slower than that of Li ions because
of the considerably stronger electrostatic interaction between the MV ions and the host, which
stems from the higher charge density on MV ions than on Li ions. Therefore, even under the
presence of a thermodynamic driving force for the MV-ion insertion, the sluggish diffusion

kinetics of MV ions in solid-state hosts translate into a lack of appreciable electrochemical



activity. Even in the MoS; cathode, an elevated temperature is required to completely extract the
inserted Mg ions after discharging the battery.*

Ever since the introduction of the Chevrel phase as a cathode host, much effort has been
devoted to investigating oxide-based cathode hosts to improve the energy density of MV-ion
batteries.> While such shift in the cathode material chemistry from sulfides to oxides would be
beneficial for increasing the operating potential, that would also aggravate the problem of
sluggish solid-state diffusion of MV ions in the cathode host due to the stronger electrostatic
interaction between the guest MV ions (hard Lewis acids) and the oxidic (hard Lewis-base) host.
The work from our group on the attempt to remove magnesium or zinc from their manganese
spinel oxides clearly demonstrate that Mg- or Zn-ions cannot be extracted from the oxide host
through chemical oxidation—mimicking the electrochemical charging behavior—due to the
strong electrostatic repulsion between the divalent working cations and the host cations in close-
packed oxides.” Out of the blue, however, the so-called rechargeable nonaqueous Zn-ion
batteries (ZIBs) with water as an electrolyte additive or even the aqueous analogues, with
numerous different oxide cathode hosts of various morphologies demonstrating superior
electrochemical performances—some cycling at a rate even higher than 10C—have been
reported.®? Although immensely puzzling, many of these reports to date have attributed the
observed electrochemical performance to the facile nature of Zn-ion diffusion in the solid-state
oxide cathode hosts under the presence of water in these ZIBs.

In contrast to the common notion that water improves the MV-ion mobility, however, an
increasing number of studies, including our own, have recently reported that the observed
promising electrochemical performance in aqueous Zn-ion systems is in fact mostly due to the

insertion of protons rather than MV ions into the cathode, making them technically a proton



hybrid battery.”!° Identification of the true charge-carrier ion species lies at the heart of the
energy storage systems operating based on insertion chemistry. While the insertion of Li- or Na-
ions is expected, respectively, in Li-ion and Na-ion batteries, this is not necessarily the case with
MIBs due to the possibility of side-reactions resulting in the introduction of protons into the
system. The misidentification of the charge-carrier ions imposes severe consequences on the
research and development in the MIB field. In particular, it can severely deter the research
efforts when cathode materials identified as a “reversible Zn-ion host” are extended to other MV-
ion systems with metals that are, unlike Zn, chemically incompatible with protons (i.e., Mg, Ca,
and Al). Moreover, for actual energy storage systems, such as aqueous “Zn-ion” batteries, further
improvements and optimization for successful commercialization would strictly depend on
acquiring a sound understanding of the underlying chemistry. Hence in this perspective, we aim
to establish the importance of assessing the electrochemistry of MV-ion systems by taking both
the thermodynamic and kinetic viewpoints into consideration and suggest necessary
characterization techniques that should be employed to unequivocally determine the charge-
carrier species. To do so, we go through the thermodynamic and kinetic viewpoints by
introducing and discussing relevant studies on Zn-ion systems. Then, we introduce studies
revealing the role of protons as charge carriers in other MV-ion systems by considering the
thermodynamic and kinetic aspects discussed in the Zn-ion systems. Before starting, some
physicochemical properties of the ions relevant to MV-ion insertion chemistries are summarized
in Table 1. Shannon radius of H* is of a particular importance as the negative value establishes a
self-consistent trend for all other ionic species in oxide-based solids and indicates the favorable

O—H semi-covalent interactions.



Table 1. Some physicochemical properties of the insertion cations commonly encountered in

MV-ion insertion electrodes

Cationic Species

H+ H3O+ Mg2+ Zn2+ Ca2+ A13+

Common coordination 12 Varies 16 46 6.7 8 46
number (C.N.) ’ ’ ’ T '

Shannon crystal radius -0.24 <138 0.71 0.74 1.14 0.53

(A) (CN. 1) ) (CN.4) (CN.4) (C.N.6) (C.N.4)
Charge density (e A'3)i N/A 0.091 1.334 1.178 0.322 4811
Standard reduction
potential, EY (V) 0.00 0.00 -2.37 -0.76 -2.87 -1.66
Theoretical specific 26536 1409 2205 820 1337 2980

capacity (mA h g)

1 The configuration is not well established. As an approximation, the kinetic radius of H,O can
be assumed (1.38 A), with the fact that H* coordination reduces the molar volume of H,O.!"
1 Obtained from the Shannon crystal radius.

