ABSTRACT
MITCHELL, JAMES BROOKS. Understanding the Role of Structural Water for High Power
Electrochemical Energy Storage in Tungsten Oxide Hydrates. (Under the direction of Dr. Veronica
Augustyn).

Electrochemical ion insertion into a transition metal oxide host is the basis of commercial
and emerging technologies including electrochemical energy storage, capacitive deionization, and
memristive devices for neuromorphic computing. Kinetics of this insertion process can be dictated
by charge transfer at the electrochemical interface, solid-state ionic diffusion in the bulk of the
oxide host, and nucleation and growth of electrochemically induced phase transformations.
Confined fluids such as structural water are hypothesized to enhance charge-transfer resistance
and solid-state diffusion for more facile ion (de)insertion in redox-active transition metal oxides.
In this work, | compare the electrochemical insertion of H* and Li* in the tungsten oxide hydrates
(WO3-nH20, n = 1, 2) to the anhydrous WOs to determine the effects of structural water on the
electrochemical ion insertion Kinetics. Electrochemical characterization reveals that the presence
of structural water enhances the reversibility of the electrochemical ion (de)insertion process,
leading to enhanced capacity retention at high rates ('t < 10 min). Neutron scattering and solid-
state 'H NMR of the crystalline hydrates indicates that the structural water is translationally
immobile and constrained to local rotational freedom. Coupling these results with real-time
structural analysis during electrochemical H* (de)insertion reveals that structural water stabilizes
the layered structure for high-rate H* insertion, and interestingly, is not serving as an ion transport
pathway. Potential-dependent electrogravimetry and Bode impedance further elucidates the effects

of structural water by determining the potential and time-dependent responses during

electrochemical Li* insertion. Overall, these studies aim to understand the role of structural water



to guide future materials design strategies based on materials that incorporate structural water for

high-rate, high-capacity electrochemical ion insertion.
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CHAPTER 1

Motivation and Background

Electrochemical energy storage (EES) is ubiquitous as our society demands increased
portability and significant electrification of the transportation sector.* EES devices are increasing
in popularity because they couple energy conversion and storage, enabling applications within
tighter space and weight limitations.? However, this leads to an additional device-level coupling
of the overall storage capacity (energy density) and the rate of energy storage / delivery (power
density).? Typically, this limits EES devices to two regimes — high energy or high power density
(fast charge / discharge times; t < 20 min) — which is highlighted in Figure 1.1. Batteries, such as
Li-ion, are the best performing in terms of overall energy density (> 100 W h kg1), but are plagued
by slow power uptake or delivery (< 1000 W kg™).2 The ability to store / deliver large amounts of
energy at high rates is useful in widespread applications including kinetic energy harvesting,*
electric vehicle acceleration and regenerative braking,® and digital communications.®
Electrochemical capacitors (ECs; > 1000 W kg*; < 10 Wh kg*) are utilized in these higher power

applications where the charge / discharge times range from seconds to minutes.
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Figure 1.1: Discharge Performance of Typical EES Devices| Comparison of the specific energy
as a function of discharge time for -electrochemical double-layer capacitors (blue),
pseudocapacitors (green), and Li-ion batteries (red).” At faster discharge times, the performance
of batteries begins to suffer due to sluggish ion transport Kinetics and increased structural
transformations.® Electrochemical capacitors show enhanced storage capacities compared to

batteries in the sub-minute charge / discharge time range.

ECs can be divided into two categories — double layer ECs and pseudocapacitors - based
on their energy storage mechanisms.® Electric double-layer capacitors (EDLCs) store charge
through an electrosorption process in a thin double-layer (0.1 — 10 nm) formed at the electrode-
electrolyte interface. EC double-layer capacitors differ from electrolytic capacitors by utilizing
high surface area materials (1000 — 2000 m? g*; typically carbonaceous)?® that enhance the ion-
accessible surface areas and decrease the thickness of the formed double, enhancing the capacitive

charge storage (Equation 1.1).°

Eo&rA
d

C = (1.1)



Capacitance, C is dictated by the vacuum dielectric constant (eo), dielectric constant of the
electrolyte (er), electrochemical interfacial area (A), and the thickness of the formed double layer
(d). Overall, EDLCs can be characterized by the absence of Faradaic charge-transfer reactions and
thus have lower energy densities ( < 10 Wh kg™).>° However, the absence of these charge-transfer
reactions eliminates significant volume changes that accompany these high-energy processes
(Figure 1.2), enabling EDLCs to sustain stable cycling for millions of cycles.® Pseudocapacitors
further bridge the gap between high-capacity and high-rate storage electrodes. These types of ECs
undergo a charge storage mechanism called pseudocapacitance which involves surface or near-
surface Faradaic charge-transfer reactions.®! Pseudocapacitance is promising because it can
deliver as much as 10x the energy densities provided through EDLCs,** while occurring on a much
faster timescale than traditional battery materials ( < 10 minutes) due to lower structural changes
/ kinetic limitations than batteries (Figure 1.2).2'° The concept of delivering the high energy
densities of Faradaic charge-transfer reactions in seconds-to-minutes is quite attractive for the

high-power applications mentioned above.
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Figure 1.2: Differences in Electrochemical Energy Storage Mechanisms| As the extent of
capacity or charge transfer increases, the volume changes and kinetic limitations due to structural
transformation also increases, increasing the time constant for the charge-storage reaction. This
increases the time required to deliver the stored charge capacity and thus lowers the power density
in EES device applications. Pseudocapacitors undergo interfacial charge transfer via surface or
near-surface redox reactions and typically utilize transition metal oxides. This enables higher

capacities than traditional EDLCs. Figure reprinted from ref.

The relationship between capacity / extent of charge transfer and device-level energy
density is dependent upon the shape of the potential-charge plots. Ideal capacitors exhibit linear
potential-capacity relationships due to the direct relationship between the applied voltage and the
surface density of charge at the electrochemical interface.®® Whereas, typical batteries that undergo

phase transitions exhibit constant cell potentials (Figure 1.3) since the intensive thermodynamic



properties are defined, described by the Gibbs phase rule.}* Therefore, the energy density of
batteries is directly proportional to the cell potential and EDLC-devices is half of this value (C =

Q/V).

Ideal LIB Charge
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© | i
'.Eo i Charge
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& ‘E ............................................................... ) Discharge g

State of charge

Degree of charge/discharge
Figure 1.3: Characteristic Potential-Capacity Relationships of Capacitor-Like (ldeal
EDLCs) and Battery-Like (Lithium-lon Batteries, LIB) Processes| The potential profiles of
capacitive processes follow a linear relationship with the degree of charge / discharge while ideal
LIBs exhibit a constant cell potential. Ideal EDLCs exhibit little hysteresis between the charge /
discharge processes due to limited kinetic limitations. LIBs exhibit more significant hysteresis,
especially at higher charge / discharge times of minutes to seconds, that lead to lower energetic
efficiencies. Pseudocapacitors (not shown) would ideally exhibit a linear potential-charge profile
with enhanced energy densities than EDLCs due to surface / near-surface charge transfer reactions.

Figure reprinted from ref.®



Overall, designing materials to exhibit high charge capacity and low time constant for
delivering the stored charge is desirable for applications, especially for the transportation
electrification and utilization of renewable-energy based power grids. The field of EES is currently
dominated by layered materials such as LiCoO2 and graphite!® due to their abilities to reversibly
intercalate ions with minimal structural changes, enabling the use of micron-sized particles that
exhibit high-particle stacking densities and thus high volumetric capacities.? However, these more
traditional battery materials are plagued by sluggish ion transport dynamics within the bulk of the
solid-state structure, limiting their applicability to slower charge / discharge times. The field has
gone to an opposite extreme, by fabricating nanostructured 2D materials through exfoliation®’
of the bulk structures or direct synthesis.*® While this can decrease diffusion distances and enhance
kinetics for applications requiring faster charge / discharge times, the need to maintain highly
porous films leads to low volumetric performance.? However, 2D materials with nanoconfined
fluids within the interlayer have shown promising characteristics for improving the ion transport
in bulk, layered structures and the low volumetric performances of exfoliated 2D materials. It is
hypothesized that these structures may enhance change transfer and ion transport kinetics, enabling
high-rate charge storage in these energy-dense layered structures.? 2D materials may naturally
contain confined fluids within the interlayer region such as structural water,'®>?? but it is also
possible to synthesize materials with other types of confined fluids / molecules.?®?* The
hypothesized benefits of nanoconfined fluids within layered materials are conceptualized in

Figure 1.4.
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Figure 1.4: Comparing Different Materials Design Strategies for Electrochemical lon
Insertion| Benefits and drawbacks of the three discussed materials design strategies — bulk layered
materials, 2D materials with confined fluids, and exfoliated 2D materials. Layered materials
containing confined fluids are hypothesized to bring together the benefits of both bulk layered

materials and exfoliated materials.?

The purpose of this dissertation is to investigate the role of structural water in tungsten
oxide hydrates on the electrochemical ion insertion process to further develop a materials design
strategy based on layered, hydrated transition metal oxides for high-capacity, high-rate charge
storage. | investigated the effects of structural water on the aqueous H* insertion and non-aqueous
Li* insertion reactions by comparing the layered, hydrated phases (WQO3-2H20, WO3-H20) to the
anhydrous oxide (WO3). The studies highlighted in this dissertation aim to elucidate the nature of
the confined water networks during the (de)insertion reactions to probe two major hypotheses: (1)

structural water layers can provide fast ionic transport pathways for enhanced solid-state diffusion,



enabling high rate electrochemical energy storage ( t < 10 min), and (2) the presence of structural
water will enhance interfacial charge-transfer through facile desolvation kinetics and / or solvent
co-insertion at the electrochemical interface. To test these hypotheses, I utilize electrochemical
and physical characterization techniques to couple the electrochemical responses to real-time
structural and gravimetric changes of both the layered, hydrated phases (WO3-nH2O; n =1, 2) and
anhydrous WOs.

In this work, | utilize model materials, crystalline tungsten oxide hydrates (WO3-nH20;
Figure 1.5), which exhibit stoichiometric water contents and well-resolved crystallographic
structures to systematically investigate the role of structural water in layered transition metal
oxides. Tungsten oxide forms a dihydrate phase (WOz-2H>0) which exhibits two stoichiometric
water moieties (Figure 1.5a). WO3-2H>O contains two types of structural water: a water of
coordination directly bound to the W-metal center as part of the corner-sharing octahedral network,
and a secondary-bound interlayer water that forms part of the two-dimensional water network.
Dehydration of WO3-2H,0 proceeds via two steps. The interlayer water is removed at ~ 120 °C
which leads to the formation of orthorhombic WOs-H2O, which contains only the water of
coordination. The detailed structure and properties of the structural water in WOz-nH2O will be
discussed in Chapter 2. The water of coordination is fully removed at ~ 350 °C, which leads to
the formation of monoclinic (y) WOs. Chapter 3 compares the aqueous H* insertion kinetics of
WO3-2H,0 to WO3, and finds that the presence of structural water leads to a transition in the
electrochemical responses from a potential-dependent storage process (battery-like, as in WOs3) to
one that is not limited by solid-state diffusion (pseudocapacitive). Chapter 4 further investigates
the kinetic differences observed in the electrochemical H* insertion process using operando XRD

and neutron scattering. These studies reveal that the confined water networks are quite localized



and do not serve as ion-transport layers, contrary to our original hypothesis. However, we find that
the structural water stabilizes the electrochemically induced structural transformations, enabling
high-rate H* insertion (t < 1's). Chapter 5 corroborates the facile structural transformations found
in the layered, hydrated phase and utilizes operando electrogravimetry and Bode impedance
analyses to determine the effects of the structural water on the charge transfer process at the
electrochemical interface in a non-aqueous Li* electrolyte. Lastly, Chapter 6 seeks to understand
how the facile structural transformations and enhanced ion insertion kinetics apply to low-
temperature electrochemical ion insertion processes ( T <0 °C). Overall, the results highlighted in
this dissertation provide a materials design strategy for electrodes that can store / deliver high
charge capacities in short timescales for advanced electrochemical technologies including high
volumetric capacity storage for space-sensitive applications, fast switching times for

electrochromics,? and facile proton transfer reactions for catalysis.?%%’
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Figure 1.5: Crystallographic Structures of WOs-nH20 and WOs | (a) Crystallographic
structure of WO3-2H20 depicting its layered structure with both forms of structural water. (b)
Thermal dehydration at 120 °C causes the interlayer water to leave the structure, forming
WOs3-H0. (c) Further dehydration collapses the layered structure, forming anhydrous y-WOz. The
purple octahedra represent WOs octahedra with red atoms representing oxygen. The white atoms

represent hydrogen forming the structural water molecules.
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Chapter 2

Materials Chemistry and Characterization of Structural Water in Transition Metal Oxides

2.1 Preface

Structural water confined in transition metal oxides is of interest as a design strategy to
improve the kinetics of cation insertion for high power electrochemical energy storage.? This
chapter provides an overview of the materials chemistry of structural water, and aims to highlight

the advancements in characterizing the properties of these confined water networks.

2.2 Types of Structural Water

Structural or lattice water can be present in two forms depending on whether the bonding
is of the primary or secondary type. Water directly bound to the structure is termed “water of
coordination” and leads to the formation of hydrates,?® which are materials with a well-defined
water content.?® Water present via secondary bonding leads to the formation of hydrous materials,
those whose water content can be non-stoichiometric. Some materials contain both types of water.
The local binding environment of water dictates its physicochemical properties, such as thermal
and chemical stability. Systematic determination of the effects of structural water on the materials
chemistry can be determined using a model class of materials containing stoichiometric primary
and secondary water.

A model class of materials are MO3-2H>O (M = Mo, W), which are isostructural and
contain stoichiometric contents of both primary and secondary bound structural water. In this
dissertation research, I have coupled physical and electrochemical characterization of this class of

materials to systematically determine the role of structural water on the structural and
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electrochemical responses during proton and lithium-ion (de)-insertion. The structure consists of
MOs(OH>) octahedra with covalently bound apex water molecules (water of coordination) (Figure
2.1a) that form a corner-sharing layered network in the x-z crystallographic plane.®® The presence
of the apical water leads to shortening of the terminal W-O bond to ~ 1.7 A, as compared to ~ 1.8
— 1.9 A for the equatorial W-O bonds. This is indicated by the spectroscopic signature of an
apparent W=0 stretching mode at ~ 948 cm™ (Figure 2.1c).3! A second stoichiometric water
molecule per formula unit is within the interlayer region (interlayer water) and leads to the
formation of a two-dimensional hydrogen-bonded network of structural water (Figure 2.1b).%° The
presence of this second structural water molecule also affects the W-O bonding environment. The
Raman spectrum of WO3-2H,0 indicates a shift in the W=0 stretching frequency from 945 cm™
in WO3-H20 to 960 cm™ and the immergence of two distinct O-W-O stretching modes (600 — 800
cm™) rather than one (Figure 2.1c).3! Thermogravimetric analysis (TGA) shows the differences
in thermal stability of these two classes of structural water based on their binding environments
where the interlayer water is more loosely held within the structure than the primary bound water
of coordination (Figure 2.1d).3? Systematic characterization - through controlled environments
and deuterium-substituted water - of this model class of oxide hydrates highlights the effects of

structural water on the materials structure and physicochemical properties.
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Figure 2.1: Structural Chemistry of MOs-2H2.0 (M = W, Mo)| (a) Molecular orientation of
WOs(OH>) octahedra in WO3-2H20. The water of coordination is located at one of the apices
which leads to the lengthening of the W-O(1) bond. (b) Crystallographic structure of MoO3-2H20
depicting the hydrogen bond network between the terminal-O, water of coordination, and
interlayer water networks. (c) Raman spectra of WO3-nH20 (n = 1, 2). (d) TGA of M0O3-2H20
in air. The first major weight loss is due to the interlayer water and leads to the formation of

MO3-H20. The second weight loss step is due to the removal of the water of coordination to form

anhydrous MoO3.%2
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2.2.1 Covalently Bound Primary Water

Water of coordination is present in various molybdenum?::3334 and tungsten oxide phases.*®
Molecular databases theorize the potential for thermodynamically stable crystalline hydrates of
titanium, niobium, and iron oxides that contain water of coordination, but these structures have not
been well characterized. It can also be found in phosphates **3’ and coordination polymers,®® but
the scope of this review will focus on transition metal oxides. By definition, this type of structural
water is coordinated to the transition metal, replacing one of the apical oxygen ligands (Figure
2.1a). Using qualitative bonding models, Crouch-Baker and Dickens determined that the bonding
environment of the water of coordination in MoOs-H>O is similar to the apical oxygen in anhydrous
a-MoQg, indicating a covalent bonding nature as opposed to weaker intermolecular forces.® In
the case of hexagonal Mo0Os3-0.5H,0, the water of coordination leads to a distortion of the

MoOs(OH,) octahedra as compared to anhydrous hexagonal MoQ3 %

Water of coordination has higher thermal stability than secondary-bound structural water
(Figure 2.1d). It also has better stability in non-ambient conditions, which is important for energy
storage utilizing non-aqueous electrolytes. For example, WO3-H20 / f-Mo0O3-H-0 electrodes were
stable in non-aqueous electrolytes, even after electrochemical cycling.*3? Gnter also found
spontaneous dehydration to occur in MoO3z-2H,O under vacuum at 10 to 10®° Torr at room
temperature, highlighting the need to consider the characterization environment when evaluating

a crystalline hydrate’s structure-performance properties.
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2.2.2 Secondary-bound Water

Secondary-bound structural water can be found in many classes of oxides.33#2%3 In these
materials, the structural water is bound to the host lattice through hydrogen bonding and other
weak intermolecular forces.?%3 It has also been found to coordinate with cations residing in vacant
sites of layered birnessite MnO2.2° The physical nature of secondary-bound structural water can
be investigated with characterization techniques that can detect hydrogen nuclei such as neutron
scattering and *H-NMR.

Quasi-elastic neutron scattering (QENS) studies can reveal the dynamics of secondary
structural water, indicating the strength of interaction between the oxide host and structural water.
QENS measurements of layered V.Os-nH2O reveal that the structural water exhibits slower
rotational and translational dynamics than bulk water. Additionally, the structural water dynamics
are much faster than ice, indicating that the interlayer water behaves as a 2D liquid.*? Each oxide
host will interact differently with structural water based on the environment of the confined water
network and its hydrogen-bonding strength with the oxide structure. For example, in the case of
WO3-2H20, both QENS and solid-state H!' NMR measurements revealed an absence of
translational motion on the ns - ps timescales,* indicating the secondary water is more confined
to specific crystallographic locations than V2Os. The impact of these differences such as stability
during electrochemical cycling or physical characterization is important to consider when
evaluating the structure-property relationships for electrochemical energy technologies.

Secondary water can have varying bonding environments, and this has also been
determined to dictate its thermal stability. Ordered solvation structures of interlayer cations in

birnessite MnO2!%4%4® lead to varying thermal stabilities based on the strength of solvation.*® The
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thermal stability of the interlayer water is directly correlated to the hydration enthalpy of the
interlayer cation in birnessite-like MnO; structures.®

Given the low temperatures necessary for the removal of secondary-bound structural water,
it is necessary to consider the effect of the characterization environment. The presence of
secondary structural water in birnessite MnO- can be determined by the interlayer distance of the
layered compound (Figure 2.2a). Therefore, characterization methods requiring ultra-high
vacuum or non-ambient conditions such as X-ray photoelectron spectroscopy, electron
microscopy, and non-aqueous electrochemistry may create a driving force for water to leave the
structure, leading to structural and compositional changes. Matsui et al. showed that secondary
bound, interlayer water in birnessite MnO: is unstable at elevated temperatures as well as under
vacuum.* In Naog 2sMnQO2-nH0, the interlayer distance decreased by 1.4 A after dehydration in air
at 323 K or 293 K under vacuum at 0.07 Pa.** In WOs-2H0, low-temperature electron microscopy
(-175 °C) was required to preserve the interlayer water under vacuum.*” The spontaneous uptake
of water may also be a concern when acquiring ex situ characterization of materials containing
structural water. Birnessite KxMnO,.nH20O that had been thermally dehydrated at 200 °C regained
approximately half of its water content after 1 h at room temperature (Figure 2.2b).%° Therefore,
methods to preserve the hydrated structure or the use of operando / in situ characterization

techniques are necessary when evaluating the structure-property relationships.
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Figure 2.2: Spontaneous Hydration of Birnessite MnOz| (a) XRD of sodium birnessite
(NaxMnO3) before and after heat treatment in air. Top (black) line is the diffraction pattern for the
heat-treated sample, showing the interlayer spacing decrease from 7.16 A to 5.72 A due to loss of
structural water.*® (b) Infrared spectra during an in situ heating investigation of KuMnO2-nH20. As
the sample is heated, the structural water leaves, leading to a decrease in intensity of the H.O
bending and stretching modes at ~ 1600 and 3300 cm™, respectively. After the heat treatment, the
sample regained half of the H>O stretching mode intensity by sitting in room temperature for 1 h,
highlighting the spontaneity of the rehydration process in birnessite MnO2.1® (c) Schematic
depicting the reversible dehydration process in KiMnO2-nH20. A chemical potential gradient can
drive the dehydration process from KxMnO2:nHz20 to KxMnO.. However, a humid environment
can spontaneously drive the reverse process to rehydrate the interlayer. Maroon octahedra
represent the edge-sharing MnOe octahedra of the layered birnessite. Green spheres represent

interlayer K* ions. Water molecules can occupy interlayer K* vacant sites.
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Non-aqueous electrolytes are common in electrochemical energy storage devices because
they allow for larger operating potential windows, leading to increased energy densities. However,
it is important to consider the stability of structural water in these electrolytes, as the chemical
potential gradient may cause a driving force for water to leave the structure. Wang et al. discovered
that the immersion of WO3-2H>0 in a non-aqueous electrolyte led to the loss of secondary-bound
water and a phase transition to the monohydrate phase.*! In the case of hydrated vanadium bronzes,
electrochemical cycling in non-aqueous electrolytes may lead to the displacement of secondary-
bound water.*® Additionally, electrochemical cycling in non-aqueous Li* electrolytes can cause
parasitic reactions with structural water, such as the formation of LiOH in V20s aerogels.>
Parasitic reactions were also found in WOs-H>O during high depths of discharge (high-Li*
contents), forming Li,WO..>! The stability of structural water should be evaluated with in situ or

operando techniques during electrochemical cycling, particularly in non-aqueous electrolytes.

