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Abstract

Hydrous transition metal oxides (TMOs) are redox-active materials that
confine structural water within their bulk, organized in 1D, 2D, or 3D
networks. In an electrochemical cell, hydrous TMOs can interact with elec-
trolyte species not only via their outer surface but also via their hydrous inner
surface, which can transport electrolyte species to the interior of the ma-
terial. Many TMOs operating in an aqueous electrochemical environment
transform to hydrous TMOs, which then serve as the electrochemically
active phase. This review summarizes the physicochemical properties of
hydrous TMOs and recent mechanistic insights into their behavior in
electrochemical reactions of interest for energy storage, conversion, and
environmental applications. Particular focus is placed on first-principles cal-
culations and operando characterization to obtain an atomistic view of their
electrochemical mechanisms. Hydrous TMOs represent an important class
of energy and environmental materials in aqueous and nonaqueous environ-
ments. Further understanding of their interaction with electrolyte species is
likely to yield advancements in electrochemical reactivity and kinetics for
energy and environmental applications.
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1. INTRODUCTION

Hydrous transition metal oxides (TMOs) are materials that confine water within their bulk, ei-
ther coordinated to a transition metal or present via secondary bonding within a cavity such as
an interlayer. Many TMOs form hydrous analogs with structures that can be amorphous or crys-
talline, though a smaller number of TMOs exhibit the former. These materials are the outcome
of synthesis performed in aqueous conditions, giving rise to lower densities and other unique
physicochemical properties and electrochemical behavior as compared with their anhydrous coun-
terparts. Hydrous TMOs are the focus of this review. As conceptualized by Ardizzone et al. (1),
hydrous TMOs contain both an outer and an inner surface; the inner surface can be considered
to be an extension of the outer electrochemical interface within the volume of the material (2).
This is unlike in dense oxides, which interact with the electrolyte via only their outer surface. The
possibilities of an increased electrochemical interface via the inner surface and the use of hydrous
channels to transport protons, ions, and solvent molecules into the interior of a TMO serve as pri-
mary drivers for scientific and technological interest in hydrous TMOs (Figure 1). This review
discusses the current understanding of the electrochemistry of hydrous TMOs as electrodes for
electrochemical energy and environmental applications.

Hydrous TMOs contain structural water (confined within the bulk; see Figure 1), different
from the surface-adsorbed water present at ambient conditions of all oxides. The structural wa-
ter molecules are integral to the structural stability of the hydrous TMO. Many hydrous TMOs
also contain charge-compensating ions in coordination with the structural water, as in the alkali
ions that are present in the interlayer of birnessite (AxMnO2·nH2O), a layered hydrous man-
ganese oxide. This review first discusses the synthesis and physicochemical properties of hydrous
TMOs. Then, it presents their electrochemical behavior, including the electrochemical insertion
of protons and cations for energy storage, their electrocatalytic activity in aqueous electrolytes, and
finally their use as electrodes for environmental applications, such as ion separation.We highlight
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Figure 1

Comparison of the electrochemical interface of an (a) anhydrous versus (b) hydrous transition metal oxide
(TMO). Both materials exhibit an outer surface that interacts with the electrolyte. Unlike anhydrous TMOs,
the electrochemical interface of a hydrous TMO (b) can extend within its volume, giving rise to a large
interfacial area—an inner surface—with the possibility for mass transport of electrolyte species into the bulk.
Compared with anhydrous TMOs, hydrous TMOs exhibit low densities that may minimize structural
distortions during electrochemical reactions, leading to fast kinetics and long lifetimes.
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recent studies that provide a mechanistic understanding of the correlation between hydrous TMO
properties and their electrochemical behavior.

2. MATERIALS CHEMISTRY OF HYDROUS TRANSITION
METAL OXIDES

2.1. Synthesis of Hydrous Transition Metal Oxides

Most TMOs will form hydrous phases at low temperature and in the presence of water. Common
synthesis routes include precipitation (3), sol–gel (4), electrochemistry (including electrodepo-
sition and electrophoresis) (5), and ion-exchange reactions (6). Here, we provide examples of
different synthesis routes for hydrous TMOs of interest for electrochemical energy and envi-
ronmental applications. Hydrous TMOs obtained via precipitation reactions include crystalline
hydrates of WO3 and MoO3 as well as hydroxides of Co and Ni (7). Freedman (3) described
the synthesis of WO3·2H2O and WO3·H2O via their precipitation from tungsten salts such
as Na2WO4 in strong acids. The resulting materials are crystalline nanoscale precipitates with
platelet-like morphology. Electrochemistry in an aqueous electrolyte, such as anodization of a
metal electrode (2), electrophoretic deposition of colloidal particles (8), and electrodeposition (9),
can also yield hydrous TMOs. These techniques are useful for obtaining thin films of hydrous
TMOs for fundamental electrochemical studies of their behavior with no additional components
(e.g., conductive additives) that can confound analysis. Ion exchange in aqueous solutions or via
electrochemical insertion reactions can also lead to the formation of hydrous TMOs including
metastable phases. A prominent class is composed of materials containing ions, aligned in tunnels
or layers, that can be exchanged with protons. For example, acid etching of Bi2W2O9 leads to the
formation of H2W2O7 (or W2O6·H2O) (10), the structure of which resembles that of WO3·H2O
except that the water layers are separated by two tungsten oxide layers (11).Protonation and hydra-
tion can also occur during electrochemical cycling in an acidic electrolyte, as in the transformation
of Li3IrO4 to H3.4IrO4 (12). Soaking Li2RuO3 in water for 30 days leads to the formation of a hy-
drous phase, Li0.75H1.25RuO3, with the proposed mechanism involving the exchange of Li2O with
H2O (13). During proton insertion, Li0.75H1.25RuO3 exhibits order-of-magnitude-higher specific
currents than Li2RuO3; the improvement is ascribed to the accessibility of bulk Ru redox upon
hydration, which is, in effect, the activation of the inner surface.