Zn-ion systems. The concept of primary alkaline batteries consisting of a zinc anode, a high-
valence manganese oxide cathode (»»MnQ,), and a basic aqueous electrolyte preceded well
before the blooming of the rechargeable aqueous ZIBs research area. In these systems, the active
role of protons—supplied by the water solvent—as the charge-carrier ions is well established.!?
The only difference between the primary alkaline batteries and the rechargeable aqueous ZIBs is
the use of mild acidic electrolytes instead of a basic electrolyte. By shifting the pH to a lower
value, both water oxidation and the reversible Zn-electrode potentials are increased to allow the
ZIBs to be recharged while minimizing the problem of water oxidation. Hence, the active role of
protons as the charge-carrier ions is also strongly anticipated in the rechargeable aqueous ZIBs

with mildly acidic electrolytes. Thus, an unambiguous determination of the true charge-carrier



ions that compensate the electronic charge through bulk insertion requires the core reaction to be
examined from the thermodynamic and kinetic perspectives.

At the thermodynamic level, the insertion of Zn ions into a host would only be possible when
the reactions defined by Equation (1) give a net negative change in the Gibbs free energy (AG <
0):

Anode: x/2 Zn (s) — x/2 Zn*" + x e~

Cathode: Host + x e~ + x/2 Zn*" — Zny»Host (1)
Otherwise for Zn-ion insertion, the cathode potential has to be shifted below the reduction
potential of Zn>*/°, which is practically unachievable. Being a bulk property, a negative change in
AG should be accompanied by a change in the bulk concentration of the Zn in the host structure.
If this is believed to be the source of the observed electrochemical activity, the assessment of
bulk Zn-ion concentration within the cathode host should be meticulously probed with bulk-
specific characterization techniques. Often, multiple orthogonal analytical techniques should be
combined for a conclusive identification of the actual charge-carrier ion in MIBs. Among the
bulk-specific techniques, crystallography and X-ray diffraction (XRD) play a central role to
provide evidence for the bulk insertion of Zn ions. This is because diffraction-based techniques
offer not only compositional information via site occupancy, but also deliver rich data regarding
the chemical environment of the inserted Zn ions. These data can be further evaluated for
chemical reliability and examined with elemental analysis techniques mentioned below for
verification.

Despite this, crystallography is seldom employed to its fullest extent in the context of MV-ion
insertion chemistry. This is in part because the electrode materials used in ZIBs studied in situ or

ex situ with XRD are frequently loaded with only minimal amounts of samples (e.g., a few mg),



which are mixed with conductive and binder additives, and broadened peaks that could further
reduce the quality of the XRD pattern. Although changes in the lattice spacing of a host could be
observed through such measurements, that alone would not be sufficient to indicate the identity
of the inserted ion. In such situations, micro-diffraction based on selected area electron
diffraction (SAED) can play a pivotal role in the assessment of Zn-ion insertion. For example,
using SAED, Lee et al. discovered that discharging the Zn/a-MnO, system in an aqueous
electrolyte yields domains of the layered Zn-birnessite that is structurally similar to
chalcophanite ZnMn;O:3H,0, with Zn ions octahedrally coordinated with oxo and aqua ligands
(Figure 1a,b).”® This important observation is in line with the biphasic voltage-composition
profile frequently observed in the first cycle of the Zn/a-MnQO, systems, directly indicating that
water-shielded Zn-ion diffusion could indeed be a working mechanism in host materials with an
open framework structure, though it does not exclude the presence of protons as hydronium ions
(please note that more cationic species would be needed to balance for the Mn* charge in the

chalcophanite).
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Figure 1. (a) Crystal structures of a-MnQO, and chalcophanite ZnMn;0,3H,0, respectively,
before and after electrochemical discharge in an aqueous ZIB, (b) SAED pattern of the
chalcophanite ZnMn;0;-3H,0 along the [2-10] zone axis. Reproduced with permission from ref
13. Copyright 2014 Springer Nature, (c) crystal structures of the monoclinic V,(PO,); (left) and
7Zny56V,(PO,); (right), and (d) the difference Fourier map cross-section along [001] direction (z =
+ 7.62 A). Reproduced with permission from ref 14. Copyright 2019 The Royal Society of

Chemistry.