2.3 Classification of Materials based on the Extended Structural Water Network

Structural water molecules can form networks of different dimensionality within materials.
The extended structural water networks have been found to exist as 1-, 2-, and 3-D networks within
the solid-state structures (Figure 2.3). Dimensionality of the extended structural water networks
throughout the material may lead to differences in interfacial charge transfer and solid-state ionic

transport pathways, affecting the material’s electrochemical response.
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Figure 2.3: Dimensionality of Extended Structural Water Networks in Transition Metal
Oxides| (a) 1D water networks in hexagonal WOz-nH2O. Green polyhedral represent WOs
octahedra. The secondary-bound structural water resides within the tunnel cavities along [001].%
(b) 2D water networks in WO3-2H0. Layers of corner-sharing WOs(OH>) octahedra are separated
by interlayer structural water. Inset shows the 2D interlayer water network.>® (c) 3D water
networks in nanostructured RuO2-nH>O (Blue spheres). Structural water resides in hydrous grain

boundaries that surround small crystallites of metallic rutile RuO2.8

2.3.1 One-Dimensional Water Networks (Tunnel Structures)

1-dimensional (1D) structural water networks are formed in materials with tunnel
structures (Figure 2.3a). The focus of this section will be the tunnel structures of manganese and
tungsten oxides since they are the most common structures investigated in electrochemical
technologies. Manganese oxides form several different tunnel structures which vary in cavity size
based on the number of edge-sharing MnOg octahedra (Figure 2.4).>* This gives rise to tunnel
structures with varying edge lengths whose nomenclature is based on the number of edge-sharing
octahedra. Manganese oxides can form 1x1, 2x2, and 3x3 tunnels. Pyrolusite (5-MnQO) is a
common ore with the same structure as rutile TiOz (Figure 2.4a). It only contains corner-sharing

octahedra giving rise to 1x1 tunnels.®® These smaller cavities do not provide sites for structural
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water.>® The 2x2 tunnel structures (Figure 2.4b), also known as a-MnO,, contain water in the
cavities. Secondary structural water and intercalated cations reside is in the middle of the
tunnels,®”®® and variations in the amount of water and type / content of cations are possible.
Dehydration leads to structural change,®>”*® and spontaneous rehydration is possible in humid
environments, as for birnessite (Figure 2.2b,c).>® Todorokite is a mineral with a 3x3 tunnel
structure where structural water and various cations (Na*, K*, Mg?*, Ca?") can reside in multiple
positions within the inner cavities (Figure 2.4c).%° Post and Bish utilized Rietveld refinement to
show that the edges of the 3x3 chains have larger Mn-O distances. This likely contributes to the
structure’s ability to accommodate larger cations (Mg?*, Ni%*, etc.),% which is critical in
applications such as capacitive desalination®! and multivalent ion insertion for electrochemical

energy storage.®?
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Figure 2.4: Structural Diversity of Manganese Oxides | (a) The structure of f-MnO> consists of
1x1 cavities along [001] and contains no structural water. (b) Crystallographic structure of a-MnO>
along [001]. The tunnel sides are formed by two edge-sharing MnOg octahedra. The green spheres
indicate the water / cation (M"") positions along the z-axis of the tunnel cavity. (c) Structure of A-
MnO: (todorokite) along [010]. Its 3x3 tunnel contains cations and structural water in multiple
crystallographic positions along the y-axis.?® (d) The structure of the most common layered
manganese oxide, -MnO, consists of edge-sharing MnOe octahedral layers separated by cations

and structural water.
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Hexagonal WOs (h-WO3) is another transition metal oxide that crystallizes in a tunnel
structure. Here, six corner-sharing WOs octahedra form tunnels of ~ 3.9 A diameter along the
[001] crystallographic direction.®® TGA is one tool to detect the presence of secondary water in
the tunnels. Jiang et al. discovered that the tunnels of h-WO3-0.6H20 could host centered or off-
centered water molecules along [001], and that the water was fairly mobile within the tunnel
cavities.> Further investigation using electrochemical quartz crystal microbalance revealed that
the tunnels can absorb additional water molecules after immersion in aqueous electrolytes,
equilibrating to ~ 0.9 H.O per formula unit. A similar hydrated phase, MoO3z-1/3H20 (isostructural
with orthorhombic WO3-1/3H20), also consists of a six-membered ring structure, but contains
coordinated water at the apex of the octahedra rather than secondary water within the cavity.®*
Additionally, the cavities do not form tunnels due to a shifting of the layers,5 eliminating the
dimensionality of the structural water and possibility of ion-transport along this crystallographic

direction.

2.3.2 Two-Dimensional Water Networks (Layered Structures)

Two-dimensional water networks are found in many layered oxides that are commonly
investigated for electrochemical energy technologies due to the propensity for layered materials to
provide reversible intercalation of ions with minimal structural changes and high volumetric
density storage.? A prime example of the layered oxides containing two-dimensional structural
water networks are the tungsten and molybdenum oxide hydrates as described previously. The
interlayer, secondary structural water forms two-dimensional networks that separate the oxide
layers (Figure 2.3b). The extended structure of the interlayer water forms a hydrogen bonding

network spanning the a-c crystallographic plane (inset of Figure 2.3b).
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V205-nH20 is another oxide that is often investigated for the effects of structural water on
electrochemical ion insertion due to its layered structure and ability to undergo a two-electron
reduction per formula unit. The two-dimensional water layers in V20s-nH20 are randomly oriented
within the 2D liquid network.*? This layered structure is different than MOs-2H20 (M = W, Mo)
because it can uptake more than a monolayer of interlayer structural water. The mobility of the
confined water networks increases upon further hydration®® which indicates that the confinement
of structural water limits its translational dynamics. Step-wise changes in the hydration of the
interlayer was observed in X-ray diffraction, resulting in abrupt changes to the interlayer spacing
as a function of temperature and relative humidity.®®57 Interestingly, 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 revealed that the presence of interlayer structural water led to rearrangement of the V-O
bilayers.?

Nickel also forms layered hydroxide compounds. Two polymorphs exist, f-Ni(OH). and
a-Ni(OH)2 22, f-Ni(OH); is isostructural with brucite, Mg(OH)2,8 and can contain small amounts
of structural water between the layers.®® Infrared spectroscopy also indicated the presence
structural water in the £ polymorph, but Greaves et al. admitted the potential for surface adsorbed
water to interfere with the interpretation.”® a-Ni(OH), is a well-known hydrated, layered
compound and consists of turbostratic metal oxide layers separated by two-dimensional, interlayer
structural water.®®"* The presence of interlayer structural water is evidenced by a decrease in the
interlayer distance from 8.5 A to 7 A after dehydration at 150 °C.”? The water layers have been
described as an amorphous glue,®® holding the oxide layers together. However, the lack of close

packing in the hydroxide / water layers’® prevents significant interactions between the hydroxide
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layers, leading to the observed turbostratic stacking.?? Interstratification of the a and # polymorphs
is possible in nickel hydroxides.”* Comparing the infrared spectroscopic signatures of the two
polymorphs shows that the presence of interlayer water in a-Ni(OH)2 leads to a broadening of the
OH-stretching mode at ~3650 cm™ due to hydrogen bonding interactions between the interlayer

water and hydroxide layers.”

2.3.3 Three-Dimensional Water Networks (Framework Structures)

Three-dimensional structural water networks have the potential to yield ionic conductivity
throughout the bulk of the solid-state structure due to the interconnectivity that can yield ionic
conduction in all three dimensions.” It can be found in framework structures and in hydrous grain
boundaries such as those found in nanostructured RuO2-nH20.

Using X-ray atomic pair density analysis, the local structure of RuO2:nH.O was determined
to consist of metallically conductive rutile RuO2 nanocrystals separated by structural water grain
boundaries.’”” The nanocrystalline surfaces were later found to be terminated with hydroxyl groups,
leading to strong hydrogen bonding between near-surface disordered structural water.”® It is
hypothesized that the hydrous grain boundaries allow for three-dimensional proton transport in
nanoporous RuO2-nH20 electrodes (Figure 2.3c). Combined with the high electronic conductivity
of RuOy, this leads to high-rate, reversible proton storage in aqueous electrolytes. Similar hydrous
grain boundaries may be found in other transition metal oxides / hydroxides, such as the mineral
ferrinydrite. While the exact structure and water content has been debated, it has been found to
consist of small crystallite sizes” of anhydrous grains containing hydroxyl groups,® similar to
hydrous ruthenium oxides. This raises the potential question of whether the design of metal oxides

/ hydroxides containing small, metallic grains surrounded by hydrous grain boundaries is possible
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with other transition metal oxides. Overall, the design of materials for fast ionic and electronic

transport is the key to materials optimization for electrochemical energy technologies.

2.4 Characterization of Structural Water in Materials

There is wide-spread interest in utilizing transition metal oxides containing structural water
as hosts for electrochemical ion insertion.?**? Characterizing the structural water’s composition,
stability, structure, and motional dynamics is critical to understanding the effects of structural
water on the electrochemical response. In this section, advancements in characterizing the
properties of structural water are presented. Ultimately, transitioning to operando / in situ methods
is necessary to understand the dynamic properties of structural water during electrochemical ion

(de)insertion.

2.4.1 Structure of Water in Crystalline Hydrates

While X-ray diffraction can reveal the effect of the structural water on the crystallographic
structure of transition metal oxides, this technique cannot reveal the crystallographic locations of
these water moieties. Neutron diffraction is useful for this distinction because it can readily detect
the light nucleus of hydrogen in structural water.8* This makes neutron diffraction attractive for
determining the structural water positions in crystalline hydrates. For example, Rietveld
refinement of MoO3-2D>0 powder neutron diffraction data was used to determine the water
positions and the bifurcated-nature of the hydrogen bonding network within the interlayer of the

crystalline hydrate (Figure 2.1b).3
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Spectroscopy can also reveal the presence and structure of water. Polarized Fourier
transform infrared spectroscopy revealed the isotropic nature of the two-dimensional structural
water network in V20s-nH20, indicating that the structural water is randomly oriented within the
two-dimensional plane.#2 A W=0 stretching mode is observed in the Raman spectra of WO3-nH20
due to the presence of structural water.3! Spectroscopy is a more-accessible technique than neutron
diffraction to determine the presence and structure of water networks in crystalline hydrates, and
may be used to help elucidate the effects of structural water on the structural response during

electrochemical ion (de)insertion.

2.4.2 Thermal and Chemical Stability

Thermal stability of structural water can be investigated using thermogravimetric analyses
(TGA). This technique simultaneously measures the mass and temperature of the sample to
observe the change in mass over a specified temperature / time range.® This is especially useful
for hydrated materials because it can quantify the composition and thermal stability of the

structural water (Figure 2.1d).

Chemical stability of structural water is important to consider when evaluating the
structure-property performances. However, to determine the stability, characterization of the
presence / structure of structural water containing materials is necessary. In an non-aqueous
MgClOselectrolyte, a shift in the W=0 stretching mode reveals the instability of secondary water
in WO3-2H20.%t XRD can reveal changes to the crystallographic structure upon dehydration such

as the interlayer contraction found in Na-birnessite Mn0O..*® However, the potential for
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spontaneous rehydration (Figure 2.2c) must be considered,'®>° highlighting the need to conduct

operando / in situ characterization measurements to mimic the testing environment.

2.4.3 Dynamics of Structural Water

Determining the motional dynamics of structural water may help elucidate the water’s role
in the electrochemical response.** Translational dynamics of structural water on the ps to ns
timescale can be probed with quasi-elastic neutron scattering (QENS) using high energetic
resolution spectrometers.®+® The diffusional dynamics of structural water have been investigated
in many materials including WOs:nH20,* V,0s-nH20,* and TisC2Tx % using QENS. The
dispersion of quasi-elastic scattering can be quantified with the half-width-half-maximum
(HWHM) of the intensity vs energy transferred plot. Slight energetic transfers due to collisions of
neutrons with diffusing species causes greater dispersion in the elastic scattering event, and the
HWHM is directly related to the diffusional mobility of the species of interest such as structural
water.8” In WO3-nH.0, the independence of the HWHM with temperature and scattering vector,
Q, indicated that the structural water does not undergo translational motion in the probed
timescales.** Interestingly, the random structural water network found in V20s-nH.O was
determined to have two-dimensional translational motion, with dynamics of the confined water
network being in-between ice and bulk water motion.*? The effect of cation intercalation in TisC2Tx
was probed using QENS to highlight the changes in structural water dynamics as K* ions are
intercalated into the layered material.® These findings highlight the promising potential for
neutron scattering to reveal the dynamics of structural water and may help to understand their

effects on the observed electrochemical properties.
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Solid-state *H NMR (SSNMR) spectroscopy is a useful technique to understand the
dynamics of structural water.8 Similar to traditional *H NMR, SSNMR utilizes a strong
magnetic field to align the magnetic moments of nuclei within the sample. RF pulses are then used
to excite the nuclei spin states, and the time-dependent relaxation is detected by the spectrometer.
These relaxation processes are directly related to the dynamics at the molecular level ! and can
investigate structural water dynamics on the microsecond or faster timescales.* We have studied
the dynamics of structural water in layered WO3-nH20 using *H SSNMR experiments at room
temperature, and have discovered the existence of Pake doublets;** common for crystalline
hydrates.?? We estimate the exchange of water in different positions to be ~ 10 ps based on the
spectral splitting of the Pake doublets, indicating the lack of translational motion of water on the
timescale relevant to liquid-like water diffusion. We hypothesize that the limited mobility of the
confined structural water networks in tungsten oxide hydrates enables high-rate proton
intercalation through structural stability.** A lack of translational motion was also observed in the
confined structural water network of the isostructural MoO3z-nH20.% In this study, spin-lattice
relaxation indicates reorientation of the structural water about the C axis, but not translational
diffusion was observed in the relaxation experiments in the 150 — 325 K temperature range.
Temperature-dependent investigation of the water dynamics in the layered VOPQO4-2H,0 was also
afforded by *H and ?H SSNMR experiments. These experiments also revealed rotational motion
in the structural water networks, but as temperatures increased (>240 K), a diffusional component
was observed, indicating that two-dimensional translational was possible in this class of

materials.®*
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2.4.4 Proton and lon Transport

A hypothesized advantage of structural water for electrochemical ion insertion is the
creation of fast diffusion pathways for ions, especially protons. The transport of protons is unique
due to their small size (~ 0.84 fm) and ability to undergo hydrogen bonding. Proton conduction
can occur via three distinct mechanisms: (1) via the hydrogen bonding network of water, termed
the Grotthuss mechanism, (2) by hopping between vacant sites, and (3) by the vehicular transport
mechanism. The Grotthuss mechanism has been used to explain the high proton diffusivity in water
(~1.01 x 10" cm?/s).% In this mechanism, a free proton will join a water molecule, which will give
up an extra proton to an adjacent water molecule, so on and so forth down a complete chain of
H.O molecules.®® Grotthuss proton transport mechanisms have been acknowledged as the
underlying mechanism for high-rate proton storage in materials containing structural water,®”%
but it is uncertain whether this mechanism can be proven via the typical method of impedance as
a function of temperature in high-surface area pellets.* Li et al. showed that pellets of inorganic
materials contain high amounts of surface adsorbed water which can facilitate the low-activation
barriers for proton conductivity commonly ascribed to the Grotthuss transport phenomena.®®
Vehicular transport, on the other hand, is an alternative mechanism in which a proton may travel
attached to a ‘host molecule’ through the solvated phase.!® Finally, proton diffusion can be
observed in some systems which appear to undergo vacancy hoping mechanisms. For example,
a DFT simulation of proton-intercalated WO3-2H20 found proton diffusion to occur via a
correlated ‘swinging’ mechanism around the bridging oxygens of the WOg octahedra.®* The
transport of ions within an electrode material is certainly an important metric to consider when
evaluating the effects of structural water on the electrochemical response; however, it is imperative

that accurate methods to investigate these properties are utilized.

29



2.4.5 Electron Transport

There are fewer studies about the role of structural water on electron transport within a
material. One study, performed on WO3-2H-0O, probed the effect of structural water on the energy
band structure of the tungsten oxide. By coupling X-ray photoelectron spectroscopy (XPS) data
with simulation techniques, it was determined that the coordination of the tungsten by the structural
water enables a ligand-to-metal charge transfer (LMCT), resulting in reduction of the tungsten by
the water molecules.'%? Extrapolation from a Tauc plot of experimental data and simulations
determined the structural water narrows the band gap of the material by 0.22 eV and 0.28 eV,
respectively. Electrochemical impedance spectroscopy (EIS) showed a decrease in electron
transport resistance in the hydrated WOs3, and photocurrent spectra under visible light irradiation
indicated increased charge separation and electron transfer efficiency. These effects were all
attributed to the addition of structural water, and if applicable to other hydrated materials, could

have positive implications for applications in photocatalysis.

The same group published similar work with a hydrated molybdenum oxide-
Mo0O3-0.55H,0.%° Their experiments with methylene blue (MB) degradation found drastically
increased photocatalytic and thermocatalytic performance in the hydrated material over its
anhydrous analog. Proposed contributions to this effect are the structural water inducing a Jahn
Teller distortion in the MoOe octahedra, creating Lewis acid sites for oxygen activation, and a
water-molybdenum LMCT. Similarly to WO3-2H,0, photoluminescence data suggests the
Mo0Os3-0.55H,0 has a faster rate of charge separation, and EIS indicated lower charge transfer
resistance. However, there was not a significant change in the calculated band gaps of the hydrous

and anhydrous oxide (2.79 eV vs 2.84 eV, respectively).
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2.5 Future Outlook

Structural water has been found to exist in materials as both water of coordination and
secondary water moieties, and the bonding nature dictates its stability and underlying compatibility
with certain physical / electrochemical characterization environments. Structural analyses of
materials containing structural water reveals its dimensionality which may impact the structure’s
ionic transport pathways and thus ability to accommodate additional charge density, especially at
faster rates. However, it is important to develop accurate methods of probing and understanding
the underlying transport phenomena. The evolving dynamics and stability of structural water
highlights the need to move toward real-time characterization methods to fully understand the
effects of structural water on the electrochemical responses. Examples of this include operando
Raman spectroscopic'® and in situ XRD% investigations to probe the charge storage mechanisms
in birnessite MnO>. Additionally, it is also important to consider how the presence of structural
water affects the structural response during electrochemical ion (de)insertion.

The promising nature of materials containing structural water for electrochemical
technologies highlights the outlook for future materials design and investigation. Studies that look
to gain additional insight into the role of structural water on the solid-state ionic transport by
coupling simulation and advanced experimental methods will help pave this landscape of materials
design for advanced technologies. Methods of designing different transition metal oxides
containing structural water will be beneficial as the field seeks high-capacity materials that can

undergo electrochemical ion insertion in minutes-to-seconds.
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CHAPTER 3

Transition from Battery to Pseudocapacitor Behavior via Structural Water

3.1 Preface

The data and hypotheses presented in this chapter have been previously published by the
American Chemical Society. The full published article can be found at, “J.B. Mitchell, W.C. Lo,
A. Genc, J. LeBeau, & V. Augustyn. Transition from Battery to Pseudocapacitor Behavior via

Structural Water in Tungsten Oxide. Chem. Mater., 29(9), 3928 (2017).”

3.2 Introduction

Electrochemical energy storage electrodes that exhibit both high power and high energy
densities are desirable for a range of applications, from portable electronics to electric vehicles to
smart grids.!® Of the various energy storage mechanisms that can lead to such performance,
pseudocapacitance is particularly promising because it leads to a capacitor-like response in redox-
active (faradaic) materials.?®1% High energy density storage is achieved by the use of faradaic
materials,%® and in commercial devices these are often transition metal oxides. There are relatively
few transition metal oxides that exhibit intrinsic pseudocapacitive behavior,'% that is, the
pseudocapacitive behavior is present regardless of the material morphology. In aqueous
electrolytes, intrinsic pseudocapacitance has been limited to amorphous, nanostructured
Ru0,:0.5H,0 (the first pseudocapacitive oxide, identified in the 1970s)’"1%1%° and MnO;
(identified in 1999).11° Due to the scarcity of intrinsically pseudocapacitive oxides, the primary
method for increasing pseudocapacitance has been to nanostructure the active materials, which
results in increased surface storage sites''! and smaller diffusion distances.’? As a result,

nanostructured oxides often exhibit significant pseudocapacitive electrochemical energy storage

32



mechanisms. However, there are several challenges associated with the integration of
nanostructured materials into micron-thick electrodes. Higher surface area materials require
excellent electronic and ionic wiring to ensure the connection of all the materials to the electrolyte

and the current collector.!?