Another mechanism of structural water uptake can occur during electrochemical cycling in a
neutral pH electrolyte of layered alkali TMOs. Oxidation and concomitant removal of the alkali
ions lead to increased electrostatic repulsion between the TMO layers, which favors the insertion
of water molecules (14). For example, electrochemical oxidation of Na0.67Mn0.67M0.33O2 yields a
hydrated layered phase, NaxMn0.67M0.33O2·nH2O, where M is a third-row transition metal (15).
The resulting materials have hydrated interlayers as well as an expanded, accordion-like mor-
phology due to the large interlayer expansion. These synthesis routes demonstrate the many
mechanisms by which hydrous TMOs form in ambient conditions, including indirect routes in
aqueous electrolytes as illustrated by the hydration of Li3IrO4 and Na0.67Mn0.67M0.33O2. The
hydrous TMOs discussed in this review are summarized in Table 1.

2.2. Structural Water Bonding in Transition Metal Oxides

Hydrous TMOs provide various bonding environments for structural water, including direct
coordination to a transition metal as well as secondary bonding within a cavity. The local binding
environment of water in TMOs dictates its physicochemical properties, such as thermal and
chemical stability. A useful material to illustrate the coordination chemistry of structural water in
TMOs isWO3·2H2O, which contains water molecules with two different bonding environments.
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Table 1 Hydrous transition metal oxides of interest for electrochemical energy and
environmental applications discussed in this review

Hydrous transition
metal oxide Synthesis method

Dimensionality of
water networks

t-MnO2 Hydrothermal 1D
Birnessite (δ-MnO2) Electrochemical 2D
NaxMn0.67M0.33O2·nH2O Solid state, electrochemical 2D
Hydrous V2O5 Ion exchange, water exchange 2D
Hydrous Co(OH)2 Electrochemical 2D
Hydrous WO3 Acid precipitation, ion exchange 2D
Hydrous MoO3 Acid precipitation 2D
Hydrous iridates Electrochemical 2D
Li0.75H1.25RuO3 Electrochemical, water exchange 2D
Hydrous RuO2 Sol-gel 3D

The structure of WO3·2H2O consists of corner-sharing WO5(OH2) octahedra with coordinated
watermolecules at the apices (Figure 2a) (16).These octahedra form a 2Dnetwork in the x–z crys-
tallographic plane. The second type of structural water molecule is within the interlayer, forming
a hydrogen-bound network of structural water (Figure 2b). The presence of water in the octahe-
dral coordination ofW leads to a shortening of the terminalW–O bond, which leads to theW=O
stretching mode at ∼948 cm−1 in Raman or infrared spectroscopy (Figure 2c) (16). Dehydration
ofWO3·2H2O proceeds via two structural transformations: the loss of the secondary-bound water
in the interlayer leads to the formation of orthorhombic WO3·H2O at ∼100°C, while the loss of
the water of coordination leads to WO3 at 350°C. These differences in thermal stability are re-
flected in thermogravimetric analysis (Figure 2d). Secondary-bound structural water is the most
prevalent in hydrous TMOs, where it is often accompanied by stabilizing cations. For example,
in layered and tunneled manganese oxides, the presence of structural water and cations leads to a
decrease in the average manganese oxidation state from 4+ (anhydrous) to between 3.5 and 3.9. A
thermodynamic study of several manganese oxides, including birnessite, found that surface energy
tends to decrease with decreasing average manganese oxidation state, where hydrous manganese
oxides exhibit lower surface energies than the anhydrous oxides (17). The low surface energy of
hydrous manganese oxides favors the formation of nanoscale particles, demonstrating how the
local water and cation content of hydrous TMOs can impact their morphology and particle size.

The stability of structural water in hydrous TMOs depends on its bonding environment.
Secondary-bound structural water can vaporize at relatively low temperatures (<100°C) while
waters of coordination can be very stable (removed at >300°C). This means that the structural
water content of TMOs can be affected by conditions during material preparation and character-
ization, such as (a) characterization of hydrous TMOs at low pressure [e.g., X-ray photoelectron
spectroscopy (XPS), transmission electron microscopy (TEM)], (b) electrode slurry preparation
in nonaqueous solvents like N-methyl-2-pyrrolidone (NMP), and (c) electrochemistry in aqueous
and nonaqueous solvents. For example, in our research with hydrous WO3, we found that TEM
characterization must be performed under cryogenic conditions to preserve the interlayer water
of WO3·2H2O (20). We also found that NMP and nonaqueous electrolyte solvents such as
propylene carbonate can lead to dehydration of WO3·2H2O and a structural transition to
WO3·H2O (21).WO3·H2O can formWO3·2H2O during cycling in an aqueous acidic electrolyte
(22). Effects beyond dehydration are also possible, such as reactivity with solution species. For
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Figure 2

Structural chemistry of a crystalline hydrate, WO3·2H2O. (a) Coordination of tungsten in WO3·2H2O.
Oxygen from the water of coordination, O(1), is directly bound to W, leading to a lengthening of that W–O
bond. In turn, bonding of W with the terminal oxygen, O(2), is shorter, leading to a W=O stretching mode
in spectroscopy measurements. Panel reproduced with permission from Reference 18. (b) Hydrogen bond
network within the interlayer of WO3·2H2O, formed by terminal oxygens, coordinated structural waters,
and secondary-bound structural waters. Panel reproduced with permission from Reference 19. (c) Raman
spectra of WO3·2H2O and WO3·H2O powders. The presence of the interlayer structural water in
WO3·2H2O shifts the W=O stretching (∼950 cm−1) and O–W–O bending (600–800 cm−1) modes as
compared with WO3·H2O. Panel adapted with permission from Reference 16. (d) Thermogravimetric
analysis of WO3·2H2O in air. The first major weight loss is dehydration to WO3·H2O, and the second
weight loss step is due to dehydration to anhydrous WO3.