For probing the structural aspects of Zn-ion insertion in a cathode host with XRD, generally
larger quantities than those commonly employed in electrochemical cells would be needed.
Recently, we have developed an expedited MV-ion chemical insertion method based on
microwave irradiation to prepare gram-scale quantities of Zn-inserted V,(PO,);. Given the

covalent nature of the polyanionic host, crystallinity was maintained to a high degree, allowing



us to analyze the host structure for the inserted Zn ions.!* The results suggested that the Zn ion
occupies a tetrahedral site within the V,(PO,); host and induces a large lattice strain, leading to
an extensive cathode dissolution and premature capacity fade in a nonaqueous ZIB (Figure 1c,d).
In a strikingly opposite observation, the Zn/Li,V,(POy); system in an aqueous electrolyte is
shown to provide acceptable capacity retention and a stable performance of the cathode host,
indicating a fundamentally different insertion mechanism compared to the nonaqueous
electrolyte.!> Without a proper proof for Zn-ion insertion, it is highly likely that proton insertion
is responsible for the widely different behavior of the V,(POy); host in the aqueous system. The
strong host-guest interactions observed here could expose the hidden limitations of the true MV-
ion based insertion-type energy storage devices. Thus, the solid evidence provided by the
crystallographic studies should be employed more often in the characterization of the MV-ion
insertion mechanism.

To complement the structural characterizations, there are numerous spectroscopic techniques
available to qualitatively or quantitatively determine the presence of an element of interest, such
as atomic absorption or emission spectroscopy (AAS or AES), inductively coupled plasma-
optical emission spectroscopy (ICP-OES), scanning and/or transmission electron microscope
(SEM or TEM or STEM) equipped with energy-dispersive X-ray spectroscopy (EDX), X-ray
photoelectron spectroscopy (XPS), and electron energy loss spectroscopy (EELS). Among these,
XPS or SEM/TEM-EDX are commonly applied but care must be taken. XPS may not be a
reliable technique to evaluate the bulk insertion of Zn into a cathode host because its result
represents an average picture of only the surface of a cathode sample. Also, when using
SEM/TEM-EDX, it is to be noted that a small area of the sample is normally inspected, and the

results may not be representative of the total sample. Thus, an indication of insertion reaction
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should be double-checked with an independent technique, such as diffraction-based structural
characterization (discussed above), to prove that this is not a local observation. Given that the
faradaic reaction in Equation (1) exclusively occurs at the cathode host, the determined amount
of Zn in a cathode sample from any of the mentioned techniques can be regarded as Zn ions
inserted into a cathode host.
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Figure 2. (a) TEM/HRTEM images of a-MnO, after discharge to 1.0 V vs. Zn*, respectively,
showing the newly formed nanorod/nanoparticle aggregates and the lattice spacing of the (201)
plane of monoclinic MnOOH. (b) STEM-High-Angle Annular Dark Field (STEM-HAADF)
image of monoclinic MnOOH nanorod and STEM-EDX images, showing Zn from the salt
byproduct surrounding the monoclinic MnOOH nanorod. (a) and (b) are reproduced with

permission from ref 16. Copyright 2016 Springer Nature.

However, such a conclusion would be invalid if there are any other reactions involving Zn ions
that take place at the cathode, as has been demonstrated in various recent studies on aqueous
ZIBs. In the investigation of a-MnQO, as a cathode in an aqueous ZIB with ZnSO, electrolyte by