It is more difficult to integrate nanostructured particles into microns-
thick electrodes using standard ‘slurry casting’ techniques for energy storage electrodes.!**
Nanostructured active materials can also lead to lower volumetric energy density which is critical
for space-sensitive applications.!'® Lastly, if the interface of the active material with the electrolyte
is unstable, then high surface areas will lead to increased side reactions that can lower the energy
efficiency or increase self-discharge. %

A less-explored strategy to develop pseudocapacitance in transition metal oxides is to
design the solid-state structure to enable fast ion diffusion. The benefit of this approach is that it
could enable fast ion diffusion in bulk materials, which would lead to high volumetric energy
density and decreased side reactions. This strategy is not as versatile as nanostructuring because
different transition metal oxide compositions will form different structures. However, in the case
of layered oxides, it is possible to modify the interlayer with structural water and solvent
molecules. This has been shown to improve the intercalation of multivalent cations,**"-1° which
exhibit sluggish solid state diffusion in anhydrous structures. The interlayer solvent and water
molecules in these materials are confined in 2D layers, and may retain some properties of the bulk
liquids. For example, a density functional theory study of structural water confined between layers
of the mineral mackinawite (FeS) found that this structure maintains the Grotthus mechanism of

rapid proton conduction found in bulk water.*? It should be noted that the idea of using structural

water to increase the rate capability of energy storage materials was investigated as early as the
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1970’s with the first studies of pseudocapacitance in hydrous thin films of RuO2.*?! However, in
this material, nanostructuring is still necessary to fully utilize the precious metal.'?2

Tungsten oxide (WQO3) and tungsten oxide dihydrate (WO3-2H20) are utilized as model
oxides to investigate the effect of structural water on the energy storage kinetics of layered
transition metal oxides. Their structures are illustrated in Figure 3.1. These are model compounds
because they form well-crystallized structures where the structural water position is known.
Thermal dehydration of WO3-2H,0 at temperatures greater than 350°C can be used to obtain WOs,
resulting in minimal changes to surface area which would affect the interpretation of differences
in the Kinetics of energy storage. The hydrated phase is a layered compound with structural water
in the interlayer region. In WO3-2H,0 (also known as H,WO4-H20, tungstic acid), there are two
different types of structural water molecules: one that is directly coordinated to W®" forming
WOs(OH>) octahedra, and the other that resides in the interlayer and is bound to the lattice via

secondary bonding.23124
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Figure 3.1: Crystallographic Structures of Tungsten Oxides| a) monoclinic WO3-2H,0 and b)
monoclinic (y) WOs. Dehydration of the layered hydrated phase under heat treatment in air or in

vacuum yields the anhydrous structure.

The electrochemical behavior of the layered WO3-nH2O has primarily been investigated
for electrochromic applications. These studies provide very good evidence that the hydrated
compounds should exhibit more rapid energy storage kinetics than the anhydrous compounds and
that the energy storage may be pseudocapacitive. Thin films of WOz-nH.O (n = 0, 1, 2)
electrochemically cycled in a Li* non-aqueous electrolyte showed faster switching times as the
amount of structural water increased: the time to achieve 50% coloration was decreased from 35
sec in WOs to just 5 sec in WO3-2H20.1%° A similar effect was noted for thin films of WO3-2H,0
cycled in sulfuric acid, and the response was attributed to fast proton diffusion in the hydrated
layered structure.!?® Thin films of WO3-H,O undergo a phase transition to WO3-2H20 during
electrochemical cycling in sulfuric acid, and this leads to improved electrochromic performance

via the introduction of “water-paved pathways for cation insertion/exclusion.”*?’ Farsi, et al.*?®
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reported that the electrochemical behavior of nanostructured WOs-H.O is pseudocapacitive,
however, the Kinetics of energy storage were not quantified from the cyclic voltammetry curve and
no gravimetric capacitance was provided. Due to the layered structure of WO3-2H>0, it can be
exfoliated into nanosheets that also exhibit rapid coloration and bleaching, and these have been
used for flexible electrochromic devices.*?® Kumagai, et al.>! performed one of the few studies on
the energy storage behavior of WO3-nH>O (n =0, 1, 2), and found that the hydrated phases exhibit
higher initial capacities for Li* storage in a non-aqueous electrolyte than anhydrous WOs. This
study did not report the energy storage kinetics of the materials as a function of structural water
content. There is interest in using anhydrous WO3 for pseudocapacitors due to its high conductivity
as a hydrogenated bronze!® and high density for volume-sensitive applications.*** WO3 can also
crystallize into a metastable hexagonal structure which contains tunnels filled with water
molecules; a nanostructured version of this material shows capacitive kinetics.** This suggests
that structural water may be beneficial for kinetics in a variety of crystalline structures.

Here, the electrochemical energy storage kinetics of H* in WO3-2H,0 and its dehydrated
form, WOgs, are characterized with a specific focus on whether the materials exhibit
pseudocapacitive behavior. The electrochemical characterization was performed at
charge/discharge times relevant for pseudocapacitors, from ~16 minutes to 5 seconds. The results
show that WO3-2H>0 exhibits significantly better capacitance retention and primarily capacitive
kinetics as compared with WO3, even with high active material mass loading and slurry-cast
electrodes. In situ Raman spectroscopy results indicate that both WO3-2H.O and WO3 undergo a
semiconductor-to-metal transition with proton intercalation, as in the case of Ax\WQO3 bronzes (A =
alkali metal). The Raman results also show that the energy storage in WO3-2H>0 is due to faradaic

processes and is thus pseudocapacitive. The improvement in the energy storage kinetics of
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WO3-2H>0 is attributed to the hydrated structure, which leads to nearly ideally pseudocapacitive
behavior. On the other hand, anhydrous WOz undergoing the same redox reaction and with similar
particle morphology and size exhibits a battery-type response. As a proof-of-concept, high active
material mass loading electrodes of WO3-2H.0O were fabricated and an areal capacitance of 0.4 F
cm? was attained at 200 mV s (t = 5 sec) with nearly 100% energy efficiency. These results
demonstrate a general strategy for the improvement of energy storage kinetics via structural

hydration in transition metal oxides.

3.3 Experimental Section
3.3.1 Synthesis of WO3-2H20 and WOs3

WO3-2H20 was synthesized by the acidic precipitation reaction described by Freedman.!3
WO3-2H>0 also serves as the precursor for WOs. Briefly, 50 mL of a 1 M aqueous Na;WO4-2H.0
(Sigma Aldrich) solution is added dropwise at a rate of ~1 drop sec™ into 450 mL of stirred 3 M
HCI (Fisher Scientific). Almost immediately, a yellow precipitate appears and continues to form
throughout the entire time that Na,WOs4 is added to the acid. After addition of all of the Na;WQg,
the solution is aged for an hour and rinsed with deionized water until the pH is neutral, as indicated
by litmus paper. The obtained WO3-2H>O precipitate is then filtered, dried in an oven at 50°C in
air, and ground into a fine powder with a mortar and pestle. The WO3-2H>0 was further dried in

an oven at 350°C in air to obtain WOs.

3.3.2 Physical Characterization
X-ray diffraction (XRD) was performed on a Rigaku SmartLab X-ray diffractometer in a

standard Bragg-Brentano geometry with Cu Ka (A = 1.542 A) radiation. A WiTEC alpha300R
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confocal Raman microscope with a laser wavelength of 532 nm and a 10X objective was used for
all Raman spectroscopy experiments. Thermogravimetric analysis (TGA) was performed with a
Seiko Exstar TG/DTA6200. WO3-2H20 (~ 20 mg) was heated from room temperature to 500°C at
a ramp rate of 20°C min* and a nitrogen flow rate of 150 cm® min. A field emission FEI Verios
460L was used for scanning electron microscopy (SEM) of the WO3-2H0 and WO3 samples. Low
temperature transmission electron microscopy (TEM) of WO3-2H20 was performed using a FEI
Talos 200 FX operated at 200 kV. A Gatan Model 914 Cryo-Transfer holder was used to maintain

a sample temperature of -175°C during imaging.

3.3.3 Electrode Preparation

Slurry-cast electrodes were used for all three-electrode electrochemical measurements in
sulfuric acid, and consisted of 80 wt.% active material (WO3-2H.O or WO3), 10 wt.% acetylene
black (Alfa Aesar), and 10 wt.% polyvinylidene fluoride (PVDF) (Arkema Kynar® KV 900) in n-
methylpyrrolidone (NMP; Sigma Aldrich). The slurry was then coated onto a carbon paper current
collector (AvCarb® MGL 190; Fuel Cell Earth) and dried at 50°C in air. The active material mass
loading was maintained between ~1 - 10 mg cm™, as noted in the main text. The thickness of the
carbon paper current collector was ~ 200 pm. The areal capacitance was determined by
normalizing the capacitance to the electrode geometric area (~1 cm?); accurate area measurements
were made with calipers to the nearest 0.1 cm. For electrochemical impedance spectroscopy (EIS),
the slurries were cast onto glassy carbon substrates (Alfa Aesar).

For double-layer capacitance measurements, WO3-2H>0O and WO3 were drop cast from a
water dispersion onto stainless steel foils (mass loading of 100 pug cm™) in order to measure the

electrochemically active surface area of just the active materials. For in situ Raman experiments,
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carbon screen-printed electrodes (Pine Instruments) were utilized. The active material was
dispersed in water (2 mg mL™), dropcast onto the working electrode, stabilized on the electrode
using a layer of Nafion (5 wt.% in alcohol, Fuel Cell Earth), and then air-dried. A silver

pseudoreference electrode was used for the in situ Raman experiments.

3.3.4 Electrochemical Characterization

Electrochemical characterization of the working electrodes was performed in a glass three-
electrode cell using cyclic voltammetry with sweep rates ranging from 1 - 200 mV s using a
potentiostat (BioLogic VMP3). The glass cell was a 50 mL three-neck round bottom flask (Sigma
Aldrich). The working electrodes analyzed in these experiments were all made by the slurry-cast
procedure described above. The reference electrode was Ag/AgCl in saturated KCI solution (Pine
Instruments), and the counter electrode was a Pt wire (99.997%, Alfa Aesar). The electrolyte used
in all aqueous electrochemical experiments was 0.5 M H2SOs (Fisher Scientific). EIS was
performed from 100 kHz to 50 mHz with a 5 mV amplitude at the open circuit potential before
electrochemical cycling. To determine the double layer capacitance, the active materials were
cycled in a 0.1 M tetrabutylammonium perchlorate in propylene carbonate (0.1 M TBAP in PC;
Sigma Aldrich) electrolyte with Ag wires as both the pseudoreference and counter electrodes.
These experiments were performed in an argon-filled glovebox with H,O and O levels of < 1
ppm.

For in situ Raman spectroscopy, the screen-printed electrode was placed in a glass petri
dish and immersed in 0.5 M H>SOs. Electrochemical testing was conducted by connecting the
electrode to a potentiostat (Pine Instruments Wavenow™), and placing the petri dish on the Raman

microscope stage. The materials being investigated were then electrochemically cycled using
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linear sweep voltammetry at a sweep rate of 1 mV s*. Raman spectra were taken at 100 mV steps
by holding the potential at each step long enough to take a spectrum (~ 30 sec) before continuing

to the next potential step.

3.4 Results and Discussion
3.4.1 Material Characterization

The acid precipitation synthesis described by Freedman was used to prepare WO3-2H20.1%
The product of the precipitation synthesis is a bright yellow powder, indicative of tungsten in the
6" oxidation state. Thermogravimetric analysis (TGA) was used to determine the heat treatment
temperature required for the dehydration of WO3-2H20 to WOs. Figure 3.2 shows the % weight
loss of the WO3-2H»0 with increasing temperature. The two distinct weight loss steps at ~ 120°C
and ~ 350°C correspond to the removal of structural water molecules, and the formation of,
respectively, WO3-H20 and WOz. In order to determine the effect of structural water on the
electrochemical energy storage behavior at charge/discharge times relevant for pseudocapacitors,
as-synthesized WO3-2H20 and WOz (synthesized by thermal dehydration of WO3-2H>0 at 350°C)

were characterized.

40



First water evolves,
transition from WO,;-2H,0
‘q WO, H,0 : -

Weight Loss (%)
&
T

Second water evolves, |
transition from
WO,-H,0to WO,

N 1 N | N 1 . | N
0 100 200 300 400 500
Temperature (degrees Celsius)
Figure 3.2: TGA of WO3-2H20| TGA of as-synthesized WO3-2H>O from room temperature to

500°C. The two weight loss plateaus correspond to the dehydration of the structure first to

WO3-H,0 and then WOs.

Scanning electron micrographs (Figure 3.3a) reveal the morphology of the synthesized
WO3-2H20 to be plate-like, which is indicative of its layered crystal structure. Most particles
appear to be 100 - 200 nm wide, with a thickness of tens of nm. It should be noted that under the
vacuum conditions present during a scanning electron microscopy measurement, it is likely that
the WO3-2H.O will dehydrate to WOg3. This has been observed for MoO3-2H20, which is
isostructural with WO3-2H0, at pressures between 10 — 10° Torr at room temperature.'** After
dehydration of the WO3-2H>0 at 350°C to yield WOs, there is no obvious change in the platelet
morphology or size (Figure 3.3b). To confirm that the heat treatment did not reduce the
electrochemically active surface area, WO3-2H20 and WOs were cycled in a bulky cation non-
aqueous electrolyte (0.1 M TBAP in PC) to estimate the double-layer current. These experiments
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reveal that both materials exhibit the same double-layer current and thus the same

electrochemically active surface area.

Figure 3.3: Morphology of Tungsten Oxide Platelets| Scanning electron micrographs of a) as-
synthesized WO3-2H>O and b) anhydrous WOs3 derived from the dehydration of WO3-2H>0 at
350°C. Both materials are composed of aggregated platelets of ~ 100 - 200 nm in width and tens

of nm in thickness.

TEM was performed to obtain additional evidence for the layered structure of WO3-2HO.
Low temperature TEM was performed to prevent the removal of structural water in vacuum, as
noted above. Based on the crystal structure of WO3-2H-0, it is expected that the layers would lie
parallel to the surface of the platelets. This means that imaging of the interlayer spacing would
require a particle to lie ‘edge-on’ the TEM grid. Figure 3.4 shows the micrograph for a WO3-2H2>0
platelet oriented in this geometry. The interlayer spacing measured from the real space image is
6.9 A, which matches very well with the interlayer spacing from XRD of 6.96 A. This result also

confirms that the platelets expose the (010) surfaces.
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Figure 3.4: Layered Morphology of WO3-2H20| Low temperature HRTEM of a platelet of

WO3-2H;0, imaged ‘edge-on’ and showing the hydrated interlayer with a spacing to 6.9 A.

Raman spectroscopy was used to distinguish between the hydrous and anhydrous phases.
Figure 3.5 shows the spectra of WO3-2H0 and WOs. In both materials, the peaks at <~ 150 cm’
! correspond to lattice modes. In the hydrated structure, the peaks between 200 - 400 cm
correspond to the bending of the O-W-O bonds, and the broad peaks at ~ 700 cm™ correspond to
the stretching of the O-W-O bonds.**® The peak at 960 cm™ is indicative of hydrated WOs3, and
corresponds to the stretching of the terminal W=0 bond.!3 In the anhydrous structure, peaks at
807 and 715 cm* correspond to the stretching of O-W-O bonds and those between 434 and 218
cm! to bending of the O-W-0O bonds.>>*3" Importantly, there is no evidence of structural hydration

(W=0 stretch) in the thermally dehydrated WOs.
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Figure 3.5: Raman Spectroscopy of WO3s-nH20| Raman spectra of as-synthesized powders of a)
WO3-2H20 and b) WOgz. The presence/absence of the O=W stretch at ~ 960 cm™ can be used to

distinguish between hydrated and anhydrous phases of WO:s.

3.4.2 Electrochemical Characterization

To determine the effects of the interlayer structural water on the electrochemical energy
storage behavior at fast rates, electrochemical characterization was performed using cyclic
voltammetry. The effects of the structural water content are shown in Figure 3.6, which depicts
the cyclic voltammograms (CVs) of the two materials at sweep rates (v) of 1 mV s (t = 10 min)
and 50 mV s (t = 12 sec) between -0.3 and 0.3 V vs. Ag/AgCI. The current (i) is normalized to
the capacitance (i/v) to enable comparison between different sweep rates. The potential window,
and thus capacity, is limited by the onset of the hydrogen evolution reaction (HER) at low
potentials and particularly at slower sweep rates. The carbon background (at 1 mV s™) is included
to show the negligible current contribution from the carbon paper current collector, conductive

additive (acetylene black), and binder (PVDF).
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Figure 3.6: Electrochemical Proton Insertion in WO3-2H20, WOs3| Cyclic voltammograms at
1 and 50 mV s? in 0.5 M H2SOs of a) WO3-2H-0 and b) WOs. The hydrated material exhibits
excellent redox reversibility, rapid switching from the cathodic to anodic scan at the turnover
potential (-0.3 V), and capacitance retention, indicative of rapid H* storage kinetics. The carbon
background (carbon paper, carbon black, and PVDF) contribution at 1 mV s is also shown for

reference.

The electrochemistry of WO3-nH-O in sulfuric acid is based on the intercalation of protons

and injection of electrons:26:138
WO3nH20 + xH" + xe" < HYWO3-nH,O  (0<x<1) (3.1
The theoretical capacity for the 1-electron redox process is 416 C g of WO3 or 360 C g of
WO3-2H20. Cathodic current arises from the reduction of W®" to W®" with the concomitant
intercalation of H* from the electrolyte. Upon sweep reversal, reversibility of the redox process
shown in Equation 3.1 is evident in Figure 3.6 by the reversible shape and current density of the

CVs.
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The CV of WO3-2H,0 at 1 mV s in Fig. 4a shows that the redox mechanism is highly
reversible, both in the very small offset of the cathodic and anodic redox peak potentials as well
as the rapid switching in current at -0.3 V vs. Ag/AgCl. At this sweep rate, the rapid switch from
cathodic to anodic current indicates that there is no concentration gradient developed within the
solid-state structure of WO3-2H>0. Such behavior is expected for an ideal capacitor, and is rarely
observed in redox-active transition metal oxides. On the other hand, the CV of WO3 at 1 mV s*
(Fig. 4b) exhibits two prominent cathodic and anodic peaks; these are less reversible than the redox
peaks of WO3-2H-0. Furthermore, the switch from cathodic to anodic current at -0.3 V is more
sluggish than in WO3-2H20. Such a CV is common in battery-like transition metal oxides where
concentration gradients develop in the structure due to sluggish diffusion. At 1 mV s, the capacity
of WO3 (136 C gt; 227 F g1) is approximately three times larger than that of WO3-2H20 (45 C g
175 F g1). However, at sweep rates of > 50 mV s the capacity of the two materials is very similar
(59 F g* for WO3-2H20 and 55 F g* for WOs). While the anhydrous material retains only 24% of
its capacity from 1 mV s to 50 mV s, the hydrated material retains 79% of its capacity. This is
well illustrated in Figure 3.6 in the change of the shape of the CVs from 1 to 50 mV s* for the two
materials. These results demonstrate that the capacitance retention of the WO32H20 is
significantly better than that of WO3. Moreover, this excellent capacitance retention was obtained

with 100 — 200 nm particles and slurry-type electrodes.

3.4.3 Electrochemical Kinetic Analysis
The cyclic voltammetry results shown in Fig. 6 indicate that proton intercalation in
WO3-2H20 is faster than in WOs. Kinetic analysis of WO3 and WO3-2H>O was performed to

determine whether the energy storage in these materials is limited by solid-state diffusion or
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whether it is surface controlled (capacitive). In a CV, the current at a particular potential, i(V),
obeys a power-law relationship with sweep rate:

i(V)=a® (3.2)
where a and b are adjustable constants. The limiting values for b are 0.5 and 1: a b-value of 0.5
indicates that the current is limited by semi-infinite linear diffusion, and a b-value of 1 is indicative
that the current is surface controlled, or capacitive.’*® The current at the redox peak potential,
ipeak(V), is most easily tracked as a function of sweep rate due to the increased influence of ohmic
and concentration overpotentials at higher sweep rates. To determine the b-value, Equation 3.2 is
rearranged, and b is determined as the slope of the plot of log[ipeak(V)] vs. log(v), as shown in

Figure 3.7.
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Figure 3.7: Kinetic Analyses of Proton Insertion in WO3-2H20 and WOs| Comparison of the
electrochemical kinetics of WO3-2H>0 and WOz: a, ¢) cyclic voltammograms at various sweep
rates; b, d) variation of the peak current as a function of sweep rate. In the case of the WO3-2H>0,
a linear relationship can be extended to 50 mV s and the b-value is 0.9, indicative of surface

controlled (capacitive) behavior at the peak potential.