example, electrochemical cycling of a V2O5 aerogel in a nonaqueous Li+ electrolyte led to the for-
mation of LiOH (23), which is proposed to occur because of the reactivity of Li+ with structural
water in the aerogel. The reactivity of structural water molecules, driven by their pKa, can also be
utilized to synthesize inorganic/organic hybrid materials such as layered, alkylamine-intercalated
tungsten oxides (24). To summarize, the stability of the structural water in TMOs can be affected
by ambient pressure, temperature, humidity, and pH. TMOs containing structural water may
undergo significant structural transformations, even phase transitions, upon dehydration. It is
important to consider the hydration state at each step of materials preparation (e.g., physical
characterization, electrode preparation, electrochemistry) to accurately correlate the composition
and structure of a hydrous TMO with its properties. Operando and in situ characterization
methods are very useful to determine the stability of materials containing structural water under
experimental conditions.
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Dimensionality of structural water networks in hydrous TMOs. (a) Structure of t-MnO2. Tunnels are formed from a 3 × 3 network of
edge-sharing MnO6 octahedra containing cations and structural water molecules, as shown on the left. Significant heterogeneity is
possible, as shown in the atomic high-angle annular dark-field image on the right. Panel a (left) adapted with permission from
Reference 36; copyright 2018 American Chemical Society. Panel a (right) adapted with permission from Reference 37. (b, left) Structure
of WO3·2H2O with layers of corner-sharing WO5(OH2) octahedra separated by interlayer secondary-bound water. (b, right) A
low-temperature, high-resolution transmission electron microscopy image of a platelet showing the hydrated interlayer. Panel adapted
with permission from Reference 20; copyright 2017 American Chemical Society. (c, bottom) Schematic of RuO2·nH2O depicting rutile
RuO2 nanocrystals separated by hydrous grain boundaries that form a 3D structural water network throughout the volume of the
material. (c, top) Neutron scattering and density-functional theory results indicate that the surface consists of Ru–OH with small
amounts of hydrogen-bound water. Panel c (top) adapted with permission from Reference 32. Panel c (bottom) adapted with permission
from Reference 31, copyright 2002 American Chemical Society.

2.3. Dimensionality of the Structural Water Network in Hydrous
Transition Metal Oxides

Structural water molecules can form 1D, 2D, or 3D networks within TMOs (Figure 3). 1D struc-
tural water networks arise in hydrous TMOs with tunnels. A prominent example is manganese
oxide, which can form tunnel structures of different sizes based on the number of edge-sharing
MnO6 octahedra. This includes hollandite (2 × 2) and todorokite (3 × 3); the numbers in paren-
theses indicate the number of octahedra along the length and width of the tunnel, respectively.
Structural water in these materials is present along with alkali cations for charge balance. 2D
water networks are found in layered hydrous TMOs. These include the tungsten oxide hydrates
described previously and the molybdenum oxide hydrates that are isostructural with the tungsten
oxide hydrates. The structural waters in the interlayer form 2D networks that separate the oxide
layers (Figure 3b). Another prominent example is V2O5·nH2O, which contains 2D water layers
across the x–y plane (25), with waters randomly oriented within the 2D liquid network (26).
The layered structure can take up more than a monolayer of interlayer structural water with
increasing humidity (27). The stepwise changes in the hydration of the interlayer, as observed
with X-ray diffraction (XRD), resulted in abrupt changes to the interlayer spacing as a function
of temperature and relative humidity (28, 29). The intermolecular forces between the structural
water and the oxide lattice can cause long-range structural changes to the solid-state structure.
X-ray and neutron scattering, along with refinement of the pair distribution function, showed
that the presence of interlayer structural water led to rearrangement of the V–O bilayers (30).
3D structural water networks can be found in amorphous and nanocrystalline hydrous TMOs.
Examples include the hydrous grain boundaries in nanostructured RuO2·nH2O (Figure 3c) (31).
The nanocrystalline surfaces are terminated with hydroxyl groups, leading to strong hydrogen
bonding between near-surface disordered structural water molecules (32). Understanding the
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dimensionality of the structural water network in TMOs is important because it defines the
available transport pathways for electrolyte species.

2.4. Structural Water Dynamics in Hydrous Transition Metal Oxides

Structural water molecules in hydrous TMOs exist under confinement, which means that their
arrangement and dynamics are determined by the geometry and chemistry of the TMO. It is im-
portant to understand structural water dynamics in hydrous TMOs because this can determine
the kinetics of electrochemical processes involving their inner surfaces, such as mass transport of
electrolyte species to and from the inner surface sites. In general, there are two extremes of struc-
tural water dynamics in hydrous TMOs: water molecules whose dynamics are severely restricted
due to strong interaction with the TMO lattice and water molecules that behave more like bulk
liquid water due to weak interactions with the TMO lattice. The former type of water dynam-
ics would lead to limited mobility whereas the latter exhibits both translational and rotational
motion. An illustrative comparison is between two hydrous TMOs with 2D structural water net-
works but different structural water dynamics: WO3·2H2O and V2O5·1.5H2O. Due to the large
neutron scattering cross section of hydrogen, neutron techniques are important for understanding
the structure and dynamics of water in hydrous TMOs, particularly quasielastic neutron scatter-
ing (QENS) (33). Our work using QENS and solid-state 1H nuclear magnetic resonance studies
of the interlayer water in WO3·2H2O revealed no translational motion on the nanosecond to mi-
crosecond timescale (Figure 4a,b) (34). On the other hand, QENS of V2O5·1.5H2O showed that
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Figure 4