Pan et al., a zinc salt byproduct Zn,SO,(OH)sxH,O was discovered to precipitate and dissolve on
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the cathode, respectively, upon electrochemical discharging and charging through ex sifu X-ray
diffraction (XRD) analyses.'®* TEM and STEM-EDX analyses revealed that the discharge
products were monoclinic MnOOH illustrating the insertion of protons rather than Zn ions, and
proposed that the flake-like Zn salt byproduct particles precipitated as a result of proton insertion
into a-MnQO, to maintain charge neutrality within the electrolyte (Figure 2a,b). Furthermore, a
recent investigation by Oberholzer et al. aimed to provide an explanation for the observed zinc
salt byproduct precipitation and dissolution from in situ XRD analyses at different states of
discharge and charge with oxide cathode hosts (Figure 3a).!” Their MD simulation results
showed that during discharge, the oxide anions at the electrode-electrolyte interface can
effectively stabilize the protons in the vicinity via hydrogen bonding for their insertion. This
results in an increase in the pH of the electrolyte, which triggers the zinc salt byproduct
precipitation. During the charge step, the deinsertion of protons leads to the dissolution of the
zinc salt byproduct. Reports of similar byproduct precipitation and dissolution on other oxide
cathode hosts with various other aqueous Zn electrolytes, including Zn(CF;SO;),, ZnCl,,
Zn(ClOy),, and Zn(CH;COO),,'*2° suggest that proton insertion is a general phenomenon with

mildly acidic aqueous Zn electrolytes.
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Figure 3. (a) In situ XRD patterns of a-MnO, and V;0,-H,O during electrochemical discharge
and charge steps with the yellow bars highlighting the two major peaks of Zn salt byproduct,
with their intensity changing according to the state-of-charge. Reproduced with permission from
ref 17. Copyright 2019 The American Chemical Society. (b) Second cycle charge-discharge
curves of NaV;051.5H,0O with markers representing the states at which ex sifu solid-state 'H-
NMR was conducted and the solid-state 'H-NMR spectra at those states. Reproduced with

permission from ref 22. Copyright 2018 Springer Nature.

Because an increase and decrease in the Zn content would be observed, respectively, for a

reversible Zn-ion insertion and deinsertion reactions at a cathode (if such reactions were to
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occur) and the inherent insensitivity of the above techniques to discriminate the surface from the
bulk composition, it is understandable that one may prematurely conclude that Zn ions act as
charge-carrier ions at a cathode based on their elemental analysis. Thus, it is imperative to
remove the zinc salt byproduct, which would interfere with the elemental analysis. As the zinc
salt byproduct is practically insoluble in neutral water, a method such as washing with dilute acid
should be employed, given that the acid causes minimal damage to the cathode host (no damage
ideally) as demonstrated in recent studies.”!°?! If washing the cathode with a dilute acid causes
significant damage, then results from multiple independent characterizations on the cathode must
be critically analyzed to ascertain whether Zn ions are the charge-carrier ions.

If the above-mentioned analytical techniques illustrate that Zn ions are not the charge-carrier
ions, then none of the above may confirm the insertion of protons. The direct observation of
protons in a cathode host is challenging, and may need employing solid-state 'H-NMR. Despite
its associated difficulties, NMR is a powerful technique because of the high sensitivity of a
resonance peak chemical shift of hydrogen with respect to its chemical environment such that
resolving hydrogen in an OH or in an H,O site is possible. For example, Wan et al. demonstrated
that proton insertion/deinsertion can be directly observed in NaV;Os'1.5H,O cathode.”> Their
results indicated that a peak at 2.7 ppm arises due to the insertion of protons, and an increase and
a decrease in the peak intensity, respectively, with discharging and charging was observed from
ex situ characterization of the cathode (Figure 3b). Another peak at 1.5 ppm was determined to
arise from the crystalline water and hydroxyl groups in the Zn,SO4OH)sxH,O zinc salt
byproduct.

From a kinetics standpoint, examining the cation insertion rate can be quite informative with

respect to addressing the nature of the charge carrier in insertion-type energy storage devices.
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There are countless examples of experimental and theoretical studies on solid-state diffusion of
protons, Li- and Na-ions in host materials used either as electrodes or ion-conducting
membranes. On the contrary, such studies are largely lagged for MV-ion diffusion, mainly due to
the lack of suitable electrochemical setups and hosts that can reversibly store such charge-dense
ions. Despite this, it is widely accepted that the diffusivities associated with the small
monovalent cations are orders of magnitude larger than the divalent counterparts in a given host.
This information originates partially from the few successful cases of reversible pure MV-ion
storage, such as the Chevrel phase, and to some extent from theoretical calculations.