The CVs of WO3-2H,0 from 1 to 50 mV s? are shown in Fig. 5a and the b-value
determination for the cathodic peak at ~ 0 V using these CVs is shown in Fig. 5b; the linear fit for

this range of sweep rates is very good. The cathodic peak of WO3-2H>0O has a b-value of 0.9, which

48



indicates that the charge storage behavior in bulk WO3-2H20 is mainly capacitive. The CVs of
WO;3 from 1 to 20 mV s are shown in Fig. 4c; at faster sweep rates, the b-value determination
(Fig. 4d) was not possible due to significant current losses from high overpotentials. Two cathodic
peaks are evident in the CV of WOs: Peak 1 (~ 0 V) and Peak 2 (~ -0.3 V). Peak 1 occurs at a
similar potential as the cathodic peak of WO3-2HO, but the b-value is ~ 0.5, indicating that the
charge storage is limited by semi-infinite solid-state diffusion. The b-value for Peak 2 (~ 0.7) is
intermediate between surface and diffusion control, indicating that both processes contribute to the
current at this potential.
A more detailed kinetic analysis can be used to separate the current at a particular potential
(i(V)) into diffusion-limited (k2v*2) and capacitive (kiv) contributions:*4
i(V) = kyv + kov'2 3
This analysis is not ideally suited towards the study of electrodes with high mass loading because
it does not account for the shift in redox peak potential and ohmic losses at fast sweep rates. With
proper adjustment of the redox peak positions, however, the analysis may be used to estimate the
capacitive and diffusion contributions to the current. The results of this analysis for WO3-2H,0
and WO3 at 1 mV s are shown in Figure 3.8. Consistent with the previous kinetic analyses, the
majority of the current in WO3-2H20 (87%) is from a capacitive process while less than half of the
current in WO3 (39%) is capacitive. These kinetic analyses show that the charge storage of
WO3-2H>0 is more capacitive than that of WOs, in agreement with the observations of excellent
redox peak reversibility, rapid current switching at the turnover potential, and improved capacity

retention at fast sweep rates.
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Figure 3.8: Capacitive Current Contributions of WO3-2H20 and WOgs| Contribution of the
capacitive current to the overall cyclic voltammetry response at 1 mV s in a) WO3-2H.0 and b)

WOs.

In situ Raman spectroscopy was used to study the local structure of WO3-2H>0 and WO3
as a function of applied potential in 0.5 M H2SO4 using linear sweep voltammetry. The Raman
spectrum was measured from the initial potential to -0.450 V in 0.1 V increments; the potential
was held at each 0.1 V step size long enough to obtain a scan (~ 30 sec). The CV of WO3-2H20 at
1 mV s on the screen-printed electrode used for in situ experiments is shown in Figure 3.9a and
shows excellent agreement with the CV obtained in a three-electrode cell using a slurry-cast
electrode (Fig. 6a). The shift in potential between the two experiments is due to the use of two
different reference electrodes. The Raman spectra for the cathodic and anodic sweeps at five
different potentials are shown in Fig. 3.9b and c. After one cyclic voltammetry cycle at 1 mV s,

the local structure of WO3-2H>0 is preserved with no loss of either the interlayer water or the
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covalently bound water. This is evident from the continued peak separation of the O-W-O

stretching modes between 600 - 700 cm™ and the W=0 stretch at 958 cm™.
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Figure 3.9: In situ Raman spectroscopy of WO3-2H20]| a) cyclic voltammogram of WO3-2H>0
on a screen-printed electrode at 1 mV s?; the “x” marks indicate potentials where the Raman
spectrum was taken, b) Raman spectra as a function of potential during the cathodic scan, and c)

anodic scan (* = sulfuric acid peak).

The most noticeable effect of electrochemical cycling on the local structure is the complete
loss in Raman peak intensity at potentials of <-0.25 V. This potential corresponds to the prominent
cathodic redox peak of WO3-2H>0; after this potential, the CV becomes more capacitive. Since
metallically conductive materials are typically not Raman active,'** the complete extinction of
peak intensities suggests that proton intercalation and the concomitant reduction of W®* to W°* are
responsible for a semiconductor-to-metal transition in WO3-2H20. Such a transition in electronic
properties was recently calculated using density functional theory for Li* intercalation in
WO3-2H20.?° The Raman peak intensities are regained at 0.15 V upon proton de-intercalation and
oxidation of W°" to W®* by sweeping from -0.45 V back to the open-circuit potential. This

indicates that the semiconductor-to-metal transition is reversible and that the structure is
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maintained during proton intercalation/de-intercalation. It is noted that similar behavior was found
in the WO3 phase with a fully reversible electronic transition upon proton (de)insertion.

Previous studies have demonstrated the development of metallic conductivity in HYWOs3
bronzes with x > ~ 0.2.13142 The kinetic analysis of the cyclic voltammetry of WO3-2H20 showed
that proton intercalation is mostly capacitive. The energy storage behavior of WO3-2H20 is
primarily attributed to pseudocapacitance as opposed to double-layer capacitance due to the
relationship between local structure and proton intercalation evidenced from the in situ Raman
results. Since both materials appear to undergo an increase in electronic conductivity with proton
intercalation, the improvement in energy storage kinetics of WO3-2H20 is attributed to the
hydrated structure.

At slow sweep rates (< 10 mV s) and low mass loadings, the potential window of the CVs
was limited by the onset of the parasitic HER. This parasitic reaction led to low coulombic
efficiency (< 90%) at slow sweep rates. However, current contributions from the HER are
minimized at fast sweep rates (> 20 mV s) and so a wider potential window (-0.5 to 0.4 or 0.5 V)
can be utilized, leading to higher capacities with high coulombic efficiency. The CVs of
WO3-2H,0 and WO3 at 20 mV s (t = 45 - 50 sec) and 200 mV s (t = 4.5 — 5 sec) over the broader
potential range are shown in, respectively, Figure 3.10a, b. The broader potential range enables
access to the second set of redox peaks in WO3-2H>0 at ~ -0.4 V, which are also highly reversible.
The capacity of WO3-2H,0 at 20 mV st is 68 C g* (68 F g1). The profile of the CV of WO3 does
not change significantly with the broader potential window, and the capacity is 103 C g (114 F
gl). At a sweep rate of 200 mV s (Fig. 6b), the CV of WO3 shows a highly resistive response
while that of WO3-2H20 remains quite capacitive. This indicates faster, more-efficient energy

storage during rapid intercalation and de-intercalation of protons in WO3-2H>0.
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Figure 3.10: High Mass Loading Electrochemical Characterization| Cyclic voltammetry of
high mass loading electrodes of WO3-2H,O and WQO3 at wider potential windows and fast scan
rates: a) 20 mV s (45 - 50 sec), b) 200 mV s (4.5 - 5 sec), ¢) coulombic efficiency as a function

of scan rate, and d) energy efficiency as a function of scan rate.

There are several parameters that are used to quantify the performance of energy storage
materials at fast rates. The coulombic efficiency (CE; ratio of the cathodic and anodic capacity) is
often used as a metric of the quality of energy storage. A CE of 100% is desirable because it

indicates that electrons are not lost to parasitic processes, such as electrolyte decomposition via
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the HER. As shown in Fig. 7c, the CE of WOs is slightly lower than that of WO3-2H20. At 20 mV
s, WO3-2H>0 exhibits ~92%, CE while WO3 was ~90% efficient. In this case, the CE was limited
by the parasitic HER during the cathodic sweep.

A less-reported measure of energy storage performance is the energy efficiency. The
energy efficiency of faradaic energy storage devices tends to decrease as the charge/discharge time
decreases.’*® The decrease in energy efficiency is due to the increase in the overpotential and
decrease in capacity at fast timescales. The increase in overpotential can be visually observed by
the increase in the redox peak separation of a CV with increasing sweep rates'® and increased
‘tilting’ of the CV, as shown in Fig. 7b. Importantly, the energy efficiency captures the efficiency
of both the capacity (CE) as well as the potential. The energy efficiency (E) of WO3-2H20 and
WO3s was determined by first calculating the energy for the cathodic and anodic sweep of each
material, and then taking the ratio (Eanodic/Ecathodic). The energy was calculated using Equation 3.4
where At is the charge/discharge time determined by the sweep rate, v, and potential window (V¢
—Vo):

E = ([, iav)at (3.4)
The energy efficiencies for WO3-2H.O and WOs as a function of sweep rate (for the extended
potential range at 20 — 200 mV s™) are shown in Figure 3.10d. These results show that the
WOs3-2H20 exhibits significantly higher energy efficiency than WOs. At a sweep rate of 200 mV
s1, the energy efficiency of WO3-2H20 is ~ 99% while that of WOs is only ~ 77%. This occurs
due to the better CE of WO3-2H>0O but also due to the high reversibility of the redox peaks and
rapid switch in current at low potentials. These results support the proposed strategy that interlayer
structural water allows for faster, more-efficient ion diffusion, giving protons the ability to

intercalate and de-intercalate with excellent efficiency at high-power rates.
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The gravimetric capacitance of WO3-2HO is limited by the high atomic weight of tungsten
and the onset of the HER. However, in applications such as portable electronics, the geometric
areal and volumetric capacitances are equally important metrics in evaluating the performance of
an energy storage electrode. Commercial electrochemical capacitor electrodes have electrode
thicknesses of 100 — 200 um and mass loadings of ~10 mg cm to enable high areal energy
densities.!* In redox-active transition metal oxides, the rate capability decreases as the mass
loading increases so the best performance is often achieved in thin films, < 200 nm, with low areal
capacitances. Our results show that with a fairly high mass loading of 9.57 mg cm?, the WO3-2H,0
can be cycled up to 200 mV s with a highly capacitive response (Figure 3.11a) and excellent
energy efficiency. As a proof-of-concept to demonstrate that high-rate capability is possible with
these materials in slurry-cast electrodes, the areal capacitance of WO3-2H>O was evaluated as a
function of sweep rate for three different mass loadings: 4.57, 6.83, and 9.57 mg cm™ (Fig. 8b).
The highest capacitance of 0.65 F cm™ was obtained with an active material mass loading of 9.57
mg cm? and a sweep rate of 20 mV s (t = 50 sec). In this high mass loading electrode,

approximately 60% of the capacity remains at 200 mV s (t = 5 sec).
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Figure 3.11: Proton Storage Performance of WOz3-2H20| Energy storage performance of high
mass loading WO3-2H20 electrodes. a) Cyclic voltammograms from 20 to 200 mV s for an
electrode with active material mass loading of 9.57 mg cm2 and b) corresponding areal capacitance
as a function of electrode mass loading. A high capacitance of 0.4 F cm™ can be delivered at a

sweep rate of 200 mV s (5 sec charge/discharge)

These results underscore the importance of investigating hydrated layered structures for high
power applications. Despite the decrease in gravimetric capacity due to the presence of interlayer
structural water, their performance at high rates may be significantly improved over other types of
structures. WO3-2H20 with a mass loading of 4.57 mg cm exhibits an areal capacitance of 0.25
F cm for a charge/discharge time of 5 sec (200 mV s1). Not many pseudocapacitive oxides are

cycled to such high sweep rates because usually the overpotential losses are too significant.
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3.5 Conclusions

The behavior of layered WO3-2H>0 was compared with that of anhydrous WQOs, a well-
known redox-active oxide. It was found that the capacity retention of WO3-2H>0 was significantly
better than that of WOs, with improved redox peak reversibility, rapid switch in current upon
sweep reversal, and high energy efficiency at fast rates. The hydrated material also exhibited
capacitive kinetics. In situ Raman spectroscopy indicates that both materials appear to undergo a
semiconductor-to-metal transition during electrochemical proton intercalation, leading to an
increase in electronic conductivity. The Raman results also indicate that the energy storage
mechanism of WO3-2H>0 is pseudocapacitive since proton intercalation results in changes to the
local structure and material conductivity. The improvement in rate capability of WO3-2H20 over
WO3 was attributed to the hydrated structure. High mass loading electrodes of WO3-2H20 (> 3 mg
cm) show high areal capacitance at charge/discharge times of just a few seconds. These results
also present the importance of energy efficiency as a metric of pseudocapacitive electrode

performance.
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CHAPTER 4

Confined Structural Water Promotes Structural Stability

4.1 Preface

The data and hypotheses presented in this chapter have been published previously by the
American Chemical Society. For full representation of the findings presented here, please refer
to the article referenced here: “Mitchell, James B., Natalie R. Geise, Alisa R. Paterson, Naresh C.
Osti, Yangyunli Sun, Simon Fleischmann, Rui Zhang et al. Confined interlayer water promotes
structural stability for high-rate electrochemical proton intercalation in tungsten oxide hydrates.
ACS Energy Letters 4(12), (2019): 2805-2812.”

There is widespread interest in determining the structural features of redox-active
electrochemical energy storage materials that enable simultaneous high power and high energy
density. In this study, we sought to further understand the role of structural water in tungsten oxide
hydrates toward the faster rate kinetics and lowered particle deformation during electrochemical
proton intercalation. This study utilizes operando XRD and advanced physical characterization to
compare the structural transformation kinetics and confined water dynamics of the hydrates with
the anhydrous WO3. We hypothesize that the findings presented here provides an alternative
explanation for the fast energy storage kinetics of materials that incorporate structural water and
provides a new strategy for enabling high power and high energy density with redox-active layered

materials containing confined fluids.
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4.2 Introduction

Over the past few decades, the most widely investigated approach to increase the power
density of redox-active materials has been nanostructuring to decrease diffusion distances and
increase the electrochemical interfacial area.>!'>4>146 \While successful in increasing power
capability, this design strategy has drawbacks, mainly low volumetric energy density and
propensity for parasitic side reactions due to the unconstrained porosity.*'® An emerging strategy
is to find structural features that can enable fast ion transport in redox-active materials. In recent
years, these include the discovery of intercalation pseudocapacitance via solid-solution
intercalation in crystalline Nb,Os,! the presence of oxygen vacancies in MoOs.,*" and oxygen
intercalation in perovskite oxides like LaMnQ3.1*® Another prominent example is the presence of
confined fluids such as structural water.? Structural water can be found in diverse classes of
materials including oxides,**® chalcogenides,*®® MXenes,*>! and framework materials such as
Prussian blue analogs®” 15213 and metal organic frameworks.*> It has been hypothesized that
proton transport in materials with extended structural water networks may occur via the Grotthuss
mechanism,®”*> whereby very fast (picosecond timescale) proton transport occurs by hydrogen
bonding to adjacent water molecules.'>® However, it is not yet clear whether this mechanism can
manifest itself in materials when proton transport is coupled to a faradaic reaction, as in
electrochemical energy storage.

In order to understand the role of structural water during proton transport that is coupled to
a faradaic reaction, we have been investigating the electrochemical de/intercalation of protons in
hydrated tungsten oxides, WO3-nH20 (n =1, 2), whose structural water content and structure is
well-known (Figure 4.1).4715" Recently, we found that the presence of structural water leads to a

transition in the energy storage mechanism from solid-state diffusion limited in WOs3 to surface-
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limited (or pseudocapacitive) in WO3-2H,0.4” We also found that the presence of structural water
minimized the electrochemically-driven deformation of WO3-2H,0.%%’

Here, we investigate the role of structural water on the observed kinetic differences
between WO3-nH>O and WO3 by coupling electrochemical characterization with fundamental
studies of the structure and dynamics of both the solid-state structure and confined water network.
Our measurements reveal that structural water in WOs-nH>O is highly confined, which allows for
rapid and facile structural transformation during electrochemical proton intercalation. We
demonstrate that the facile structural transformation of WO3-nH20 allows for reversible proton
intercalation at a scan rate of 2 V s, corresponding to a charge/discharge time of only ~ 500 ms.
We hypothesize that the role of the confined water network is to stabilize the layered structure of
WO3-nH>0 as it undergoes intercalation-induced phase transformations at high rates. This leads
us to propose a new materials design strategy for high power, high energy density storage via the
presence of confined fluids. This concept could be extended to other layered materials, such as

oxides'*® and chalcogenides®™ via interlayer engineering.
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Figure 4.1: Crystal Structures and Electrochemical Proton Intercalation at Second and Sub-
Second Timescales| Crystal structures of (a) monoclinic WO3z-2H0, (b) orthorhombic WO3-H>0,
and (c) monoclinic y-WO3. WO3-2H20 exists as layers of corner-sharing WOs(OH>) octahedra
separated by an additional water layer bound inside the crystal lattice through hydrogen bonding.
Dehydrating at 120 °C yields WO3-H>O with a layered structure of corner-sharing WOs(OH>)
octahedra without interlayer lattice water. Heating at temperatures above 350 °C vyields the
anhydrous WO3 which exhibits a distorted ReOs-type structure of corner-sharing octahedra. (d)
Electrochemical proton intercalation of each phase in 0.5 M H2SO4 at 2 V s, () Specific capacity
versus sweep rate shows the improved capacity retention of the layered, hydrated structures at
second and sub-second timescales. The increase in capacity at higher scan rates is a result of the

increased potential window.
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4.3 Experimental Methods

WO3-2H>0 powder samples used in the SSNMR, synchrotron XRD, and neutron scattering
experiments were synthesized by the acidic precipitation method originally described by
Freedman.*® Detailed synthesis and physical characterization of the as-obtained powder can be
found in our previous study.*” WO3-2H,0 served as the precursor for WO3-H.0 and WOs in order
to maintain the same morphology and surface area between different phases. WO3-HO is formed
by the thermal dehydration of WO3-2H,0 at 120 °C in air. For these studies, the anhydrous WO3
phase was obtained by thermal dehydration of WO3-2H>0 at 650 °C to form pristine y-WOsz.
Scanning electron micrographs (SEM; taken with a field emission FEI Verios 460L) of the  -WOs3
powder reveals that the higher thermal dehydration treatment used in these studies did not
significantly alter the overall surface area and morphology when compared to the mixed phase
WOj3 obtained at 350 °C from our previous studies.*”>7

For the electrochemical proton intercalation experiments, WO3-2H,0 was electrodeposited
onto polished gold 5 MHz quartz liquid monitoring crystals (Phillip Technologies™, SC, USA).
Procedures developed by Timofeeva et al.’>® were used to electrochemically deposit WO3-2H0.
Briefly, 12 mmol L Na,WQ4-2H,0 (Sigma-Aldrich) in deionized water was heated to ~ 70 °C.
An aliquot of concentrated H.SO4 (Certified ACS Plus, Fisher Scientific) was quickly added to
the heated solution to obtain a final H,SO4 concentration of 0.5 mol L. The heated solution was
transferred to a three-electrode cell with a Pt wire (99.997%, Alfa Aesar) counter electrode, a
Ag/AgCl in a saturated KCI solution reference electrode (Pine Research Instrumentation), and a
gold-coated quartz working electrode as detailed above. WO3-2H>O was deposited onto the
working electrode using cyclic voltammetry at 100 mV s? between -0.2 and 1.0 V vs. Ag/AgCI

for 90 min with a potentiostat (Bio-Logic, MPG2). After deposition, the working electrode was
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removed from the deposition solution, rinsed with deionized water, and placed into fresh 0.5 mol
L1 H,SO4 to age for 24 h. As reported by Laurinavichute et al.,**® the crystalline WO3-2H,0 phase
is formed after the aging process. WO3-H.O was formed by heating the electrodeposited
WO3-2H0 film at 120 °C in air. WO3 was subsequently formed on the Au-coated substrates by
thermal dehydration at 350 °C in argon (to prevent oxidation of the chromium adhesion layer
beneath the gold deposit). Thermal dehydration was achieved at 350 °C rather than 650 °C to
prevent the formation of the partially reduced anhydrous phase, WOs.x. Raman spectroscopy was
used to determine the structure of the electrodeposited thin films. Electrodeposited film mass
loading was measured in air with a quartz crystal microbalance (QCM200, Stanford Research
Systems) using the room temperature sensitivity factor (56.6 Hz pug™* cm?). Their phase purity was
determined using Raman spectroscopy with a WIiTEC alpha300R confocal Raman microscope
with a laser wavelength of 532 nm and a 10x objective.

Electrochemical proton intercalation into the electrodeposited WO3-nH>O and WOs3 films
was investigated with cyclic voltammetry in 0.5 mol Lt H2SO4 (ag). Measurements were conducted
in a three-electrode cell from 100 — 2000 mV s with a Pt wire counter and a Ag/AgCl reference
electrode. The potential window was limited from -0.4 to 0.5 V vs. Ag/AgCl at the slower sweep
rates due to the onset of the parasitic hydrogen evolution reaction at the cathodic potential limit
and was progressively broadened at faster sweep rates.