Dynamics of structural water in hydrous TMOs studied by quasielastic neutron scattering (QENS).
(a) QENS of WO3·2H2O,WO3·H2O, and WO3 at T = 300 K and Q = 0.7 Å−1. (b) Peak fitting of the
QENS region in WO3·2H2O showing a lack of Q-space dependence and thus no translational motion of
structural water. (c) QENS of V2O5·1.5H2O (black squares), V2O5·0.14H2O (blue circles), and a vanadium
plate (red triangles). (d) Q-dependence of the QENS half width at half maximum (HWHM), Γ , for
V2O5·1.5H2O showing translational motion of structural water with a diffusion coefficient of
3.3 × 10−10 m2/s. Panel b adapted with permission from Reference 34; copyright 2019 American Chemical
Society. Panels c and d adapted with permission from Reference 26; copyright 2000 American Chemical
Society.
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the intermolecular forces between the host lattice and structural water lead to lower rotational
and translational motion than bulk water but faster motion than ice, with the hypothesis that the
interlayer water behaves as a 2D liquid (Figure 4c,d) (26).Water dynamics in hydrous TMOs are
affected by other species in the interlayer, such as cations, which provides a further mechanism to
tune structural water properties. For example, chemical intercalation of Zn2+ into a hydrous lay-
ered titanate increased the proton conductivity by three orders of magnitude (35). The interlayer
Zn2+ ions are proposed to increase the self-dissociation of H2O molecules and enhance proton
transport via a Grotthuss-type mechanism.

Water confined in TMOs is also of interest for understanding nuclear quantum effects in con-
densed matter. Toward this goal, Lalik et al. (38) investigated structural water in WO3·H2O with
neutron diffraction, XRD, inelastic neutron scattering, and neutron Compton scattering. They
proposed a new structural model for WO3·H2O with better agreement with inelastic neutron
scattering data and hypothesized that confinement of the structural water molecules inWO3·H2O
leads to nuclear quantum delocalization of protons. Future work must be performed to determine
if nuclear quantum tunneling of protons is possible in WO3·H2O. The implications of these nu-
clear quantum effects in WO3·H2O on its electrochemical behavior are not yet clear but provide
an exciting avenue for future investigation. As a further motivation, theory has shown that nuclear
quantum effects of water can affect such properties as the redox potential at the electrochemical
interface, which may be of particular interest for electrocatalysis with hydrous TMOs (39).

3. HYDROUS TRANSITION METAL OXIDES FOR ELECTROCHEMICAL
ENERGY STORAGE

Electrochemical insertion of cations and protons from liquid electrolytes into solid-state hosts
is the dominant mechanism for electrochemical energy storage, particularly alkali-ion batteries
(40). Ion insertion with fast kinetics is desirable to enable high-power devices. This process can
be separated into fundamental steps, each associated with a time constant: (a) ion migration in
the bulk electrolyte, (b) ion desolvation at the electrochemical interface, (c) charge transfer at the
electrochemical interface, and (d) diffusion of the ion into the active material, away from the elec-
trochemical interface. Depending on the electrochemical system, other steps may also be present,
such as ion transport through a solid-electrolyte interphase, electrolyte transport through a porous
electrode, and the nucleation of a new phase in the active material. Selection of the active mate-
rial impacts the kinetics of ion desolvation, charge transfer, solid-state diffusion, and structural
transformation. There are several hypotheses for what may make hydrous TMOs exhibit fast ion
insertion kinetics: (a) a decrease of the energy barrier associated with ion desolvation at the elec-
trochemical interface by providing a solvation environment within the material or an expanded
interlayer that accommodates solvent molecules; (b) liquid-like ion transport within the solid
state, such as via a Grotthuss-like mechanism for protons; and (c) a decrease of structural changes
associated with ion insertion due to lower density, allowing solid-solution insertion or more facile
structural transformations. Hydrous TMOs can undergo dynamic changes in composition and
structure in an electrochemical environment, including structural water uptake, expulsion, and
rearrangement upon electrochemical proton or cation insertion (Figure 5).

Hydrous TMOs are hypothesized to allow facile transport of electrochemically inserted pro-
tons along the structural water networks, rendering them attractive for proton-based energy
storage devices (42–44). Protons can be electrochemically inserted into hydrous TMOs with dif-
ferent structural water network topologies: 1D [hexagonal WO3 (h-WO3)], 2D (WO3·2H2O),
and 3D (RuO2·nH2O). h-WO3 is a metastable hydrated form of WO3 in which corner-sharing
WO6 octahedra form hexagonal tunnels filled with structural water aligned in 1D channels along
the z-axis (Figure 6a). Jiang et al. (45) investigated the proton insertion mechanism of h-WO3
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Dynamic evolution of a hydrous transition metal oxide (TMO) during electrochemical cation insertion.
Hydrous TMOs can undergo changes in composition and structure in an electrochemical environment due
to the possibility of ion exchange and chemical and electrochemical reactions between the material and
electrolyte salt and solvent. This is illustrated by a hydrous vanadium oxide, which undergoes chemical
intercalation of structural water from the electrolyte (without change of oxidation state), electrochemical
intercalation of cations (with change of oxidation state), and structural water rearrangement and expulsion.
Figure adapted with permission from Reference 41.

nanofibrils using electrochemical quartz crystal microbalance (EQCM) and ex situ XRD. Cyclic
voltammetry showed two reversible proton insertion and deinsertion peaks with good reversibil-
ity and kinetics and with surface-controlled insertion between 1 and 10 mV/s. The material also
had excellent cycling stability. The proposed proton insertion mechanism involved three distinct
steps, including the expulsion of structural water molecules.This dynamic change in the structural
water content may alleviate the distortion associated with proton insertion and increase kinetics.
Sun et al. (46) utilized first-principles molecular dynamics (MD) to understand proton transport
along the confined water molecules in h-WO3 containing 0.08 H+. They found that the diffu-
sivity of inserted protons along the 1D structural water channel exhibits a maximum when the
structural water content per WO3 is 0.5 (Figure 6a,b), attributed to an optimal linear density of
water molecules in the tunnel to enable Grotthuss transport.