The limited solid-state diffusivity of MV ions would translate to a low rate capability of a
specific host. Therefore, a simple rate capability test spanning to high C rates that exhibits
excellent performance would provide a clue in that protons might be the charge-carrier ions as
Zn-ion diffusion will be too sluggish to compensate for such high electronic current. For
instance, the reports of aqueous ZIBs commonly express large C rates, from 1C to rates even
greater than 10C, meaning that a considerable fraction of the theoretical capacity can be realized
within a few minutes of the (dis)charge. It is to be noted that the state-of-the-art Li-ion batteries,
which are operating based on the high diffusivities of Li ions in the solid matrix, are limited to
about 1C.% Thus, with orders of magnitude lower diffusivity, the solid-state diffusion of Zn ions
(or its hydrated forms) seems physically unable to support such high reaction kinetics. On the
other hand, the fast diffusion kinetics of protons, especially in the hydrated media is the primary
candidate that can explain the observed high C-rate operations.

For quantitative assessments, transient electrochemical measurements, such as galvanostatic
intermittent titration technique (GITT) or electrochemical impedance spectroscopy (EIS) can

provide valuable information regarding the diffusivities of the charge carriers in the systems
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under consideration. Recently in our work, we performed GITT to measure the diffusion
coefficient for the charge carrier in the Zn/VPO,F system, employing an ionic-liquid electrolyte
with trace levels of water present in it; the diffusion coefficient obtained was in the order of 102
cm? s'! that is comparable to the reported diffusion coefficient of Li ions in VPO,F host, and thus
matches with the diffusion of the monovalent protons rather than the Zn ions present in the
electrolyte.’ This was further verified through an elemental analysis after acid washing,
indicating a near absence of Zn species in the fully discharged cathode. Therefore, when the
derived diffusivities or activation energies for the diffusion fall within the values typically
observed for monovalent cation diffusion, a vetting process is necessary to verify the
involvement of Zn ions in the cathode redox reactions, especially those at high C rates.

Finally, in the context of the MV-ion insertion reaction kinetics in solid-state hosts with
nonaqueous electrolytes, it is frequently observed that the presence of water as an additive (wet
electrolyte) leads to an apparent improvement of the MV-ion insertion kinetics. As an underlying
reason, it is commonly argued that the coordination of H,O molecules to the MV-ion within the
electrolyte helps to minimize the desolvation energy barrier at the electrode-electrolyte
interface.* On the other hand, the improved performance of such systems in the presence of
water can also be explained by a fundamental change in the insertion chemistry, from pure MV-
ion insertion in the dry electrolyte to a facile insertion of protons originating from the water in a
wet electrolyte. Hence, in addressing the role of water as an electrolyte additive, two issues must
be considered.

First, the issue of the desolvation energy of Zn ion must be assessed. According to recent in
situ studies based on extended X-ray absorption fine structure spectroscopy (EXAFS), Zn ion

adopts the octahedral coordination in both water and acetonitrile (ACN), which is commonly
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used as the solvent of choice in nonaqueous ZIBs.?>?¢ Furthermore, previous calorimetric studies
revealed that the Zn(CF;SOs), (Zn(Otf),, a common ZIB electrolyte salt) solvation is more
endothermic in water, compared to ACN (respectively, -79.9 and -54.8 kJ.mol-1).”” Therefore,
one may expect that the desolvation of the hexanitrile-Zn complex to be chemically more facile
than the hexaaquo analogue, opposite to what is commonly believed.

Second is the issue of the Zn-ion adsorption energy barrier at the electrode-electrolyte
interface. There have been speculations that the presence of water as the additive can lower the
adsorption energy barrier of the Zn ions to the cathode surface.>* Previously, our work has shown
that the transfer of the Mg?* ions from the all-phenyl complex (APC) electrolyte to the hexagonal
K W30y host involves a rate-limiting electro-adsorption step, from combined cyclic voltammetry
and EIS techniques (Figure 4).2 The slow electro-adsorption step, which is a capacitive process
from the EIS perspective, adds ~ 300 mV overpotential burden to the charge-discharge
processes. While this overpotential was observed for the insertion of Mg?* ions from APC
electrolyte that contains a complex binuclear Mg** ions, it was absent from the Zn-ion
electrochemical insertion from the Zn(Otf),/ACN electrolyte into the K,W;O, host. Thus, we
anticipate that the extent of such interfacial charge-transfer resistance to be small in the
electrolytes that are based on the dissolution of simple salts, such as the one commonly used in
ZIBs. As a characterization technique, EIS has the adequate sensitivity to discriminate between
the electro-adsorption (capacitive nature) rate-limiting step at the electrode-electrolyte interface
and the MV-ion solid-state diffusion/electroplating (Warburg/inductive nature), respectively, at
the cathode and the metallic anode. Therefore, the prevalence of desolvation overpotential at the