Protonated (charged) samples for ex situ neutron scattering experiments were made by
electrochemically cycling slurry-cast electrodes to -0.2 V vs. Ag/AgCl using linear sweep
voltammetry (LSV) at 0.5 mV st in 0.5 mol L™ H,SO. using a mobile potentiostat (WaveNow*V,
Pine Research Instrumentation). Slurries consisted of 80 wt % active material (WO3-2H20 or y -

WO3) and 20 wt % acetylene black (Alfa Aesar) in n-methylpyrrolidone (NMP; Sigma-Aldrich).
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No binder was used in these electrodes to prevent additional scattering from hydrogen nuclei. The
slurry was coated onto carbon fiber paper current collectors (AvCarb MGL 190, Fuel Cell Earth)
with mass loadings of ~ 20 mg cm and active area of ~ 13 cm?. A carbon control electrode was
fabricated by painting a slurry consisting of acetylene black dispersed in NMP to subtract
background scattering from the current collector and the conductive carbon additive. Electrodes
were cycled in a beaker with three-electrode geometry using a Pt wire counter electrode and
Ag/AgCI reference electrode. Proton contents of the electrochemically intercalated samples were
determined using the capacity by the integrating the current vs. time curves.

Slurry-cast electrodes were used for operando XRD to ensure sufficient signal. The slurry
consisted of 80 wt. % active material (WO3-2H20 or y-WOs3 powders, as described above), 10 wt.
% acetylene black and 10 wt. % polyvinylidene fluoride (PVDF; Arkema Kynar KV 900) in NMP.
The slurry was coated onto platinized silicon substrates (MTI Corp.) which served as the current
collectors and dried at 50 °C in air. The active material mass loading was ~ 2 mg cm. X-ray
diffraction patterns of the pristine WO3:2H,O and »WOs slurry electrodes are indexed and
provided in Figure 4.2. The in situ electrochemical cell (Figure 4.3, based on a previous design
used for X-ray reflectivity'®%) was electrochemically cycled in a three-electrode geometry with a
Pt wire counter electrode and a leak-less miniaturized Ag/AgCI reference electrode (eDAQ).
Cyclic voltammetry was performed from 1 —100 mV stin0.5 mol L™ H,SO4 using a potentionstat
(Bio-Logic SP-150) with a potential window of -0.2 to 0.5 V vs. Ag/AgCIl. Synchrotron XRD was
conducted at the Stanford Synchrotron Radiation Lightsource (SSRL) using beamline 7-2 with an
energy of 14.013 keV. A Pilatus 300K area detector (DECTRIS Ltd.) in portrait mode was used to
collect the area diffraction patterns with a working distance of 750 mm. Operando diffraction

patterns were obtained in a 6 - 20 reflection geometry. XRD patterns were obtained every 3 s for
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the slower scan rates (1 — 20 mV s1) and every 1 s for the faster sweep rates (50, 100 mV s?). The
detector geometry (tilts and detector distance) was calibrated with lanthanum hexaboride, LaBe.

Area diffraction patterns were reduced to one-dimensional (intensity vs. 26) using the pyFAl
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Figure 4.2: X-ray Diffraction Patterns of Pristine Slurry-cast Electrodes| XRD patterns of the
pristine electrodes of (a) WO3-2H20 and (b) WO3 on platinized silicon used in the operando XRD
experiments. The asterisks (*) indicate additional peaks from the in situ cell. Each of the materials
is well crystallized and the majority peaks are indexed to the expected phase, indicating the slurry

process did not disrupt the structures.

Ex situ XRD of WO3-H>0 was obtained using the same slurry-cast electrode procedure as
described in the operando XRD section above. The electrode was charged in the same manner as

the procedure to produce the electrodes for ex situ neutron scattering as described previously. After
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electrochemical protonation, the electrode was removed from the electrolyte, rinsed with deionized
H>0, briefly dried with compressed air, and covered with a Mylar film (Fisher Scientific) to protect
the film from oxidation by air. XRD was performed with a PANalytical Empyrean X-ray

diffractometer in standard Bragg-Brentano geometry with Cu Ko radiation.

'H-SSNMR spectroscopy was conducted with 400 mg of WO3-2H,0, WO3-H,0, and WO3
powders (synthesized as noted above) at room temperature on a 600 MHz Bruker AVANCE™ 1lI
NMR spectrometer equipped with a Triple Resonance Broadband Inverse (TBI) 5 mm probe. A
single radio frequency pulse with length of 1.3 us (21°) at 50 W power, a spectral width of 800
ppm, an acquisition time of 3 s, and a relaxation delay of 4 s were used with 32 scans to obtain all
spectra.

Neutron scattering of the pristine and protonated samples was conducted using the
Spallation Neutron Source (SNS) at Oak Ridge National Laboratory (ORNL). INS data were
collected at T = 5 K with the fine energy high resolution direct geometry chopper spectrometer
(SEQUOIA).182 INS spectra were collected at several incident energies (Ei = 55, 160, 250, and 600
meV) that were selected by a Fermi chopper. Scattered neutrons of all energies were identified by
position-sensitive detector covering scattering angles of —30° to +60° in the horizontal plane and
+18° in the vertical directions). The raw INS spectra were transformed from the time-of-flight and
instrument coordinate bases to the dynamical structure factor S(Q,E) with the MANTIDPLOT?63
software package and then to the generalized density of vibrational states (GDOS) with mean-
squared displacement, u?> = 0 and T = 5 K using the MSLICE®* software tool. QENS was
conducted using the time-of-flight back scattering spectrometer (BASIS).8* The wavelength of the

detected neutrons was Ao = 6.267 A, as selected by Si (111) Bragg reflection at 88°. Useful data
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were obtained from the dynamic range of —100 to 100 pueV with an overall energy resolution of
3.5 neV. The data were collected in the Q range of 0.5 A1 to 1.7 A™.

Ex situ samples were prepared using linear sweep voltammetry as described in the
Electrochemical Characterization section. Upon electrochemical protonation, samples were
immediately removed from the electrolyte, briefly rinsed with deionized H-O, lightly dried with
compressed air, and placed under vacuum in the glovebox antechamber (MBRAUN). Before
transferring into the glovebox, each sample underwent 3 x 10 min intervals under vacuum with
helium purging in between vacuum steps. The samples were subsequently transferred to the
glovebox in a helium atmosphere with O, and H20 levels < 0.1 ppm, where they dried for an
additional 30 minutes before placement into the aluminum sample canisters. To preserve the
electrochemically reduced state, ex situ electrodes were sealed in a helium atmosphere to prevent
oxidation and concomitant self-discharge. The dry atmosphere required to investigate the charged
state of Hx\WO3-nH,O with neutron scattering drives the dehydration of WO3-2H,0 to WO3-H20,
which is readily accomplished with low temperatures, pressure, or humidity levels.
Electrochemically charged samples were handled with insulating tweezers to maintain the
electrochemically reduced state. Pristine, “uncharged” samples were prepared in the same manner
as the electrochemically protonated samples to compare the effects of the electrochemically
intercalated protons on the QENS / INS spectra. Instead of electrochemically charging the samples,
the pristine electrodes were submerged in 0.5 mol L H,SO,4 for 25 minutes to account for any
surface water / protons present due to the electrolyte immersion. Pristine and electrochemically
cycled carbon electrodes were used as background subtraction spectra for the uncharged and
charged oxide electrodes, respectively. The mass of acetylene black and tungsten oxide was kept

consistent between the various samples (Table 4.1).
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Table 4.1: Ex Situ Neutron Scattering Samples| Sample compositions of the “charged” and
“pristine” electrodes. “Charged” samples were electrochemically cycled to intercalate protons.
Aactive 1S the geometric area of the electrodes. Samples were controlled to have similar masses of

carbon additives (Mcarbon), tungsten oxide (Mwos), and structural water (Mu20, WO3-H20 samples

only).
Sample | Aactive (cMm?) | Miotal (Mg) | Mcarbon (Mg) | Mwosz (mg) | Mu20(mg)
Carbon 13.0 57.44 57.44 - -
Charged WOs3 13.0 291.76 58.35 233.41 -
WOs3-H,0 13.6 308.08 61.62 228.71 17.75
Carbon 12.5 52.57 52.57 - -
Pristine WOs3 12.8 286.70 57.34 229.36 -
WO3-H,0 12.5 305.87 61.17 227.07 17.63

DFT calculations with periodic boundary conditions were performed using the Vienna ab
initio Simulation Package (VASP).1%5 An energy cutoff of 700 eV was used for plane wave basis
sets. The Perdew-Burke-Emzerhof (PBE)*® form of the generalized-gradient-approximation was
used for electron exchange and correlation; the projector augmented wave (PAW)¢” method for
the electron-core interaction. DFT-D3' was adopted to account for van der Waals interactions.
The structure of Ho.13WO3-H20 was simulated by a supercell containing 16 WO3-H20O formula
units and two protons, considering both bridging (Os) and terminal oxygen sites (O¢) for
protonation. The Brillouin zone was sampled by a 2 x 2 x 2 Monkhorst-Pack k-point mesh.
Structural relaxation was carried out with a force convergence criterion of 0.01 eV/A. Ab initio
molecular dynamic (AIMD) simulations were performed in canonical ensemble (NVT) with a
Nosé thermostat at 300 K for 10 ps with a 1 fs time step. The vibrational density of states (VDOS)

was obtained from the velocity auto-correlation function of the AIMD trajectory.
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WO3-2H20 powder (~ 300 mg) was pressed into a pellet under 1-ton pressure with a
diameter of 10 mm and resulting thickness of 1.5 mm. The pellet was assembled into a CR2032
coin cell (MTI Corp.) with nickel foam spacers (MTI Corp.). Glass fiber filters (Fisher Scientific)
were cut into pieces, soaked in DI H20, and placed into the coin cell to maintain a 100 % humidity
environment. Care was taken to ensure that the wet fibers were not in contact with the pellet or
making connection between the top and bottom of the coin cell casing. Electrochemical impedance
spectroscopy (EIS) was obtained using a potentiostat (Bio-Logic VMP3) from 1 MHz to 100 mHz
with 20mV voltage amplitude on a temperature controlled stage from 298 — 323 K in 5 K
increments. Bulk resistance was determined by fitting the high frequency R-C component using
the circle-fit analysis feature in Bio-Logic’s EC-Lab® software. Proton conductivity, o (ohm™ m-

1y, was estimated using:1°

o= (2)

where t is pellet thickness, R is the resistance value obtained from the AC impedance measurement
(Figure 4.11), and S is the pellet contact area. The activation energy, Ea (eV), was extrapolated

from the temperature-dependent proton conductivities (o) by the following:*6°

Eq
KpT

0T=A*exp[ ] (3)

where T is temperature, A is the pre-exponential factor, and Ky is Boltzmann’s constant. The
Arrhenius behavior is shown in Figure 4.11b. EIS was obtained on the same pellet sample without
the presence of H,O-soaked glass fibers in ambient atmosphere to observe the effect of humidity.
The high resistivity of the pellet in “dry” conditions required a higher sinusoidal amplitude of 500
mV. The temperature-dependent impedance can be found in Figure 4.12. It should be noted that

relative humidity was not controlled, and some amount of surface adsorbed water is expected.
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4.4 Results and Discussion

The electrochemical intercalation of protons into WO3-nH2O or anhydrous WOs3 can be
expressed as:

WO; - nH,0; W05 + xH* 4+ xe™ & H,WO05 - nH,0; H,W0; (0 <x <1) 1)
where x is the extent of proton storage, with a maximum of 1.1° This leads to maximum
gravimetric capacities of 360 C g* for WO3-2H,0, 386 C g* for WO3-H0, and 416 C g™ for
WOs. Despite the modest gravimetric capacities, these materials serve as model systems for
understanding the role of structural water during proton intercalation at fast timescales due to the
stoichiometric, well-ordered water network, the fact that the same redox reaction is present in all
three phases, and that the dehydration reaction to form each phase does not affect overall particle
surface area or morphology.*’ Similar surface area and morphology between the crystalline phases
means that they will exhibit similar gravimetric capacitances from the formation of the electrical
double layer.

To probe electrochemical proton intercalation into WO3-nH2O under extremely short
timescales (second to sub-second), we electrodeposited WOs-nH20 and WO; thin film
electrodes (~300 nm) and performed cyclic voltammetry with sweep rates (v) from 100 to 2,000
mV s (timescales ranging from 9 s to 500 ms) in a sulfuric acid electrolyte. The high rate-
electrochemical behavior of all three phases at 2 V s (~ 500 ms charge / discharge) is shown in
Figure 4.1d. In line with our previous electrochemical characterization with thicker electrodes
made with acid-precipitated particles,*’ the voltammetric response of the two hydrated structures
is more reversible than for WOz. This is indicated by their decreased redox peak separation (Figure
4.3) and rapid turnover from the cathodic to anodic current at the low potential limit of -0.55 V vs.

Ag/AgCI. The capacity as a function of sweep rate is quantified in Figure 4.1e (the voltammetric
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responses associated with these sweep rates are shown in Figure 4.3; the potential window was
expanded at faster sweep rates). At these extremely fast timescales for electrochemical energy
storage, WO3-nH2O stores more protons than WOs. It is important to note that according to our
prior study,*’ the capacity of WOjs is initially higher than WO3-nH20 but decays rapidly with
increasing rates. For WO3z-2H>0 and WO3-H0O, the similarities of the voltammetry and capacity
retention indicate that the proton storage mechanisms are similar. Both hydrated phases exhibit ~
90% retention from 100 mV s to 2 V s, while that of the anhydrous phase is only 60%. To
investigate the role of structural water in the observed kinetic differences, the electrochemically
driven structural transformations of WO3-2H,0 and WOs were investigated with operando X-ray

diffraction (XRD).
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Figure 4.3: Effects of Structural Water on Electrochemical Proton Intercalation in Tungsten
Oxide| Cyclic voltammograms from 100 — 2000 mV s in 0.5 M H2S04 of (a) WOs3, (b) WO3-H-0,
and (c) WOs-2H-0 electrodeposited onto gold substrates (see Methods). The current is normalized
by the sweep rate (capacitance) to compare the performance of each phase at different sweep rates.
The potential window is increased at faster rates due to the decreased contribution of the hydrogen
evolution reaction (HER) at the cathodic potential limits. (d) Redox peak separation as a function
of sweep rate for WOz (black circles), WO3-H0O (red squares), and WO3-2H20 (blue triangles).
The asterisks (*) in figures a - ¢ indicate the redox peaks used for the peak separation analysis.
Overall, the WO3-nH>O exhibit better proton storage, capacity retention, and electrochemical

reversibility as compared to WO3.
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Faradaic electrochemical energy storage inevitably leads to structural changes that may be
accompanied with phase transitions.1’21® These structural transformations are often the rate-
limiting steps for electrochemical energy storage with intercalation-based materials.*’#1® In order
to probe the electrochemically induced structural transformations of WO3-2H,0 and WOs3, we
performed operando synchrotron XRD at different cyclic voltammetry sweep rates. Of the two
hydrated phases, only the WO3-2H,O was characterized due to the similarity of their
electrochemical responses. Here, we utilized higher mass loading slurry-type electrodes made from
acid-precipitated particles to ensure sufficient signal from the XRD experiment. Figure 4.4 is a

schematic of the in situ electrochemical cell used in these experiments.

WE Contact i Ag/AgCl
Pt Wire RE

Screw \ CE ﬁ

0.5M
H,SO,

Slurry
Electrode

Pt Current
Collector /

Figure 4.4: In Situ Electrochemical Cell| Schematic of the three-electrode electrochemical cell
used during the operando XRD measurements in reflection mode. Slurries (see Methods) were
coated onto a platinized-silicon substrate which served as the working electrode (WE). Platinum
wire counter (CE) and Ag/AgCI reference (RE) electrodes were inserted into the electrolyte
through ports at the top of the cell. The cell was 5 mm thick, and gaskets with a Kapton window
were used to seal the electrolyte and provide a low-background window suitable for X-ray

transmission. The cell is based on a previous design used for X-ray reflectivity.°
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Figure 4.5 shows the one-dimensional diffraction patterns of WO3-2H,O and WOs as a
function of time and potential at sweep rates of 1 and 100 mV s*. As observed in our previous ex
situ XRD experiments,'® the layered, hydrated structure undergoes a reversible phase transition
with electrochemical proton de/intercalation. This is indicated by the reversible merging of the two
sets of peaks at ~ 13.5° and 15.5° 29 when the extent of proton intercalation in Hy\WQO3-2H,0 is ~
0.04, which is concomitant with the cathodic / anodic redox peaks at ~ 0 V vs. Ag/AgCI (Figure
2a). The progression of this structural transformation is highlighted in the one-dimensional
diffraction patterns extracted from the operando measurements (Figure 4.6). The peak merging is
attributed to lattice distortions within the two-dimensional WOs(OH2) layers toward a more
symmetric orthorhombic structure.*’®1’” The transformation begins with x ~ 0.02 and is practically
complete at x ~ 0.04 (Figure 4.6), which corresponds to a full transformation in just 40 s.
Interestingly, we find that the (010) peak at ~ 7.5°, signifying the interlayer spacing (6.96 A), does
not shift or change intensity with proton de/intercalation. When the sweep rate is increased to 100
mV s (charge / discharge times < 10 sec), the reversible phase transition is still present with a

faster transformation time of just 7 s (Figure 4.5c), and the interlayer spacing remains constant.
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Figure 4.5: Operando XRD of Electrochemically Induced Phase Transformations in
WO3-2H20 and WOs| Synchrotron XRD color maps of WO3-2H,0 (a, ¢) and WOs (b, d) as a
function of electrochemical cycling at 1 (a, b) and 100 (c, d) mV s*. The black line at ~ 14.5° 20
indicates an edge in the area detector. The applied potential as a function of time is depicted by
the black dashed lines at the right of each plot, and the resulting current is shown by the blue solid
curves. The highly reversible phase transition of WO3-2H>0O can be observed at both 1 and 100
mV s by the reversible merging of the (200) / (001) and (101) / (011) diffraction peaks at ~ 13.5°
and 15.5°, respectively. The interlayer spacing, indicated by the (010) diffraction peak at ~ 7.5° is
immobile during electrochemical proton de/intercalation. The reversible phase transition of WO3
is shown by the reversible merging / shifting of the (002), (020), and (200) diffraction peaks found
at 20 ~ 13.25° 13.5° and 14° respectively. However, the anhydrous structure is practically

“frozen” at 100 mV s,
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Figure 4.6: Electrochemically Induced Phase Transitions of Tungsten Oxide| Cyclic
voltammograms of (a) WO3-2H,0 and (c) WOs at 1 mV s in the in situ electrochemical cell
(Figure 4.4) during the operando XRD measurements. The asterisks (*) indicate the potentials for
the one-dimensional diffraction patterns. (b) 1D XRD patterns of WO3-2H20 as a function of
electrochemically intercalated proton content. As the potential is decreased, protons intercalate
into the structure, resulting in a merging of the (200) / (001) and (101) / (011) diffraction peaks at
~ 13.5° and 15.5°, respectively. The interlayer spacing, indicated by the (010) diffraction peak at
~ 7.5° 20 is immobile during electrochemical proton de/intercalation. The pristine WO3-2H>0
spectrum is indexed with JCPDS reference file pattern (00-018-142). The asterisks indicate
additional peaks from the in situ cell. (d) 1D XRD patterns of WOs as a function of
electrochemically intercalated proton content. The presence pristine y-WOs is evidenced by the
vertical dashed lines indicating the peak positions of the (002), (020), and (200) diffraction peaks
found at 20 ~ 13.25°, 13.5°, and 14°, respectively (JCPDS 01-083-0950). This material has a

significant two-phase coexistence region as a function of proton content.
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These results are significant because the intercalation pseudocapacitive charge storage has
been previously hypothesized to only occur in materials that do not undergo phase
transformations.’® We hypothesize that the stability of the interlayer indicates that the confined
water molecules isolate the electrochemically-driven structural transformations to two dimensions
within the WOs(OHy) octahedral network, leading to facile ion transport within the structure. To
determine whether similar structural stability is present in WO3-H20, we performed ex situ XRD
of Ho.1WO3-H20 (Figure 4.7) and observed a slight decrease in the interlayer spacing, ~ 0.6 %.
This is commensurate with the interlayer spacing change for proton intercalation into the well-
known pseudocapacitive oxide, birnessite MnO2-nH20 (~ 1 % per 0.1 mol of ¢)!'8 and again

highlights the stability of the structural water network in WO3-nH20.
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Figure 4.7: Ex Situ XRD of WO3-H20| XRD patterns of pristine WO3-H>0 (black, dashed curve)
and Ho.1WO3-H>0 (red, solid curve). (a) Shift of the (020) reflection signifies slight contraction (~
0.6%) of the interlayer spacing upon proton intercalation into WO3-H20. This is consistent with
DFT calculations, which show a favorable proton storage site on the terminal oxygen in the
interlayer (Figure 4.9d). (b) Slight shift in the (111) reflection indicates a slight increase in the
interplanar spacing, consistent with the storage of protons at bridging oxygen sites in the layers of
WOs(OH?>) octahedra (Figure 4.10). The additional peak indicated by the (*) is due to the Mylar

film used to protect the electrode from air oxidation.