Our group investigated electrochemical proton insertion into the layered tungsten oxide hy-
drates, WO3·nH2O (n = 1, 2). The structure and physical properties of these materials were
discussed in Section 2. A general finding is that WO3·nH2O exhibits faster proton insertion ki-
netics than WO3 (20, 22, 34, 47), suggesting that the presence of structural water can promote
proton transport.The electrochemical response ofWO3·nH2O appears more capacitive: Current-
voltage responses are more symmetrical than those ofWO3, indicative of a charge-storage process
requiring less structural reorganization of the host (48). Utilizing operando XRD, we found that
bothWO3 andWO3·2H2O undergo a reversible phase transition during proton (de)insertion (for
∼0.1 H+/W; Figure 6c,d). However, the transformation occurs more rapidly in WO3·2H2O. In
fact, at fast timescales (<10 s),WO3 does not transform and remains frozen in its original structure
with a concomitant decrease in proton storage capacity. We hypothesize that in WO3·2H2O, the
structural water network restricts the phase transformation to 2D (versus 3D inWO3), which then
allows for fast proton transport within the structure. The decreased deformation of WO3·2H2O
was also found with operando atomic force microscopy. The measurement showed that defor-
mation during proton insertion is smaller and more reversible (lower hysteresis) when structural
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Proton insertion into hydrous tungsten oxides. (a) Structure of hexagonal WO3; electron density isosurfaces
(yellow) show tunnels available for 1D proton transport. (b) Calculated proton diffusivity varies as a function
of the linear water density (ρL) controlled by the structural water content per WO3 (xH2O). Panels a and b
adapted with permission from Reference 46; copyright 2021 American Chemical Society. (c,d) Operando
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1 mV/s. Both materials undergo electrochemically induced structural transformations concomitant with
proton insertion. The phase transition in the hydrous phase occurs on a faster timescale than in the
anhydrous material. Panels c and d adapted with permission from Reference 34; copyright 2019 American
Chemical Society.

water is present (49). First-principles DFT calculations indicate that the energetically favorable
proton transport paths are along the WO5(OH2) layers through bridging lattice oxygen, not the
2D structural water network (50), in agreement with operando XRD and inelastic neutron scatter-
ing results (34). Given the lack of interlayer spacing change during proton insertion and limited
translational motion of structural water in WO3·2H2O, we hypothesize that the structural water
networks in this material stabilize the structure during electrochemical proton insertion rather
than providing Grotthuss-like transport pathways. This mechanism is similar to the stabilization
of TMO shear phases during Li+ insertion (51, 52). As of now, there is no conclusive experi-
mental evidence for the transport of inserted protons along the 2D structural water network in
WO3·2H2O. These studies of tunneled and layered hydrous tungsten oxides highlight the unique
mechanisms by which structural water can enable fast proton transport and the tremendous utility
of atomic-scale simulations and operando characterization in facilitating this understanding.

Hydrous RuO2 is an oxide with unique structure and properties and whosemechanism is of sig-
nificant interest to the electrochemical capacitor community (53). The seminal work by Dmowski

10 Mitchell • Chagnot • Augustyn



et al. (31) showed that hydrous RuO2 can be viewed as a composite of rutile RuO2 nanocrystals
<10 nm in size surrounded by hydrous grain boundaries. More recent structural characterization
showed that the surface is predominately hydroxylated with only a small amount of hydrogen-
bound water molecules (32). The electrochemical response of hydrous RuO2 in acidic electrolytes
is almost ideally capacitive but with a high capacitance (>180 μF/cm2 of the surface) and change
of the Ru oxidation state (54), both of which implicate the specific adsorption of protons and a
pseudocapacitive mechanism. Recent DFT calculations show that bulk proton insertion is kinet-
ically hindered by a large, 1.62 eV, energy barrier (55). Simulations that accounted for surface
solvation and charging were quantitatively in agreement with the experimental potential versus
charge profile of RuO2 (56). This suggested the importance of the hydrous surface, as the solvent
was proposed to stabilize adsorbed protons at the electrochemical interface. The facile kinetics
of the proton storage process are facilitated by the hydroxylated and hydrated regions between
RuO2 clusters; experimental results show a significant decrease in the rate capability and capacitive
response upon dehydration (4, 31).

As with proton insertion, structural water is proposed to enhance the kinetics of aqueous cation
insertion by various mechanisms. This is of interest for energy storage with high safety and low
cost (57, 58). Hydrous manganese and vanadium oxides are examples of layered hydrous TMOs
that insert alkali cations at neutral pH. For example, Charles et al. (30) hypothesized that struc-
tural water provides mechanical support during K+ intercalation in disordered vanadium oxide
nanosheets, allowing for continuous and reversible structural change over a wider potential win-
dow than in anhydrous V2O5. Intercalation of K+ can induce significant lattice strains due to
its large size (1.38 Å versus 0.76 Å for Li+) (59), which can lead to degradation of the elec-
trode material to accommodate the additional spatial and charge density. X-ray and neutron pair
distribution function analyses were used to determine that the nanosheet structure consisted of bi-
layers of VO6 octahedra separated by structural H2O and charge-compensating intercalated K+.
Upon cycling in an aqueous KCl electrolyte, the nanosheets exhibit a series of reversible peaks
superimposed on a capacitive background. In situ XRD was used to determine the structural
changes during electrochemical cycling. Intercalation of K+ was associated with a contraction
of the interlayer spacing due to the Coulombic attraction of the reduced vanadium oxide lay-
ers and electrochemically intercalated K+. This interlayer contraction is similar to other layered
hydrous TMOs, such as birnessite, undergoing cation insertion (60, 61). Comparison of fully
hydrous (K0.22V1.74O4.37·0.82H2O) and partially hydrous (K0.22V1.74O4.15·0.46H2O) nanosheets
showed that increased interlayer hydration led to higher specific capacity (145 mAh/g versus
103 mAh/g), rate capability, and structural stability. As a result, this study supports the hypothesis
that structural water in hydrous TMOs can lead to structural stability during electrochemical ion
insertion in aqueous electrolytes.