cathode-electrolyte interface as the rate-limiting-step should be first demonstrated with EIS
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before the addition of water to a nonaqueous electrolyte could be claimed as a remedy, which

can interfere with the MV-ion diffusion through the proton rivals.
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Figure 4. (a) Cyclic voltammetry of Mg-ion insertion/extraction into/from K,W;0,, and staircase
potentiostatic electrochemical impedance spectroscopy (SPEIS) contour plots obtained from (b)
the cathodic and (c) anodic scans of the MgIK,W;0, cell with the impedance complex phase
angle (¢) represented as color-coded contours. The interfacial Mg?** (de)solvation overpotential
ranges are indicated with negative ¢ in panels (b) and (c). Reproduced with permission from ref

28. Copyright 2019 The American Chemical Society.

Other MV-ion systems (Mg-, Ca-, and Al-ion). From a viewpoint of energy density, batteries
based on other MV metals, such as Mg, Ca, or Al, as the anode are more sought after because of
their lower reduction potential compared to that of Zn, leading to higher energy density batteries.
Unlike in a Zn-ion or Al-ion battery setup, however, a fair evaluation of oxide cathode hosts in a
traditional two-electrode Mg- or Ca- battery setup is difficult due to the lack of suitable
nonaqueous electrolytes. Hence, numerous studies on oxide hosts have been limited to
electrochemical investigations in a three-electrode system with a reference electrode and a non-

insertion type counter electrode like an activated carbon or a Pt electrode .>*
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Alike various publications on aqueous ZIBs, recent studies on oxide hosts in other MV-ion
systems have demonstrated that water in the electrolyte acts as the source of protons that insert
into those cathode hosts by performing the analytical techniques that consider the
thermodynamic and kinetic aspects as discussed earlier. Sa et al. in their investigation of a-V,0s
in a Mg-ion system with a wet electrolyte clarified that proton insertion accounts for the majority
of the discharge capacity through various characterization techniques, including 'H-NMR
spectroscopy.®® Similarly, Hyoung et al. in their investigation of K3 MnO,-:0.25H,0 (birnessite
structure) in an aqueous Ca-ion system determined that a significant amount of the discharge
capacity is due to the insertion of hydronium ions by combined analyses of electrochemical and
ICP elemental characterizations.’! Furthermore, Zhao et al. in their work on a-V,0Os in an
aqueous Al-ion system elucidated that reversible proton intercalation/deintercalation chemistry is
responsible for the observed electrochemical capacities.*? Also, their discovery of a water-soluble
product containing aluminum that forms on the surface of the cathode after discharge again
highlights the importance of conducting multiple analytical techniques to unambiguously
determine the charge-carrier ion species.

Because of the huge charge density of Al ions which stems from their trivalent positive charge,
insertion of protons into any cathode hosts would be greatly favored over Al ions, even more so
than the divalent ions like Mg, Ca, and Zn ions. In addition, due to the high charge density of Al
ions (i.e., strong Lewis acids), they form the [Al(H,O)q]** hexaaquo complexes (weak Brgnsted
acid, pKa = 4.97) in the aqueous electrolyte, which would act as the latent source of protons
during the electrochemical discharge as suggested by Kim et al. in their recent study on proton
insertion into anatase TiO,.** Based on the cyclic voltammetry results, the authors claim that the

hexaaquo complexes of Zn and Mn, respectively, in ZnCl, and MnCl, electrolytes act as the
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latent proton donors alike the hexaaquo aluminum complexes, which may explain the generation
of protons for insertion in aqueous ZIBs.