The kinetics of the structural response in WO3 are drastically different as compared to
WO3-2H,0 (Figure 4.5b). The onset of the structural transformation still occurs with intercalation
of ~0.02 protons and at the cathodic redox peak (Figure 4.6d), as with WO3-2H.O. However, even
at a proton content of x ~ 0.07, the structural transformation to the protonated tetragonal structure
of H\WO31918L is incomplete even after 240 s. The extended two-phase region between y-WOs3

and tetragonal HxWOs indicates sluggish phase transformation kinetics in the absence of a confined
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interlayer water network. This is likely the rate-limiting process that prevents fast transport of
protons through the anhydrous material. The inability of the WOs3 structure to respond to
electrochemical proton intercalation at fast rates is especially evident by the lack of structural
transformation at 100 mV s* (Figure 4.5d). The structure is in effect “frozen” at these faster charge
/ discharge times (t < 10 s) and unable to rapidly accommodate protons.

To elucidate the role of structural water in enabling sub-second electrochemical proton
intercalation into WO3-nH2O, we characterized the physical structure and dynamics of the
structural water in the acid-precipitated powders using neutron scattering®%? and solid-state
nuclear magnetic resonance (SSNMR). Figure 4.8 shows the elastic neutron scattering intensity
of each phase integrated from scattering vector (Q) = 0.5 — 1.7 A as a function of temperature;
the overall increase in elastic intensity scales appropriately with the amount of structural water in
each phase. All plots exhibit a small deviation from the linear decrease with temperature, indicative
of the presence of small amounts of residual surface moisture in the samples. We used a two-
component model to fit the QENS spectra of the hydrated phases; the resulting signal widths are
presented in Figure 4.8b, c. The figure reveals the presence of two different types of water
populations in the hydrated materials: one with quicker motion (broad component) and another
with relatively slower motion (narrow component). Additionally, the half-width-half-max
(HWHMs) of the quasielastic signals are largely independent of both temperature and Q for both
hydrated phases, indicating the presence of only localized, and not translational, motion of water
molecules up to nanosecond timescales. Any translational motion of water molecules on the ps to
ns timescale would manifest itself in the QENS signal width increasing with Q. Therefore, the
water in WO3-nH0 is highly confined, with only some local conformational, but not translational,

freedom.
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We further investigated the structural water in WO3-nH20 with *H SSNMR spectroscopy
measurements (Figure 4.8d), which carry implications for motions on microsecond or faster
timescales. All three phases exhibit a sharp peak at ~ 0 ppm likely due to fast moving surface-
adsorbed water as powdered samples contain significant particle surface area. The WO3-nH;0
phases exhibit a broad doublet with a spectral splitting of ~ 70 ppm. This appears to be a “Pake”
doublet (a superposition of spectra of randomly ordered crystallites), which is commonly observed
in the *H NMR spectra of crystal hydrates.®? We estimate that the rate of exchange of water protons
between different water sites in the hydrated WO3 samples occurs substantially more slowly than
the inverse of the full width of the Pake powder spectrum (~ 140 ppm = 80 kHz, or ~ 10 [Js
timescale). The presence of this slow-moving structural feature that leads to the Pake spectral
pattern is in agreement with the QENS results that there is no significant translational motion of
water in WO3-nH-O on a timescale relevant to liquid-like water diffusion, such as that observed
in polymeric ion conductors with nm-scale confinement of water.'8 In other words, the structural
water is translationally immobile on timescales from ps to [Is and thus is well confined. It is
worth noting that the lack of translational mobility of confined structural water was also observed
in the isostructural MoOg3-nH20 with solid-state *H NMR.*83

The vibrational dynamics of each phase were investigated using inelastic neutron scattering
(INS, Figure 4.8e, f). Distinct differences are observed in the vibrational spectra of all three
phases. The neutron scattering cross-section of hydrogen is ~ 20 times larger than that of tungsten
and oxygen. Therefore, the INS spectrum of WOs has negligible intensity as compared to
WOs3-nH20, and only extends until ~ 115 meV. The layered, hydrated structures of WO3-H>0 and
WOs3-2H,0 exhibit appreciable density of states up to higher frequencies due to the presence of

structural water molecules. The O-H symmetric and antisymmetric stretching modes are observed
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as a peak at ~ 428 meV for WO3-H;0, and as three peaks at 395, 420, and 441 meV for WO3-2H,0
(due to two types of structural water). The intramolecular H-O-H bending mode is at ~ 200 meV,
and the peak is ~ 2 times broader for WO3-2H>0. The spectrum of ice — Ix is shown to highlight
the similarities between crystalline water and the confined water network present in the
WOs3:-nH20. Ice exhibits similar O-H stretching behavior to WO3-H,0 but has broadened peaks at
lower frequencies due to hydrogen disorder in the hexagonal lattice. Overall, we find that the
structural water layers are well-ordered and quite translationally immobile on the ps to s
timescales. We hypothesize that the presence of these confined water networks in the interlayer of
WO3-2H>0 enables the facile, basically 2D, phase transformation observed during electrochemical
proton intercalation by effectively stabilizing the interlayer and restricting structural changes to

two dimensions.
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Figure 4.8: Characterization of the Structural Water Dynamics in WO3s-nH20| (a) Elastic
neutron scattering intensity of pristine WO3-nH>O and WOz powders as a function of temperature.
Linear trends were extrapolated from data points within the low-temperature region (150 K — 200
K). Half-width-half-max (HWHM) of the wide and narrow components of the quasielastic fits
exhibit very little temperature and Q dependence for both (b) WO3-H20 and (c) WO3-2H-0. (d)
Solid-state 'H NMR spectra of WO3-nH20 and WOs (static samples), demonstrating relatively
slow exchange dynamics (~ 10 [Js timescale or slower) for interlayer confined water. Generalized
vibrational density of states (GDOS) of WO3-nH20 from INS at T = 5 K with E; = (e) 600 and (f)
250 meV. Ice — Iy is included to compare crystalline water to the confined water networks in

WOQO3-nH:0.
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Neutron scattering and SSNMR of the pristine WO3-nH-O indicate that the structural water
is a highly confined, well-ordered network. To investigate whether the same is true of the
electrochemically protonated phases, we performed ex situ neutron scattering on electrochemically
protonated electrodes of Ho.13WO3:H20 and Ho.:WOz. Here, we studied WO3-H20 because
WO3-2H20 undergoes dehydration of its hydrogen-bonded interlayer water in the conditions
necessary for ex situ neutron scattering sample preparation (see Methods for details).** The ex situ
QENS shows that there is increased elastic intensity (near zero energy transfer) in the
Ho.13WO3-H20 charged electrode, commensurate with the expected increase of protons (Figure
4.9a). Importantly, the quasielastic scattering “wings” signal of the pristine and charged electrodes
are similar, indicating similar dynamics of the structural water network before and after
electrochemical proton intercalation. That is, irrespective of the electrode charge state, the
intercalated protons are static on the timescale probed by QENS and do not affect the highly
localized motion of the structural water molecules. The increase in elastic intensity and lack of
change in quasielastic scattering signal is also observed when comparing charged Ho.1WO3 with
pristine WOs. The static nature of the intercalated protons on the pico- to nanosecond timescales
probed with QENS suggests that the confined water network of WO3-nH2O does not enable either
translational or correlated hopping of protons. This hypothesis is in agreement with the lack of
interlayer spacing change in the operando XRD of WO3-2H,O and the storage of protons in a
bridging oxygen site from ex situ INS and ab initio molecular dynamics (AIMD) simulations, vide

infra.
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Figure 4.9: Proton Intercalation Site in WO3-nH20| (a) Ex situ QENS of an WO3-H20 electrode
in the pristine (WO3-H-0O, black) and intercalated (Ho.1WO3-H20, red) states at T = 300 K and Q
= 0.9 A (the asymmetry of the elastic peak is due to the intrinsically asymmetric resolution
function often characteristic of spallation-source based neutron spectrometers). The intensity is
plotted in logarithmic scale in the inset to highlight the quasielastic scattering “wings” signal. Ex
situ INS of the same electrodes at T =5 K with incident energies Ei = (b) 600 and (c) 250 meV.
Generalized vibrational density of states (GDOS) versus energy transfer depicts the vibrational
modes of protons in WO3:-H20. Ab initio molecular dynamics simulations of the vibrational
density of states (VDOS, (d)) show the effect of protons at the terminal (O¢, green) and bridging

(Ob, blue) oxygen atoms to the overall spectrum.
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Ex situ INS was utilized to determine the intercalated proton binding site in Ho.13WO3-H20.
The intercalated protons lead to the presence of a new peak at ~ 150 meV and a shift in the O-H
stretching mode peak to ~ 420 meV, as compared to the pristine electrode (Figure 4.9b, ¢). Both
the total and projected vibrational densities of states (VDOS) from the AIMD of the protonated
WO3-H:0 reveal that the peak at ~ 150 meV is consistent with the W-O-H bending mode of a
proton present at the bridging oxygen (Op) site (Figure 4.9d) although the storage of protons at a
terminal oxygen is also possible (Or). DFT calculations of Ho13WOs3-2H20 indicate that
intercalated protons prefer only the Oy sites (Figure 4.10), which is in line with the lack of
interlayer spacing change observed from operando XRD. These proton site preferences are in
agreement with prior DFT calculations on HYWO3-nH20,% which also indicate a rotationally
enabled proton transport mechanism that may be active in the present materials. The location of
the intercalated proton in Ho1WOsj in the bridging site is already well-known,*®* and our INS and
density functional theory (DFT) results are in line with these prior observations. The ex situ INS
and DFT results indicate that WO3-nH20 and WOs store protons at bridging oxygen sites, and thus
we hypothesize that the significant differences in electrochemical proton intercalation Kinetics are
attributed to differences in the ability of the respective solid state structures to undergo necessary

structural transformations.
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Figure 4.10: Proton Storage Sites in HxWO3-2H20| Density functional theory simulations of
proton storage sites in a 16 WOz3-2H0 lattice. Gray, red, and white atoms correspond to W, O,
and H atoms, respectively. The simulated intercalated protons are depicted in yellow, and the most

stable sites were found to be a W-O-H bond formed with the bridging oxygens.

Lastly, it has been proposed that a low activation energy barrier determined from
impedance spectroscopy could be utilized to determine the presence of Grotthuss transport in solid-
state energy storage materials. We found that the activation energy barrier for a WO3-2H20 pellet
under such conditions does give a low value of 0.2 eV (Figure 4.11). However, the dependence
of this value on the ambient humidity (Figure 4.12) as well as prior impedance results with

WO3-nH,0 and metal organic frameworks!® indicate that such a low activation energy is
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indicative of the motion of surface-adsorbed water, whose contribution is significant in cold-
pressed pellets made from powdered materials. This is in-line with our SSNMR results of the
pristine materials that indicate the presence of fast-moving water on the surface of particles. As a
result, we hypothesize that the confined water in WO3z-nHO plays a critical role in enabling facile

structural transformations in only two dimensions.
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Figure 4.11: Conductivity of WO3-2H20 in 100% Relative Humidity| (a) Electrochemical
impedance spectroscopy (EIS) of a WO3-2H>0 pellet as a function of temperature in a humid
testing cell. The conductivity (o) is calculated using the resistance (R) determined by fitting the
high frequency semi-circle. (b) Arrhenius behavior of the corresponding conductivities at various
temperatures. The data points and corresponding activation energy (Ea) for proton conduction are
presented as (value + standard error). The low activation energy is likely due to the fast movement

of free water on the surface of particles.!®®
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Figure 4.12: Conductivity of WO3-2H20 in “Dry” Testing Cell| (a) EIS of a WO3-2H>0 pellet
as a function of temperature in a “dry” testing cell. There is no observed semi-circle in the high
frequency region. (b) Arrhenius behavior of the conductivities determined at various temperatures.
Standard errors of the data points are smaller than the data markers and thus have been omitted.

Corresponding Ea is presented as (value + standard error).

4.5 Conclusions

Here, we present the unexpected discovery of the role of structural water in crystalline
transition metal oxide hydrates in enabling both structural flexibility and stability for highly
reversible, sub-second electrochemical intercalation. The confined and ordered nature of the
structural water, as probed with neutron scattering and SSNMR, coupled with operando XRD
results, demonstrate the ability for WO3-nH-O to undergo extremely facile phase transformations
while allowing little-to-no changes in the interlayer spacing. The results presented here indicate

that the confined water networks in crystalline hydrates such as WO3-nHO isolate the structural
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transformations to two dimensions, leading to more facile electrochemically-driven structural
transformations. We hypothesize that this is the mechanism behind the exceptional, sub-second
proton intercalation ability of WO3-nH-O, and highlights the importance of electrochemically
driven phase transformations in determining Kinetic limitations in energy storage intercalation
reactions. They also point to the possibility of tuning solid-state structures to minimize
electrochemically driven structural distortions via the incorporation of confined fluids such as
structural water, thus introducing a new materials design strategy for fast, pseudocapacitive energy

storage.
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CHAPTER 5

Effects of Structural Water on the Li* Charge Storage Mechanism

5.1 Preface

The data and hypotheses presented in this chapter are currently being prepared for
manuscript in collaboration with Ruocun (John) Wang, Jesse S. Ko (Johns Hopkins Applied
Physics Laboratory), and Jeffrey W. Long (U.S. Naval Research Laboratory) and therefore have
not yet been peer-reviewed. The manuscript is currently titled, “Effects of Structural Water on the
Li+ Insertion into Crystalline Tungsten Oxides,” which we plan to submit to the Journal of the
Electrochemical Society.

In these studies, we utilize electrochemical quartz crystal microbalance (EQCM) and Bode
impedance analyses to determine the kinetic limitations of Li* insertion into WO3-H,O and WO3
in a non-aqueous LiClO4 electrolyte. We compare WO3-H,O with WOs3 due to the spontaneous
dehydration of the secondary, interlayer structural water of WO3-2H>O when exposed to non-
aqueous electrolytes. These analyses reveal that the effects of structural water found in the case of
aqueous H" insertion is accentuated during Li" insertion. We find that these techniques corroborate
the electrochemical responses that the presence of structural water leads to a less potential-
dependent insertion than in the anhydrous oxide. The kinetic limitations of potential-dependent
Li" insertion into WO3 leads to more sluggish electrochemical responses and thus limited charge
storage at fast rates ( t < 10 min). These findings highlight the potential for layered transition metal

oxides containing structural water to enhance charge transfer and phase transformation kinetics.
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5.2 Introduction

The electrochemical insertion of ions into an electrode host material is the basis of lithium-
ion batteries'®” and many electrochromic windows.? It is also the foundation of emerging
technologies, such as capacitive desalination / resource recovery,’! neuromorphic computing, '3
and tunable catalysts.'” In both established and emerging applications of electrochemical ion
insertion, it is desirable, and often necessary, for the kinetics of the insertion process to be facile.
This includes both the kinetics of any structural phase transformation as well as solid-state ionic
diffusion.

Layered transition metal oxides are attractive for these electrochemical technologies due
to their potential to accommodate high charge capacities,>!! but they are kinetically limited by
sluggish transport throughout bulk electrodes.!®!®? It is hypothesized that the use of layered
materials with confined fluids, such as structural water, in the interlayer could enable high capacity
storage at fast rates, enhanced charge transfer resistance, and more facile solid-state ionic
diffusion.’

We have been investigating the effects of structural water on the electrochemical proton
de(intercalation) with a model class of materials, the tungsten oxide hydrates (WO3-nH20, 0 <n <
2). Comparing the layered WO3-2H>O to anhydrous WOs3 in an aqueous sulfuric acid electrolyte,
we observed enhanced capacity retention, electrochemical reversibility, and energy efficiency

.47 Operando dilatometry

afforded by the presence of structural water at fast rates (> 20 mV s
during H" (de)insertion revealed that the layered, hydrated phase exhibited lowered particle
deformation per stored charge and less hysteresis between the insertion / de-insertion processes.'>’

Most recently, we investigated the real-time electrochemically driven phase transformations using

operando synchrotron X-ray diffraction. These experiments indicate that the layered, hydrated
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structure undergoes more facile structural transformations to accommodate charge density, even at
high rates ( < 1 min charge / discharge).**
Electrochemically induced structural transformations in the LixWO3 system have been

investigated using X-ray diffraction of bulk electrodes.'®"!”3 These studies determined that the

incorporation of Li" into monoclinic WO3 induces a transformation to a tetragonal ( x ~ 0.1)

180,193 ) 193
5

phase, a two-phase tetragonal / cubic region, ( 0.4 > x > 0.1 and finally a cubic phase
( x > 0.4).1%%1 Similar to our operando XRD studies of H" insertion,** the anhydrous phase
undergoes two-phase regions upon Li* (de)insertion.'®®!®3 Kumagai et al. investigated the
electrochemically induced structural transformations of WOs3-H20O and they discovered that it
undergoes an orthorhombic to tetragonal transition at a discharge capacity equivalent to ~
LiosWO3-H,0 (~193 C/g).>! However, we hypothesize that these structural transformations do not
limit the Li" charge storage at high-rates.

In this work, we seek to understand the effects of structural water on electrochemical Li*
insertion by comparing the frequency- and potential-dependent electrode responses using staircase
potentiostatic  electrochemical —impedance  spectroscopy  (SPEIS).""*!%>  Additionally,
electrochemical quartz crystal microbalance (EQCM) measurements are used to correlate the
gravimetric responses to the kinetic differences between the layered, hydrated oxide and the
anhydrous WOs. Overall, these studies aim to elucidate the effects of structural water in layered
transition metal oxides on the kinetics of electrochemical Li" insertion. To achieve the potential-
dependent studies of these two techniques, we have turned to non-aqueous electrolytes to prevent

misinterpretation from significant parasitic side reactions such as the hydrogen evolution reaction

at lower potentials.
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5.3 Experimental
Materials Synthesis — WO3-2H,0 was electrodeposited via an electrochemically assisted acid-
precipitation process, as described previously.'*®!>° Briefly, the films were electrodeposited onto
5 MHz polished Au quartz crystals (Phillip Technologies, SC, USA) from a solution of 12 mmol
L' NaWOs (Sigma-Aldrich) in deionized water at 70°C.">® Once at temperature, concentrated
H>SO4 (ACS Grade, Fisher Scientific) was added to the stirring solution to achieve a final
concentration of 0.5 mol L' H2SO4. The Au-deposited quartz crystal served as the working
electrode, platinum wire as the counter electrode (99.997%, Alfa Aesar), and Ag/AgCl in a
saturated KCl solution as the reference electrode (Pine Instruments). The heated solution was used
for electrodeposition without cooling. Films were electrodeposited using cyclic voltammetry at
100 mV s between -0.2 and 1.0 V vs. Ag/AgCl for 3 h. Subsequently, the films were removed
from the electrodeposition solution and aged in 0.5 mol L™! H,SO4 for 24 h at room temperature.'>
The electrodeposited film mass was determined from the shift in resonance frequency of the quartz
crystal in air before and after deposition. The mass was calculated using the Sauerbrey equation:'*°
AF = —Cy * Am (5.1)
where AF is the shift in the resonance frequency (5 MHz) of the quartz crystal, Cr is the sensitivity
factor (Ct, dryair = 56.6 Hz g cm?), and Am is the change in. Orthorhombic WO3-H>O was obtained
by heat treatment of the electrodeposited films at 120 °C in air for 12 h, and anhydrous monoclinic
WOs by heat treatment in argon at 350 °C for 12 h. The inert atmosphere condition was necessary
to prevent oxidation of the adhesion layer between the quartz crystal and Au pad at elevated

temperatures.
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Physical Characterization — Film morphology was characterized using a field emission scanning
electron microscope (SEM; FEI Verios 460L). Structural characterization was obtained via Raman
spectroscopy using a WiTEC alpha300R confocal Raman microscope with a laser wavelength of
532 nm, 100x lens objective, 6 s integration time, and averaged spectra over 4 scans
Electrochemical Characterization — Films were characterized in an argon-filled glovebox (< 1
ppm Oz, H20) in a three-electrode cell with Li-metal counter and reference electrodes (99.9%,
Aldrich). The electrolyte was 1 mol L' LiClO4 (electrochemical grade, Aldrich) in propylene
carbonate (Sigma Aldrich). All experiments were conducted at room temperature (21 £+ 1 °C) using
a BioLogic VMP3 potentiostat.

Electrodeposited films were first conditioned at 10 mV s™! for 10 cycles between 2.0 - 3.5
V vs. Li/Li". Cyclic voltammetry was conducted from 1 — 100 mV s between 1.8 and 3.5 V vs.
Li/Li" to obtain operando electrogravimetry as a function of potential. Films were subjected to 10
cycles at each sweep rate to obtain statistical data. Electrogravimetric data were collected using a
quartz crystal microbalance (SRS QCM 200) with a 100 ms frequency counter (0.1 Hz resolution)
for the faster sweep rates (> 20 mV s™!) and 1 s acquisition (1 Hz resolution) for the slower sweep
rates (< 10 mV s™). The recorded frequency shift (AF) was related to the mass change (Am) at the
electrode-electrolyte interface using Equation 5.1. Crin solution was obtained by determining AF
during a well-known electrochemical reaction.'”” In this work, C¢ was determined using the
electrodeposition of Ag:

Agh+e 2> Ag (5.2)

Ag was electrodeposited using chronopotentiometry for 3 min with current densities of 5, 10, 20,
and 50 pA cm™ from a solution of 10 mmol L' AgClO4 (anhydrous, Alfa Aesar) in a supporting

electrolyte of 100 mmol L™! tetrabutylammonium perchlorate (electrochemical grade, Alfa Aesar)
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in propylene carbonate with Ag wire (99.9%, Alfa Aesar) counter and pseudoreference electrodes.
The mass of Ag was calculated by applying Faraday’s law, assuming 100% faradaic efficiency. Cs
(4.2+0.4x10"Hz g, 95% confidence) was obtained from the slope of the linear regression of AF
vs. Am (Figure 5.1). A Matlab code was used to perform all EQCM data processing.