As illustrated in Figure 1, hydrous TMOs can exhibit large inner surface areas when structural
water networks facilitate the transport of electrolyte solvent and ions to and from the bulk. Our
group is interested in how ion storage changes along the continuum from solvated ion adsorption
(capacitive storage with limited ion–host interaction) to desolvated ion insertion (maximum
ion–host interaction that can also lead to structural transitions of the host) (62). We hypothesize
that this can be tuned by the extent of confinement of the host material; Figure 7a illustrates this
as a function of the interlayer spacing in a layered host (62). Toward this goal, we investigated K+

intercalation from an aqueous electrolyte into birnessite, a layered hydrous TMO of interest for
capacitive energy storage (60). Within an ∼1 V potential window, birnessite exhibits a capacitive
electrochemical response with the storage of ∼0.1 e−/K+ per Mn. Using multimodal characteri-
zation and first-principles calculations, we found that K+ intercalation into birnessite occurs with
minimal structural change (Figure 7b). Cyclic voltammetry and EQCM results confirmed the
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involvement of K+ as well as water molecules in the insertion mechanism (Figure 7c). Follow-on
work with buffered electrolytes indicated that protons do not participate in the capacitive storage
mechanism and instead lead to dissolution of the birnessite over time (5). On the basis of these
results, we hypothesize that K+ intercalation into birnessite appears capacitive because the
mechanism occurs with minimal interaction between K+ and the manganese oxide layers. In
effect, the mechanism operates as depicted on the left side of Figure 7a, with structural water
molecules again leading to increased structural stability and partial hydration of the intercalated
K+ within the interlayer. This hypothesis is supported by ReaxFF reactive force field–based MD
and grand canonical Monte Carlo simulations that show intercalated K+ resides in the middle of
the interlayer surrounded by water molecules.

Cation insertion into hydrous TMOs has also been investigated in nonaqueous electrolytes.
In a nonaqueous environment, the stability of the structural water needs to be carefully consid-
ered as its loss can lead to structural change of the oxide and/or contamination of the nonaqueous
electrolyte. Experimental results indicate two extremes for the role of structural water during
cation insertion from a nonaqueous electrolyte: (a) improvement of insertion kinetics, as in aque-
ous electrolytes, or (b) formation of irreversible products such as hydroxide salts and electrolyte
contamination. In the case of a beneficial response, we found that WO3·H2O exhibits faster Li+

insertion thanWO3; the interlayer water of WO3·2H2O is not stable in a nonaqueous electrolyte
(63). Electrochemical Li+ insertion into WO3·H2O can occur over a wider potential window,
which we hypothesized was due to fewer structural transitions taking place in WO3·H2O ver-
sus WO3. Using EQCM, we found that Li+ insertion does not involve solvent coinsertion in
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WO3·H2O and WO3. Electrochemical impedance spectroscopy results showed that charge stor-
age in WO3·H2O persists to higher frequencies and with lower time constants over a broader
potential range than in WO3, supporting the hypothesis that structural water leads to more re-
versible Li+ insertion. Conversely, structural water was found to inhibit Li+ insertion from a
nonaqueous electrolyte into V2O5 aerogels (V2O5·0.6H2O) (23).The aerogel structure consists of
a vanadium oxide bilayer separated by an interlayer containing structural water molecules.When
reduced to 1.5 V versus Li/Li+, V2O5 aerogels can store up to 2 Li+ per V, leading to an attractive
capacity of 320mAh/g.However, the capacity declines to about half of its initial value by 35 cycles.
XPS of the cycled aerogel showed accumulation of LiOH, which is electrochemically inactive. As
a result, in the case of deep cycling of V2O5 aerogels, the reactivity of structural water with Li+ is
hypothesized to limit the cycling stability.

Hydrous TMOs are of interest for multivalent cation insertion. Energy storage devices based
on multivalent cations such as Mg2+ or Zn2+ may lead to higher energy densities and better
sustainability than those based on Li+ (64). Multivalent cation insertion can occur from either
aqueous or nonaqueous electrolytes, and hydrous TMOs have been used as insertion hosts in both
systems.Due to the high charge-to-mass ratio ofmultivalent cations as comparedwithmonovalent
cations, their insertion kinetics are consideredmore sluggish (65).The slow kinetics can arise from
multiple factors, including high interfacial desolvation energy and slow solid-state transport (66).
Structural water is hypothesized to enable fast multivalent cation insertion via several proposed
mechanisms: (a) allowing for solvent coinsertion into the large interlayer or tunnel spaces pillared
by structural water molecules and (b) serving as a shield between the intercalated cations and the
oxide host (66–68). For example, our work on the insertion ofMg2+ from a nonaqueous electrolyte
into hydratedWO3 indeed showed faster insertion kinetics, though decreased specific capacity, in
WO3·H2O as compared withWO3 (69). Structural water was shown to enhance insertion kinetics
in layered manganese oxides in nonaqueous Mg2+ and aqueous Zn2+ electrolytes (70, 71). Xero-
gel V2O5·nH2O can reversibly intercalate up to 0.25 Mg2+ per V2O5 from a nonaqueous, 1 M
Mg(TFSI)2 diglyme electrolyte (72). The interlayer spacing of the xerogel V2O5 contracts upon
Mg2+ intercalation. DFT calculations of V2O5 xerogel intercalated with Mg2+ showed that water
cointercalation from a wet, nonaqueous electrolyte led to higher voltages than when no water was
present (73), suggesting that structural water promotesmultivalent cation insertion.The predicted
structure of the intercalated xerogel showed Mg2+ coordinated by two lattice oxygens and four
oxygens from structural water molecules in the interlayer (Figure 8a). The water content of the
electrolyte was found to control the amount of cointercalated H2O, and the insertion voltage was
calculated to be 150 mV higher in a wet versus dry electrolyte (Figure 8b). A favorable interlayer
environment for multivalent cation intercalation was also found in Zn0.25V2O5·nH2O, which was
proposed as a high-capacity cathode for aqueous Zn batteries (41).The hypothesized intercalation
mechanism involved countermovements of Zn2+ and water molecules to explain the structural sta-
bility and rate capability in a 1 M ZnSO4 electrolyte. These results all suggest a beneficial role of
structural water for multivalent electrochemical cation insertion. However, there are additional
considerations when evaluating the behavior of hydrous TMOs for multivalent cation insertion.