As emphasized throughout this perspective, water is an obvious source for proton insertion in
MV-ion chemistries. However, even in strictly nonaqueous electrolytes, proton insertion into
cathode hosts may be observed due to electrolyte decomposition reactions, as demonstrated by
Verrelli et al.** Ex situ synchrotron XRD analyses of a-V,0;s cycled in various nonaqueous Mg-
and Ca-ion electrolytes at 100 °C revealed that although electrochemical capacities with
reversible changes in the crystal structure of a-V,0s were observed, the measured electron
charge transfer was not due to Mg- or Ca-ion insertion/extraction to/from the a-V,0Os structure.
The phase after discharge was determined to be the Héggite phase (H,V,0,,) from their crystal
structure refinement, which indicates that the abundant C-H bonds in the organic solvent of the
electrolyte supplied the protons for insertion as it was being oxidized. Such decomposition
reactions could also occur on the counter electrode during discharge, liberating protons into the
system. Elevating the temperature of the system to improve the solid-state diffusion of MV-ions
in a host structure seems logical, but it necessitates in-depth characterizations to unequivocally
confirm that the observed capacity is not due to any electrolyte decomposition reaction, which
may further lead to proton insertion reactions.

In pursuit of alternative energy storage technologies, considerable effort has been made toward
MV-ion chemistry analogous to the state-of-the-art Li-ion chemistry. Despite the research efforts
over decades, a noticeable breakthrough in the development of MV-ion batteries is yet to be
observed due to two major problems; the lack of suitable electrolytes and more importantly, the
sluggish solid-state diffusion kinetics of MV-ions. The latter issue became more pronounced as

the focus of cathode research shifted from exceptional chalcogenide hosts, such as the Chevrel
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phase, to oxide hosts to improve the energy density. The problem of slow diffusion of MV ions
in oxide hosts seemed to have been partly solved by the incorporation of water into the
electrolyte either as a solvent or as an additive. However, as revealed in numerous recent
literature, the attractive electrochemical rate performance emanates from the change in the
charge-carrier ion species from MV ions to protons that originate from water in the electrolyte.
Such transition in the charge-carrier ion species to protons has also been observed in special
cases of nonaqueous MV-ion systems, with protons being liberated oxidatively from the organic
solvents, indicating that after all, the facile MV-ion insertion chemistry with solid-state hosts
may not be achievable as many have believed it could be.

The importance of gaining a proper understanding of the underlying chemistry of a battery
system cannot be stressed enough. For instance, if a truly stable oxide cathode host for Zn ions is
discovered, then its application could be extended to other MV-ion batteries to achieve higher
energy density. Also, the proper understanding would guide the future direction in the research.
For example, having elucidated that the dominant charge carrier in the rechargeable aqueous Zn
batteries is protons, more focus should be placed to effectively mitigate the detrimental effect of
the zinc salt byproduct on the long-term cell reliability to bring one step closer to being a
practical energy storage system. Thus, we recommend that future investigations of MV-ion
systems to be conducted in a comprehensive manner, employing multiple characterization
techniques, including: (i) crystallography (XRD, neutron diffraction, and SAED) to probe the
increase in atomic-site occupancy due to charge-carrier insertion, (ii) spectroscopy (e.g., ICP-
OES, SEM/TEM-EDX, XPS and efc.) for elemental analysis while being cautious of any
interference from external MV-ion containing species, and (iii) transient electrochemical

characterizations (GITT and EIS) to assess whether MV ions act as charge carriers or not. If MV
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ions can be ruled out as charge carriers or the amount involved is not sufficient to explain the
observed electrochemical capacities, spectroscopic techniques such as proton or deuteron solid-

state NMR can be applied to discern whether protons act as charge carriers.
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Selected Quotes

Identification of the true charge carrier ion species lies at the heart of the energy storage
systems operating based on the insertion chemistry. While the insertion of Li- or Na-ions is
expected, respectively, in Li-ion and Na-ion batteries, this is not necessarily the case with MIBs

due to the possibility of side-reactions resulting in the introduction of protons into the system.
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The assessment of bulk Zn-ion concentration within the cathode host should be meticulously
probed with bulk-specific characterization techniques. Often, multiple orthogonal analytical
techniques should be combined for a conclusive identification of the actual charge carrier in

MIBs.

The limited solid-state diffusivity of MV ions would translate to a low rate capability of a
specific host. Therefore, a simple rate capability test spanning to high C rates that exhibits
excellent performance would provide a clue in that protons might be the charge carrier ions as

Zn-ion diffusion will be too sluggish to compensate such high electronic current.

As emphasized throughout this perspective, water is an obvious source for proton insertion in
MV-ion chemistries. However, even in strictly nonaqueous electrolytes proton insertion into

cathode hosts may be observed due to electrolyte decomposition reactions.
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