Staircase potential electrochemical impedance spectroscopy (SPEIS) experiments were
conducted with 50 mV resolution between 1.8 and 3.5 V vs. Li/Li". The electrochemical cell was
the same as described for EQCM experiments. The electrode was held at each potential to
equilibrate for 10 min before taking the impedance spectrum from 200 kHz — 10 mHz with a

sinusoidal voltage amplitude of 10 mV.
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Figure 5.1: Calibration of the Electrochemical Quartz Crystal Microbalance| (a) Frequency
change (AF) versus change in mass (Am) of a 5 MHz quartz crystal during chronopotentiometric
Ag electrodeposition. At different current densities, the slope of frequency response as a function
of deposited Ag is quite similar. (b) Sensitivity factor (Cf, AF/ Am) as a function of current density.
Data points are presented as value = uncertainty. The average Cf value used to determine the
operando gravimetric responses of WO3-H20 and WO3 electrodes is represented by the red-

dashed line.
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5.4 Results and Discussion

Electrochemical deposition of WO3-2H»O results in a porous, nanostructured thin film with
a plate-like morphology. Thermal dehydration and conversion of WO3:2H>0O into WO3-H>O and
WOs does not lead to significant changes in the film morphology. The crystal structure of each
material (monoclinic WO3-2H>O and WOs3; orthorhombic WO3-H>O, Figure 5.2a) was confirmed
via Raman spectroscopy (Figure 5.2¢). Since the interlayer water of WO3-2H>O is not stable in a

non-aqueous electrolyte,!*®

only WO3-H2O and WOs thin films were used for subsequent
electrochemical analysis. These films were electrochemically cycled in a non-aqueous LiClO4
electrolyte to investigate the role of structural water in tungsten oxides during Li" (de)insertion; a

critical step toward understanding the effects of confined fluids on the kinetics of electrochemical

charge storage.
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Figure 5.2: Structure and Characterization of WO3-nH20 and WOj3| (a) Crystallographic
structures of WO3-nH20 and WOs. Upon heating at 120 °C, the interlayer water leaves the layered
structure of monoclinic WO3-2H>0, forming orthorhombic WO3-H20. Further dehydration at
temperatures above 350 °C leads to the formation of the anhydrous, monoclinic y-WOs. (b)
Scanning electron micrograph of an as-deposited WO3-2H>0 thin film. Electrodeposited films are
porous, nanostructured films with platelets less than 100 nm in length on average. (¢) Raman
spectra of as-deposited (WO3-2H20), film heat treated at 120 °C (WO3-H20), and film heat treated
at 350 °C in argon (WOs3). O-W-0O bending and stretching modes can be found for all three phases
in the regions from 100 — 300 cm™ and 600 — 850 cm™, respectively.! The hydrated phases can
be distinguished by the Raman shift of the W=0 stretching mode, found at ~ 945 cm™ for

WO3-H,0 and ~ 960 cm™* for WO3-2H,0.%!
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In WO3-nH0 (n = 0 or 1), this reaction can be described as:'"°

WO05-nH,0 + xLi* + xe~ - Li, W05 - nH,0 (5.3)
where the insertion of Li" and concomitant electron transfer lead to the reduction of the host metal
oxide.!”*!%* Cyclic voltammograms (CVs) of WO3-H20 and WOs3 from 1 — 100 mV s! are shown
in Figure 5.3 Similar to our previous findings for aqueous proton insertion,***’ the presence of
structural water enhances the reversibility of Li" (de)insertion. This is evidenced by the symmetric
current response of WO3-H>O, even at fast sweep rates. The enhanced reversibility for Li"
(de)insertion afforded by the presence of structural water is evidenced by the limited polarization
of the redox peaks at ~ 2.6 V at the faster rates. Contrarily, WO3 exhibits significant polarization
losses, and the cathodic peak is shifted to lower potentials. Another major difference between the
two phases is that Li" (de)insertion into WO3-H,O appears more capacitive because it occurs over
a wide potential range, whereas that of WO3 has more specific potential dependence. This is also
in line with our previous observation of proton insertion into WO3-2H>O vs. WO3,*7 despite the
fact that protons and Li" are expected to occupy different lattice sites. Our findings of the
differences between WO3-H2O vs. WO; during Li" (de)insertion are in line with those of
Judeinstein and Livage, who studied the electrochromic properties of tungsten oxide films with
varying structural water content in a non-aqueous LiClO4 electrolyte.!® We performed kinetic b-
value analyses on the electrodeposited films to quantitatively determine the kinetic limitations for
Li" insertion from the behavior of the cathodic peak current as a function of sweep rate. In these
thin oxide films, the kinetic analyses reveal that neither WO3-H20 nor WOs electrodes are limited
by solid-state diffusion (b = 0.93 and 0.84, respectively). This is not surprising in the case of thin
films ( ~ 50 pg cm™) where the diffusion distance is smaller than the time for diffusion. The lack

of Li* diffusion limitations within the solid-state structure will allow us to correlate the kinetic
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limitations observed in electrochemical analyses (Figure 5.3) to the charge transfer and structural
transformation kinetics of these two phases. To understand the mechanism of Li" insertion into
WO3-H2O and the reason for the kinetic difference with WOs3, we performed operando
electrogravimetry (EQCM) and SPEIS. These techniques were selected because they enable a
systematic study of the effects of structural water through a detailed understanding of the Li"

charge transfer process at the electrochemical interface.
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Figure 5.3: Non-Aqueous Cyclic Voltammetry of Electrodeposited Tungsten Oxide Films|
Cyclic voltammograms as a function of sweep rate (1 — 100 mV s™') of the monohydrate (a, ¢) and
anhydrous (b, d) tungsten oxide thin films in 1 M LiClO4 in propylene carbonate. Each curve is

represented as the average + standard deviation.

Figure 5.4 shows the representative electrogravimetric behavior (Am vs. E) of WO3-H>O
and WO;3 at 10 and 100 mV s (corresponding to charge / discharge times of 3 min and 18 s,
respectively). These timescales were selected to highlight the difference in the gravimetric
responses at rates where structural-transformation and charge-transfer kinetic limitations lead to
significant polarizations in the electrochemical responses. At 10 mV s}, WO3-H,O exhibits little

mass change until ~ 3 V, when the current begins to increase (Figure 5.4a). Decreasing potential
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leads to further increase in Am, as expected for an insertion reaction. Between ~2.75 and 1.8 V, the
potential-dependence of Am appears almost linear. During the anodic (Li" de-insertion) scan, Am
begins to decrease at ~ 1.86 V, slightly delayed from the 1.8 V cathodic turnover potential and 20
mV (2 s) delayed from the point of zero charge (1.84 V). There is nearly constant hysteresis of Am
(260 £ 40 mV) between the insertion and de-insertion processes, except at the highest potentials
where no charge storage takes place (Am < 0.25 pg). The overall Am upon Li" insertion into
WO;-H20 at 10 mV s is 3.45 ug with a capacity of ~230 C g''. In the case of WO3, there are two
important differences in the electrogravimetric response: 1) Am has distinct regions before, during,
and after the current peaks and 2) the hysteresis of Am also changes as a function of potential, with
the largest separation in the lower charge region of Am <1 pg (563 + 13 mV), the potential region
of the redox peaks (Figure 5.4b). The overall Am upon Li" insertion into WOs3 at 10 mV s is 1.8
ug for a capacity of ~ 160 C g™'. Upon a ten-fold increase of the scan rate, both materials exhibit
increased polarization that leads to more delayed decrease in Am upon sweep reversal and
increased hysteresis of Am (Figure 5.4¢,d). In WO;-H2O, Am continues to increase until ~2.15V
at 100 mV s (vs. 1.86 V at 10 mV s™). In comparing the response of WO3-H>O and WOj3 at 100
mV s™!, WO; appears more reversible. However, at this rate, Li* insertion into WOs is half the
value of WO3-H2O (~ 100 C/g and Am <1 pg vs. ~ 200 C/g and Am > 3 ng). These differences
highlight the ability for the structure of the layered, hydrated phase to accommodate additional

charge density compared to the anhydrous phase, especially at these fast rates (t < 1 min).
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Figure 5.4: Dynamic Mass Change during Li* Insertion into WO3-H20 and WQO3 | Potential-
dependent electrogravimetric responses overlaid on the voltametric responses for WO3-H>O (a, ¢)
and WOs (b, d) electrochemically cycled in a non-aqueous LiClO4 electrolyte at 10 (a, b) and 100
(c, d) mV s’!. Massograms (right y-axis, blue / red) represent the change in mass (Am) of the
electrodeposited films as a function of potential. Voltammograms (left y-axis) are the current

response as a function of potential. All curves are represented as the average + standard deviation.

The nature of the inserted species (Li* vs. Li" solvated by n PC molecules) can be obtained
from the slope of Am vs. integrated charge (Q), also known as the mass-to-charge ratio (MCR;
Figure 5.5). This analysis was used previously to understand the solvation environment of

electrosorbed and inserted species on nanoporous carbons,?” graphite,?®! and 2D MXene.?*? The
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apparent molecular mass (M,,) of species at the electrochemical interface can be calculated from

the slope of a linear region in Am vs. AQ:>%
1 m
M!, = nF (Q) (5.3)
where 7 is the number of electrons and F is Faraday’s constant. The calculated M, can be used to
determine the solvation number (n) of Li", that is, the number of PC molecules associated with
each Li" at the electrochemical interface:

M}, =My, 1
= Mw=Mw @i (5.4)
My (pc)

where My, (i) is the molecular weight of Li" and My (pc) is the molecular weight of propylene

carbonate. Table 5.1 lists values of M;,and n for both phases and sweep rates.
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Figure 5.5: Mass change as a function of (de)inserted charge in WO3-H20 and WOs |
Recorded electrogravimetric responses as a function of integrated charge for WO3-H-O (a, b) and
WOs (c, d) at 10 (a, ¢) and 100 (b, d) mV sX. The absolute value of the integrated charge is included
to highlight the hysteresis between the forward (cathodic) and reverse (anodic) scans. The black
dashed lines for each plot represent the theoretical expected mass change for bare Li* (de)insertion.

The red curves represent the experimentally recorded data and are represented as the average *

standard deviation.
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Table 5.1: Apparent Molecular Weights and Li* Solvation | Mass-to-charge analyses for the
electrodeposited thin films calculated from the slopes of the Am-AQ plots of Figure 5.5 Analyses
are split into low and high charge regions based on the observed changes in slope. The low charge
regions of WO;3 are (< 5 mC) for 10 mV s and (< 2.5 mC). The low charge region for WO3-H,0
is (< 10 mC) for 100 mV s™. Distinction of the low and high charge regions of the WO3-H20

electrode was not depicted at 10 mV s due to the constant slope throughout the entire charge

region.
WO3 WO3-H.0
Cathodic Anodic Cathodic Anodic
Scan | Charge Mw' My M M
Rate Region (g/mol) n (g/mol) n (g/mol) n (g/mol) n
Low | 13.08 +0.28 0.06 16.46 £ 0.08 0.09 - - - -
10 High 8.97£0.03 0.019 8.13 £ 0.06 0.012

mV/s Overall 9.12£0.05 0.021 | 10.10+£0.09 | 0.03 | 7.635+0.013 | 0.007 | 7.658 +£0.019 | 0.007
Low | 6.57+0.24 -0.004 | 14.14+0.11 | 0.07 11.69 +£0.15 0.05 16.25+0.03 0.09

100 High | 6.66+0.10 -0.003 6.90 £0.03 0 9.016 +0.020 | 0.020 7.39 £0.08 0.004
mV/s Overall 5.92 +0.07 -0.010 8.22+0.07 | 0.012 9.74 £ 0.04 0.027 | 10.00+0.012 | 0.029

At 10 mV s, Am vs. Q for WO3-H>O exhibits excellent agreement with the calculated Am
for Li" insertion (black dotted line, Figure 5.5a). This means that at 10 mV s, over the entire
extent of O, Li* inserts without a solvation shell into WO3-H20. At 100 mV s, there are slight
deviations from the calculated Am particularly at low Q (< 10 mC) (Figure 5.5b). The PC-
solvation number of the intercalating species at the electrochemical interface is less than 1 (Table
5.1). While we cannot definitively exclude some solvent co-insertion in WO3-H>O at higher sweep
rates, it is possible that the changes are primarily due to changes in electrolyte flux within electrode
pores. According to Levi et al., the electrogravimetric response of porous electrodes can contain

contributions from ion / solvent co-insertion into the electrode as well as solvent flux within the
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electrode pores.””> However, we can conclude that there is no significant solvent co-insertion in
WOs3-H>O across all sweep rates. This is important because it means that WO3-H>O maintains
relatively high insertion capacity at 100 mV s (206 C g!; 0.5 Li"/W) with interfacial Li"
desolvation. While Li" desolvation can be a major contributor to the activation barrier for

interfacial charge transfer,?%*

it does not appear to play a significant role in the kinetic response of
WO3-H2O at the timescales probed by our study. The behavior of WO3-H2O is thus in contrast to
other hydrated transition metal oxides such as V20s xerogels, which showed a sweep-rate
dependent solvation of inserting Li*.?®> However, Shouji and Buttry also reported the ability for
solvent flux to convolute the recorded electrogravimetric data.?%

WOj; exhibits larger deviations from the calculated Am for Li" insertion than WO3-H>O
(Figure 5.5¢, d), but overall, similar trends are observed. The deviations occur mainly at lower Q
(|Q] <5 mC) (Table 5.1). Since, to the best of our knowledge, there are no reports of solvent co-

insertion into monoclinic WO3,2%

we assume that the deviations from theoretical Am / AQ are due
to changes in the viscoelastic properties of the electrode-electrolyte interface caused by electrolyte
flux.

As Li" intercalates into WOs, the structure will undergo volume changes associated with
electrochemically induced structural transformations. These transformations may induce changes
to the interparticle porosity in these porous electrodes, resulting in electrolyte / solvent flux at the
electrochemical interface.?> The observed positive flux (+Am) into the WOs electrode (Figure
5.5b, Table S1) is corroborated by the expected contraction of the monoclinic WO3 unit cell upon
Li* insertion.!8%!%> The particle contraction will increase interparticle porosity and induce a

positive flux of electrolyte / solvent at the electrode-electrolyte interface, manifesting itself as a

larger apparent molecular weight (Mj,) than bare Li* (M, (;)). This hypothesis agrees nicely with
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the observed data that reveals similar slopes between the experimental and theoretical mass change
as a function of charge (Am / AQ) in the higher-charge region ( |Q| > 5 mC) of the MCR plots. The
high-Q region of the CV (Figure 5.3) corresponds to the potential region lower than the redox
peak couple (Ei12~2.7 V vs. Li/Li"). Consistent with the expected large volume changes associated
with the electrochemically induced structural transformations of the redox peaks, the deviation
from theoretical Am / AQ mainly occurs during these corresponding low-Q regions.

While WO3-H;O also undergoes electrochemically-induced phase transformations and
unit-cell volume changes,’! the larger deviations observed for WO3 may be ascribed to its larger
particle deformation during cation insertion. We observed such a difference in our prior work with
operando AFM-dilatometry during H' (de)insertion.'>” At 100 mV s™! (Figure 5.5d), WO; displays
similar behavior as WO3-H,0. However, the magnitude of Am is quite low due to the limited Li"
insertion capacity (102 C/g; 0.25 Li"/W).

Overall, the electrogravimetric study reveals that neither WO3-H20 nor WOs3 exhibit
significant solvent co-insertion during Li" insertion. This is significant in the case of layered
WO;3-H>0: despite an interlayer spacing of 5.36 A, the interlayer-confined structural water appears
to prevent solvent co-insertion. Therefore, we hypothesize that Li" insertion into WO3-H>O is faster
than in WO;3 due to a lower activation energy for desolvation and / or more facile structural
transformations, as we previously observed during H" (de)insertion.**!57

To complement the electrogravimetric study, we performed EIS because it offers insights
into the kinetics of Li" insertion in WO3-H>0 and WOs based on the frequency response to an
alternating voltage. In particular, 3-D Bode plot representations provide additional mechanistic
194,195

insights regarding the temporal/frequency responses of these potential-dependent processes.

Additionally, plotting the frequency-dependent data also as a function of potential provides a
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comprehensive representation of the electrode kinetics during charge / discharge.!®® In the low-
frequency range (0.01 — 1 Hz), we used the method described by Taberna et al.?%’ to represent the
impedance response of both materials as a simple circuit composed of a frequency-dependent
resistor and capacitor in series.!** The real and imaginary components of the frequency-dependent

capacitance, C’(w) and C”( w), respectively, can be calculated using:'*+2%

, _ —Z'(w)

C'(w) = DIz (5.5)
" _ Z’(w)

C (w)= —wIZ(a))IZ (5.6)

where Z’(w) and Z”(w) are the real and imaginary impedance as a function of the angular

194,208

frequency, w. C’ represents the deliverable or reversible charge at a given frequency, and

reflects contributions from fast, reversible electrochemical processes.!”> C” corresponds to energy

207 such as diffusion

losses due to irreversible electrochemical processes at the electrode,
limitations.'** Both provide additional insights into the kinetic differences of Li’-charge storage in
WOs3-H20 and WO:s.

The frequency dependence of C’ and C”* for WO3-H>0 and WOs at six different potentials
is shown in the Bode Plots in Figure 5.6. These potentials were chosen to highlight the evolution
of the capacitance throughout the potential window. We will first discuss the frequency dependence
of C’. For both materials, C’ goes to zero at higher frequencies as the electrodes transition to a
purely resistive state. At lower frequencies, the electrodes transition to a purely capacitive state. A
plateau in C indicates that the maximum capacitance was reached within the investigated
frequency regime. It is thus representative of the characteristic time to obtain the maximum

reversible capacitance at each potential. 2%

(' is generally greater at all potentials and frequencies
in WO3-H>20 than WO3. WO3-H2O exhibits a plateau in C” for each potential as well as “waterfall”
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behavior, where C’ values gently fall off with increasing frequency (Figure 5.6a). This indicates
that WOs3-H>O obtains the maximum capacitance within this frequency / timescale. On the other
hand, the behavior of C’ in WOs3 is more frequency dependent (Figure 5.6b). The largest C’ occurs
at 2.4 V but the maximum reversible charge storage is not reached. This plateau behavior is
obtained in WO3 electrodes outside of the potential region where the redox peaks occur, indicating
that the structural transformations associated with the redox peaks are kinetically limiting the
electrochemical response. These results are in line with the cyclic voltammetry data (Figure 5.3)

which shows limited charge storage at fast rates in WOs3 electrodes.
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Figure 5.6: 2D Bode Plots of the Frequency-Dependent Impedance of WO3-H20 and WOs3|
(a, b) Frequency dependence of C* for WO3-H20 and WOs, respectively and (c, d) Frequency

dependence of C*” for WO3-H20 and WOs, respectively.

The potential-dependent slices at various frequencies help highlight the differences in the
charge storage processes as a function of frequency / rate for the two phases (Figure 5.7). In
WO3-H>0, the hydrated, layered structure enhances reversible Li*-charge storage throughout the
investigated potential range and exhibits a different potential-dependent response than the

anhydrous oxide. WO3 exhibits a battery-like, potential-dependent charge storage process, where
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the significant charge storage occurs in a finite potential region. Therefore, as the frequency of the
applied potential increases, the kinetic limitations of the structural transformations associated with
these battery-like responses inhibits significant charge storage at the higher frequencies. Moreover,
the polarizations caused by these structural transformations shifts the maximum reversible charge
storage out of the investigated potential window, limiting the charge storage capacity at higher
rates (Figure 5.7). In WO3-H;O, the C’ vs. potential plot transitions from a linear response with a
semi-constant slope throughout the entire potential range to a plateaued maximum reversible
capacity. This ideal capacitive behavior at high rates (228 mHz, <5 s) indicates that charge storage
in the hydrated, layered structure is not limited by the electrochemically induced structural
transitions caused by Li" insertion in these timescales. The increasing reversible charge storage as
a function of potential reveals a transition from a more potential-specific charge storage behavior
(battery-like, WO3) to a pseudocapacitive process afforded by the presence of structural water. The
more facile structural transformations we observed in aqueous H' insertion** are likely
contributing to the enhanced Li" charge storage throughout the entire potential / temporal range

for WO3-H,O.
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Figure 5.7: Potential Dependence of C’ for Tungsten Oxide Thin Films| 2D slices of the 3D
real capacitance (C’) plots at various frequencies / timescales for the WO3-H2O (red circles) and

WOz (black triangles) electrodes.