Recent results indicate that the role of structural water during multivalent cation insertion
may be even more complex due to the possibility of multiple reaction mechanisms involving
protons and water molecules (74, 75). This is especially the case in aqueous electrolytes since
multivalent cations such as Mg2+, Al3+, and Zn2+ are Lewis acids that can accept electrons
from water molecules, leading to an increase in [H+] and a lower pH. As a result, in multivalent
cation aqueous electrolytes or nonaqueous electrolytes containing additional water, the charge
storage mechanism may primarily be due to proton insertion or even involve proton-driven
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dissolution/reprecipitation reactions. For example, V2O5 nanorods cycled in an Al(OTf )3
aqueous electrolyte with pH = 2 were shown to insert only protons and not Al3+ (76).

An example of dissolution/reprecipitation reactions upon cycling in an aqueous electrolyte
containing multivalent cations occurs with α-MnO2 (K0.97Mn8O16·0.56H2O), a hydrous TMO
with tunnels containing structural water and cations (77). Given its open structure, the charge
storage mechanism of α-MnO2 in Zn2+ aqueous electrolytes was hypothesized to involve Zn2+

insertion, perhaps facilitated by the structural water in the tunnels, as discussed in Section 2.
However, operando X-ray fluorescence measurements (Figure 8c) showed that the charge stor-
age mechanism does not involve a solid-state insertion, or even conversion, reaction. Instead, the
mechanism involved dissolution of Mn2+ during reduction of α-MnO2, followed by deposition
of a zinc-containing tunnel oxide during oxidation with a composition of ZnMn3O7·3H2O. This
result showed the importance of operando measurements to determine the mechanism, since the
final structure was a Zn-containing tunnel manganese oxide as might be obtained via solid-state
insertion. The detection of dissolved Mn species in the electrolyte and their increase during cy-
cling allowed for the discovery of the dissolution/deposition mechanism. This mechanism should
be considered whenever oxide materials exhibit high specific capacities (especially >1 e− per
transition metal) in aqueous electrolytes.
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4. ELECTROCHEMICAL ENERGY CONVERSION

Electrochemical energy conversion reactions in aqueous electrolytes, such as hydrogen and oxygen
evolution reactions in water splitting, expose electrocatalysts to harsh chemical environments and
highly reducing or oxidizing potentials. As a result, the properties of TMO electrocatalysts are
dynamic (78) and depend on the properties of the electrochemical environment at a given point
in time, such as the interfacial pH, concentration, potential, and state of charge. Such conditions
can lead to the formation of hydrous TMOs that serve as the true electrochemically active phase
in electrochemical energy conversion reactions.

Hydrous nickel and cobalt hydroxides are some of the most actively studied materials for elec-
trochemical water splitting due to their low cost and high activity for the oxygen evolution reaction
(OER) in alkaline electrolytes (79, 80). These hydrous TMOs have been termed electrolyte-
permeable catalysts because their catalytic activity involves the entire volume of the material, that
is, the inner surface (Figure 9). (81) The dynamic nature of the composition ofβ-Co(OH)2 during
OER was studied with operando scanning probe and X-ray microscopies (82). Prior to the onset
of the OER, single crystalline platelets of β-Co(OH)2 transform to a protonated and hydrous
structure, α-Co(OH)2H1.5·0.5H2O. At higher voltages, the protons and structural water deinter-
calate to form β-CoOOH. The scanning probe and X-ray microscopy techniques also provided
insight into the spatial distribution of the phase transitions, which were heterogeneous over the
bulk of the particles. Correlation between the Co3+ concentration at particle edges and the Tafel
slope led to the conclusion that the local composition driven by bulk ion and water movement was
responsible for changes in the electrocatalytic activity of the material as a function of potential.
These studies highlight the significance of facile proton, cation, and water transport in hydrous
TMOs for both electrochemical energy storage and conversion applications.

Another tantalizing feature of some hydrous TMOs is that their interlayer composition can be
varied during synthesis in order to improve electrocatalytic activity. One example of this occurs
with birnessite, which is of interest as a low-cost catalyst for the OER. Exfoliated birnessite
nanosheets can be stacked into bilayers with different hydrated, chemically intercalated interlayer
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cations. An experimental study found a correlation between the OER overpotential and the
interlayer spacing of birnessite (determined by the type of alkali cation in the interlayer), with
the largest interlayer spacing (Cs+) leading to the lowest overpotential (83). The confinement
of charge-compensating transition metal cations such as nickel and cobalt in the interlayer of
birnessite also leads to higher OER activity (300–400 mV lower overpotentials at 10 mA/cm2)
(84, 85). First-principles calculations show that the interlayer cation speciation in birnessite
determines the manganese oxidation state (Mn3+/4+) and ordering, which affect the electronic
properties of the material (86). First-principles simulations indicate that the electronic structure
formed from the interactions of manganese oxide sheets with differing Mn3+ content facilitates
electron transfer between the oxide and intercalated species, enhancing O2 production rates (87).
This result further suggests that a nonuniform distribution of Mn3+ favors high OER activity in
birnessite. This understanding was used to synthesize birnessite with alternating low and high
Mn3+ content layers with intercalated Cs+, which led to a decrease of the OER overpotential
by 250 mV as compared with unmodified birnessite with K+ in the interlayer (88). Finally, MD
simulations indicate that structural water within the interlayer of birnessite exhibits geometric
frustration, which was proposed to facilitate electrocatalysis by lowering the Marcus reorganiza-
tion energy for electron transfer (89). These comprehensive investigations demonstrate how the
hydrous inner surface environment can be tuned for electrochemical reactivity in hydrous TMOs.

Hydrous TMOs can form when anhydrous TMOs are used as electrocatalysts in aqueous
electrolytes driven by chemical dissolution/reprecipitation or proton exchange accompanied by
structural water molecules. For example, oxidation of α-Li2IrO3 in an aqueous electrolyte occurs
with Li+ deintercalation and the formation of a birnessite-like phase,where the interlayer contains
Li+, K+, and structural water (Figure 10a,b). The layered hydrous phase is electrocatalytically ac-
tive toward the OER, and O2 evolution is linearly dependent on the K+ content in the interlayer
(Figure 10c), indicating the modulation of electrocatalytic behavior based on the interlayer al-
kali content and state of charge of the hydrous phase. The proposed electrocatalytic mechanism
(Figure 10d) highlights the dynamic nature of the electrolyte and the key role of structural wa-
ter in enabling access to the inner surface of the TMO for K+ intercalation from the aqueous
electrolyte. Another example of the importance of a hydrous phase for OER catalysis is the proto-
nation of Sr2IrO4 to yield a hydrous phase, H3.6IrO4·3.7H2O, which exhibits higher OER activity
than the parent material (6). Our group also studied the importance of the dynamic modulation of
hydrated phase properties during electrocatalysis in tungsten oxide hydrates (90).We synthesized
an octylamine-pillaredWO3 (OA-WO3) fromWO3·H2O; OA-WO3 contained octylamine in the
interlayer as opposed to structural water. Unlike WO3·H2O, the octylamine-saturated interlayer
of OA-WO3 did not allow proton or alkali cation insertion.We found a correlation between pro-
ton insertion into tungsten oxides and the hydrogen evolution reaction (HER) activity: Higher
proton insertion (as in WO3·H2O) led to lower overpotential for the HER. This provides further
evidence of the importance of understanding the role of proton or cation insertion into hydrous
oxides used in aqueous electrocatalysis.

5. ENVIRONMENTAL APPLICATIONS OF HYDROUS
TRANSITION METAL OXIDES

The specificity of ion insertion into solid-state hosts, including hydrous TMOs, can be used in
emerging environmental technologies including electrochemical ion separation and recovery (92,
93). This includes such aqueous electrolyte, ion-based processes as electrochemical desalination
(uptake of Na+ and Cl−), water treatment (removal of toxic elements, e.g., Cr6+), and element re-
covery (e.g., Li+).While activated carbon–based electrodes are the most commonly usedmaterials
for these applications, hydrous TMOs can exhibit higher ion specificity and removal capacities due
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to bulk insertion. Hydrous TMOs are most suitable for the removal of small cations because their
interlayers are typically not vacant enough for larger electrolyte species. For example, hydrated
layered and tunnel manganese oxides were studied for their ability to insert Na+ from aqueous
electrolytes (94, 95). In the case of tunnel manganese oxides, larger tunnel size was associated with
the removal of cations with larger hydrated radii, such asMg2+ (95). This suggests that manganese
oxide tunnel size may be tuned for cation removal selectivity. In layered manganese oxides, both
birnessite and buserite demonstrated high initial Na+ removal, but long-term cycling led to a
decline of the removal capacity due to disorder of the layered structure. The large interlayer
spacing of both structures contained high amounts of structural water, which was correlated with
more facile mobility of the aqueous cations. The degree of ion uptake by manganese oxides is
strongly influenced by their crystallinity and microstructure and the microenvironment of the
interlayer or tunnel spaces (96, 97). Jin et al. (98) found that lamellar, poorly crystalline MnO2

exhibited higher salt adsorption capacity than more crystalline manganese oxides. Hydrous V2O5
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has also been studied for desalination, showing good Na+ uptake via cation intercalation into the
hydrated interlayer (99). Another environmental application of hydrous TMOs is as electrodes
in salinity gradient energy harvesting, a process that is the opposite of desalinization (100).
Manganese oxide electrodes are used for the reversible insertion of Na+ from water with both
high and low concentrations of NaCl (Figure 11a). Based on power density, hydrous manganese
oxides capable of Na+ intercalation showed the best performance (Figure 11b). Given the
importance of hydrous TMO minerals such as birnessite in scavenging metal ions from soils
(101), research into the use of hydrous TMOs for electrochemical environmental applications is
likely to increase in the future, particularly with improvements in their specificity of ion insertion.

6. CONCLUSIONS

Hydrous TMOs are solid-state materials, the inner surface of which can be accessible for electro-
chemical reactivity. They are of interest as electrodes for insertion-type energy storage, electro-
catalysts, and environmental applications. The possibility of tuning the inner surface environment
of hydrous TMOs and the interesting physicochemical properties of water under confinement by
these materials are drivers for scientific studies into this class of materials. From a technological
perspective, they are important for a variety of energy and environmental technologies, particu-
larly in aqueous electrolytes. Further advancements in controlling the composition and specificity
of ion uptake and mass transport kinetics of hydrous TMOs will lead to further applications of
these materials in electrochemical energy storage, conversion, and environmental remediation.
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