We next discuss the frequency dependence of C”’, whose maximum corresponds to the
transition point from capacitive to resistive behavior in the model circuit. WO3-H20 exhibits a
maximum in C’’ at all potentials, consistent with the waterfall behavior of C” (Figure 5.6¢). The
C” maxima shifts to lower frequencies with decreasing potential, with the biggest change occurring
between 3.3 and 2.7 V. These shifts correspond to more sluggish responses, indicating that charge

storage kinetics are slower upon further reduction (Li" insertion). WO3 exhibits more potential-
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dependence for C”’. There are negligible dissipation losses at 3.3 V, consistent with the minimal
overall charge storage in this region. At the onset of the cathodic redox peak (~ 2.7 V), C”’ increases
in magnitude and does not exhibit a maximum in the frequency range used here. Since kinetic
analyses do not reveal solid-state diffusion limitations in these thin films (vide supra), we ascribe
this significant increase to the kinetic limitations of the electrochemically induced phase
transformations. This behavior is observed until after the cathodic redox peak where the C”
response then shifts, and the transition from purely resistive to capacitive is realized within this
frequency range. After the major structural rearrangement occurs, more facile Li" insertion
processes take place.

The potential dependence of the relaxation time (z) of WO3-H20 and WO3 was obtained
from the maximum of the frequency-dependence of C”’ (Figure 5.8). WO3-H>O exhibits semi-
constant 7 of < 20 s across the entire potential range. This agrees with the prior results and points
to fundamentally fast Li" insertion kinetics across the entire potential range in WO3-H20. On the
other hand, WOs3 exhibits highly potential dependent 7 values. In the potential range of the WO3
cathodic redox peak, 7 is > 100 s. Since C” did not reach a maximum in this region, the charge
storage processes occur over longer timescales / lower frequencies than what was probed in this
experiment. The large increase in 7 suggests that the structural transition associated with the

180,193 §5 a rate-

nucleation of the tetragonal phase from the insertion of Li* into monoclinic WO3
limiting step. After the cathodic redox peak, 7 sharply decreases to similar values as for WO3-H>O.
The kinetic limitations of these structural transformations in WO3 clearly limits the overall charge
storage within the stable potential range. Charging / discharging at high rates polarizes the

electrochemical response of WOj3 and shifts significant Li" charge storage capacity outside of the

potential window. Conversely, Li" charge storage in WO3-H>O is potential-independent, alluding

113



to the facile structural transitions enabled by its layered, hydrated structure. This facile
accommodation of charge density enhances Li" storage across a wider potential and temporal
range, highlighting the significant impacts of phase transformation kinetics on the electrochemical

1on insertion in transition metal oxides.
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Figure 5.8: Relaxation Times of WO3-H20 and WOs3 | Relaxation times (7) of WO3-H,O and
WOs as a function of potential. The maximum value of 100 s is limited by the minimum frequency
of the measurement (10 mHz), and the true 7 values for WO3 between 3.0 and 2.4 V are thus (>

100 s).

3D Bode plots, which show both the frequency and potential dependence of C’ and C”*,'**
provide a comprehensive picture of the impedance response of the two phases (Figure 5.9). Here,

we use the 3D Bode plots to summarize the differences in electrochemical Li" insertion between
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WO3-H,0 and WOs. Overall, WO3-H2O exhibits more significant Li" storage across a wider
potential and temporal range, highlighted by the waterfall C’ behavior. Li" storage in WO3 occurs
over a narrower potential range, and the kinetic limitations of this potential-dependent process
leads to more significant capacity fade at higher frequencies. The enhanced charge transfer and
facile structural transformations afforded by the presence of structural water lowers the activation
barrier for Li" insertion, enabling more significant charge storage in finite time and potential

ranges.
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Figure 5.9: 3D Bode Plot Representations of Li* Charge Storage in WO3-H20 and WOs | (a,
b) C’ as a function of frequency and potential for WO3-H,O and WO3, respectively and (c, d) C”

as a function of frequency and potential for WO3-H,O and WOs, respectively.
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5.5 Conclusions

Understanding the effects of structural water on electrochemical Li' insertion into
transition metal oxides provides insight into materials design strategies for advanced
electrochemical technologies. Overall, the presence of structural water in WO3-H,O enhances Li"
storage capacity compared to the anhydrous oxide (especially at faster rates). Operando
electrogravimetry and Bode impedance responses of thin-film electrodes reveals the kinetic
limitations of the electrochemical Li" insertion process. EQCM studies indicates that negligible
solvent co-insertion occurs in crystalline tungsten oxides, even in the layered WO3-H2O phase.
This is significant because the structural water enables more facile Li" desolvation and insertion,
leading to enhanced Li" uptake and smaller hysteresis between the insertion / de-insertion
processes. Massograms (Am vs. AE) corroborate the electrochemical responses and indicate that
WO3 undergoes a more potential-dependent Li" storage process, with a significant portion of its
charge storage occurring in the finite potential range of the redox peaks. Bode impedance also
reveals the difference in the potential-dependent charge storage processes of WO3-H,0 and WOs.
The kinetic limitations of this more potential-dependent process hinder the electrode response at
faster timescales in WO3. The thin-film nature of these films lowers diffusion distances, limiting
solid-state diffusion polarizations, allowing us to attribute the polarization losses to
electrochemically induced structural transformations. Structural water leads to more facile
structural transformations and thus the Li" insertion process at fast rates ( t < 10 min) is not
kinetically limited by the nucleation and growth of the Li'-intercalated tetragonal phase. These
results are significant because both electrodes possess similar morphologies / surface areas,**
undergo the same redox reaction, and were cycled in the same potential window. In conclusion,

we find that the presence of structural water leads to more facile charge accommodation through
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enhanced charge transfer and structural transitions, enabling more significant charge storage as a
function of both potential and frequency. Designing layered materials with confined fluids that
enhance the electrochemomechanical response may lead to more versatile ion insertion hosts for

advanced electrochemical technologies.
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Chapter 6

Low-Temperature Proton Storage in Tungsten Oxides

6.1 Preface

The data and hypotheses presented here are part of ongoing work that will be submitted for
peer-review in collaboration with Dr. Robert Sacci. This work was supported in part by the 2019
DOE Science Graduate Student Research (SCGSR) Fellowship - Solicitation 1. | would like to
acknowledge Robert Sacci for his mentorship during my time at ORNL as a SCGSR fellow, and

for the ongoing discussions that will aim to help this manuscript be prepared for publication.

6.2 Introduction

As scientific curiosity inspires us to further explore aerospace missions and potential
settlement on Mars, development of electrochemical energy storage devices compatible with these
environments is critical.?!® The low temperatures of aerospace climates (average temperature on
Mars is ~ -63 °C) poses a significant challenge for electrochemical energy storage, as commercial
batteries cannot perform in these cold environments.?*212 Additionally, electrification of the
transportation sector and renewable grid storage in colder environments on Earth will require
dependable EES devices at lower temperatures ( T < 0 °C).213

Currently, insufficient ionic conductivities at low-temperatures are rate-limiting for high-
capacity electrochemical ion insertion in cold environments,>'* but the low-temperature
performance of electrolytes has gained significant interest in recent years.?!>2!7 EES devices based
upon aqueous proton storage represent a promising solution for safe, large-scale energy

97,218

storage, particularly at low-temperatures where the innate high-protonic conductivity of water
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will be beneficial.>!’ Notably, Corti et al.?! found that the eutectic mixture of aqueous H3PO4 (62
wt%) behaves as a liquid until its melting point of -85 °C. Jiang et al.>!” recently demonstrated that
this low-melting temperature eutectic mixture could be used as an electrolyte for an aqueous proton
battery down to -78 °C. While aqueous proton batteries (APB) are promising for safe, large-scale
energy storage at low temperatures, compatibility issues of metal oxides with acid electrolytes
limit the options for negative electrodes in APBs.?!°

To deliver both high energy and power densities in extreme temperatures, devices require
high-capacity electrode materials with facile ion transport. In our previous studies, we found that
the tungsten oxide hydrates (WO3-nH20) exhibit facile structural transformations to accommodate
electrochemically intercalated protons at fast rates.** This class of materials is also compatible with
the corrosive environments of aqueous acidic electrolytes. We hypothesize the lowered mechanical
deformation'®’ and facile structural mechanics** afforded by the structural water in WO3-2H,0
will enable facile electrochemical proton storage at low temperatures (T <0 °C). Low-temperature
electrochemical cycling in a H3POs electrolyte was conducted with both WO3-2H>O and WOs to
compare the effects of structural water on the proton storage capacity down to temperatures as low

as -45 °C. In this study, we aim to propose a materials design strategy based on layered, hydrated

transition metal oxides for high-rate electrochemical energy storage at low temperatures.

6.3 Experimental
6.3.1 Low-Temperature Cooling Bath

Low-temperature experiments were conducted using a dry-ice cooling bath described
previously.??® The cooling bath solution was housed in a 500 mL foam dewar (Chemglass Life

Sciences). Briefly, the cooling bath solution consisted of eutectic mixtures of ethanol (200-proof)
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and ethylene glycol (ethane-1,2-diol) which was used to control the equilibrated temperature of
the cooling bath. Changing the volume percent of ethylene glycol dictated the stable temperature
of the cooling bath.??®® Dry ice (CO. () was added to the solutions to cool the bath to the
equilibrium temperatures, and small pieces ( ~ 1 in®) were added periodically to maintain bath
temperatures during electrochemical cycling. Cooling bath solutions were 100 % and 50 % (v/v)
ethylene glycol for experiments conducted at -12 °C and -45 °C, respectively. Temperatures were

monitored using a low-temperature thermometer (Fisher Scientific).

6.3.2 Slurry Electrode Processing

Electrodes were fabricated using a slurry-processing method and casted onto ~ 1 cm? active
areas of a carbon paper substrate (AvCarb® MGL 190, Fuel Cell Earth). Slurries consisted of 80
% (w/w) active material (WO3-2H,0, WO3), 10 % (w/w) acetylene black (Alfa Aesar), and 10 %
(w/w) polyvinylidene fluoride (PVDF, Arkema Kynar KV 900). Slurry components were ground
together using a mortar and pestle for 30 minutes and dispersed in N-methyl-2-pyrrolidone (NMP.
Sigma-Aldrich) ( ~ 200 mg mL™). The active are of the carbon substrates was coated with slurry,
allowed to air dry in the fume hood overnight, and dried in an oven at 60 °C for 12 h. Mass loadings

were recorded to obtain gravimetric performances and were maintained at ~ 2 mg cm™ total mass.

6.3.3 Electrochemical Characterization

Slurry electrodes were electrochemically cycled in a three-electrode configuration using a
50 mL three-neck round-bottom flask (Sigma-Aldrich). Ag-wire served as the pseudoreference
electrode and Pt-wire (99.997 %, Alfa Aesar) as the counter electrode. A 62 % (w/w) agueous

H3PO4 solution was used as the electrolyte by dilution of concentrated HsPO4 (85 wt%, Sigma-
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Aldrich). Conditioning cycling was conducted at 10 mV s from -0.5 V to +0.4 V vs. Ag/Ag* at
room temperature (21 °C) before conducting electrochemical cycling at different rates /
temperatures. Electrochemical cycling was conducted from 1 — 200 mV s in a potential range of
-0.6 - +0.4 VV Vs. Ag/Ag* for each electrode and temperature. Cycling was conducted at 21 + 1 °C,
-12 £ 2 °C, and -45 + 3 °C. For low-temperature proton storage, the electrochemical cell was
submerged into the cooling bath, cooled to the operating temperature, and thermally equilibrated

for 10 min before electrochemical cycling.

6.4 Results and Discussion

Electrochemical cycling in the HsPOs electrolyte as a function of temperature for both
WO3-2H,0 and WOs is shown in Figure 6.1. The room-temperature CVs (black solid curves) of
the slurry electrodes give similar electrochemical responses to proton intercalation in the H2SO4
electrolyte (Chapter 3). WO3-2H>0 exhibits a more symmetric CV response with enhanced redox
peak reversibility compared to the anhydrous oxide. Cycling at faster rates leads to kinetic losses
that decrease the redox peak sharpness and reversibility, but overall, the CVs remain symmetric at
faster rates which alludes to the excellent reversibility of the proton (de)insertion process afforded
by the presence of structural water. WOs3 also exhibits similar CV responses to our previous studies
in H2SO4. At slow rates, the anhydrous oxide far outperforms WO3-2H>0 in terms of proton storage
capacity, but the electrochemical response is less symmetric with increased separation between the
cathodic / anodic redox peaks. Therefore, upon cycling at faster sweep rates, the kinetic limitations
of WOs leads to a more polarized electrochemical response and significant decline in capacity.

Electrochemical cycling at lower temperatures reveals significant differences in the Kinetic

responses of WO3-2H,O and WOs. The layered, hydrated phase exhibits excellent capacity
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retention at -12 °C (red dashed curves), and the CV retains a similar symmetrical shape as the
room-temperature response at the slower rates (1, 10 mV s™). This is significant because previous
reports found that charge-transfer at the electrode-electrolyte interface is severely impeded at
temperatures below -10 °C in Li-ion battery materials.??! The enhanced capacity retention and
electrochemical reversibility afforded by the presence of structural water indicates that the charge-
transfer process and structural transitions induced by electrochemical proton insertion are facile
enough to occur at temperatures below 0 °C. However, at — 45 °C (blue dotted cruves), kinetic
limitations begin to impede the proton (de)insertion process, leading to a more polarized
electrochemical response and lowered proton storage capacity. The electrochemical responses of
WOs at lower temperatures highlights the kinetic differences of these two materials. Cycling at -
12 °C leads to a drastic decrease in storage capacity and a complete different electrochemical
response, even at 1 mV s™! (~ 17 min charge / discharge). The structural transformations associated
with the large redox peaks are kinetically limited at lower temperatures, leading to the absence of
these sharp redox peaks and a significant decrease in proton storage capacity. These results are
expected based on the sluggish phase transformations kinetics we have observed when cycling in
a sulfuric acid electrolyte (Chapter 4). Overall, WO3 yields a more capacitive response at lower

temperatures due to the limitations of the structure’s ability to accommodate protons.
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Figure 6.1: Comparing the Electrochemical Responses of WO3-2H20 and WOs as a Function
of Temperature| Cyclic voltammograms (CVs) of (a — ¢) WO3-2H20 and (d — f) WO3 slurry
electrodes in an aqueous 62 wt% H3POys electrolyte. Three different temperatures were explored to
compare the temperature-dependent proton storage: 21 °C, solid black curves; -12 °C, dashed red

curves; and -45 °C, dotted blue curves.

Proton storage capacity of WO3-2H,0O and WOs as a function of sweep rate and temperature
is shown in Figure 6.2. At room temperature, WO3 far outperforms the layered, hydrated oxide at
the slower rates (Figure 6.2a) but cycling at faster rates leads to significant capacity decay toward
similar values as WOj3-2H,0. Contrary to our previous results in a sulfuric acid electrolyte,*’” we
do not observe a capacity crossover where the layered, hydrated structure begins to store more
protons than the anhydrous phase (at least during these timescales, > 10 s charge / discharge). The
impacts of utilizing a weak acid such as H3PO4 compared to the fully dissociated proton source of
H>SO41s not understood at this time, and will be an interesting avenue to explore in future studies.

This crossover behavior is observed at -12 °C due to the poor rate capability and sharp capacity
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decline of WOs (Figure 6.2b). The enhanced rate capability afforded by the presence of structural
water leads to increased proton storage capacities between 5 — 50 mV s before approaching
similar values as WO3 at the fastest rates ( ~ 40 C/g). This observation alludes to the facile
structural transformations of the layered, hydrated phase which enhances proton insertion at these
low temperatures. Interesting behavior is observed at the lowest temperature of -45 °C: despite the
more facile structural transformations and enhanced capacity retention in the layered, hydrated
structure, WO; exhibits higher proton storage capacities and capacity crossover is not observed
(Figure 6.2¢). While our initial hypothesis that the facile transformation kinetics of WO3-:2H>0
would enable electrochemical proton insertion at low temperatures is not incorrect, the low-
temperature performance of WO3 is better than expected based on our hypothesis that its sluggish
phase transformation kinetics would limit charge storage. These results will be useful in
developing an understanding of the materials design strategies necessary for low-temperature

electrochemical ion insertion hosts.
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Figure 6.2: Rate Dependence of the Proton Storage Capacity as a Function of Cycling
Temperature| Capacity versus sweep rate of WO3-2H>0O (red circles) and WOj3 (black triangles)
at (a) 21 °C, (b) -12 °C, and (c) -45 °C. Capacity (C g'!) is derived from the anodic scan of the CVs

to avoid over estimation of the protons stored due to parasitic hydrogen evolution at low potentials.
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The unexpected charge storage behavior of WO3 at lower temperatures is not understood
at this point but will be an interesting avenue to pursue for future studies. However, it is currently
uncertain whether any structural or morphological changes are occurring which may lead to the
enhanced proton storage capacity we observe at lower temperatures, especially at -45 °C. Figure
6.3 compares the room temperature CV response at 10 mV s™! of the WO; phase before and directly
after cycling at this lower temperature. A significant evolution in the electrochemical response is
observed after cycling at the lowest temperature which may indicate that structural or
morphological changes are occurring during the electrochemical cycling. This is corroborated by
the expected phase transformation from the room-temperature monoclinic phase to a triclinic &-
WOs at the lower temperatures of interest in this study.??? Additionally, Hu et al.?** discovered a
potential dissolution / redeposition process that occurs in WO3 when cycled in a 0.5 M H>SO4
electrolyte. They observed a nanostructured morphology after extended cycling and found that it
was redepositing to form a hydrous tungsten oxide phase. These two studies highlight the need to
gain a deeper understanding of the real-time structural dynamics and potential morphological

changes (if any) that may be occurring at these lower temperatures.
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Figure 6.3: Evolution of the Electrochemical Response of WO3 upon Cycling at Low-T| CV
response at room temperature of a WOs3 slurry electrode in H3PO4 before (black curve) and after

(red curve) electrochemical cycling at -45 °C. The responses reveal additional proton storage

capacity after cycling at the lowest-temperatures.

6.5 Conclusions and Future Work

Electrochemical cycling in a phosphoric acid electrolyte was conducted to investigate and
compare the low-temperature electrochemical proton insertion in WO3;-2H>O and WOs3. CV
responses at room temperature reveal similar electrochemical responses to our previous proton
insertion studies in H>SOs4. As expected from our previous studies, electrochemical proton
insertion is not kinetically limited by structural transformations in WO3-2H>O at a low temperature
of -12 °C, at least at the slower rates ( 1, 10 mV s!). Significant polarization does occur at -45 °C,
limiting charge storage capacity at these low temperatures. WO3 exhibits less reversible proton

(de)insertion as expected based on our previous findings, and this leads to a significant capacity
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decline upon electrochemically cycling at lower temperatures. The large redox peaks are absent at
-12°C, even at 1 mV s™!, indicating that the structural transformations associated with these redox
peaks are kinetically limited in colder environments. However, WO3 exhibits higher proton storage
capacities in the phosphoric acid electrolyte than we initially expected based on our previous
findings. These results still highlight the importance of the facile structural transformations
afforded by the presence of structural water for low-temperature electrochemical ion insertion into
metal oxide host materials, but additional information is necessary to understand the observed
phenomena and suggest materials design strategies for high-rate electrochemical ion insertion at
low temperatures ( T <0 °C).

Future work will aim to elucidate the observed differences in the electrochemical responses
of both WO3-2H,0 and WOs3 at lower temperatures. Real-time structural evolution such as
operando XRD will be useful in determining how the structures evolve as a function of proton
insertion at lower temperatures. Additionally, physical characterization such as SEM and Raman
spectroscopy will aid in understanding any morphological or molecular changes occurring in the
WO; electrodes while cycling at low temperatures. Additionally, in collaboration with Robert
Sacci, thermodynamics of the proton storage processes will be investigated using electrochemical
impedance spectroscopy and steady-state voltage relaxation measurements as a function of
temperature. Understanding these responses and how the structures / thermodynamics of proton
insertion correspond to differences in the ion insertion capacity at lower temperatures will aid in
designing future materials for high-capacity, high-rate electrochemical energy storage devices for

cold environments.
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Chapter 7

Conclusions and Future Outlook

Electrochemical characterization in both aqueous H>SOs and non-aqueous LiClO4
electrolytes reveals that the presence of structural water enhances the reversibility of
electrochemical ion (de)insertion, and more importantly, energy efficiency. Peak-current kinetic
analyses of H" insertion in WO3-2H>O and WOs3 shows that a transition from battery to
pseudocapacitive behavior is afforded by the presence of structural water, suggesting that the
layered, hydrated structure is not kinetically limited by solid-state ionic diffusion. This is
significant because it leads to a less-polarized electrochemical response and better capacity
retention, important for the high-rate charge / discharge times of high-power applications.

Physical characterization of the confined structural water in WO3-nH20 suggests that the
water is limited to local rotational motion and lacks translational diffusion within the 2D water
network. This indicates that strong hydrogen bonding forces between the structural water and
oxide layers are acting as glue to hold the structural water in its specific crystallographic locations.
Operando XRD reveals a lack of expansion / contraction in the interlayer distance which suggests
that the presence of structural water is isolating the electrochemically induced structural
transformations to two dimensions. As a result, these water layers provide both structural
flexibility and stability to accommodate intercalation driven bonding changes. We find that these
facile structural transformations in the layered, hydrated phase enables reversible cation insertion
in sub-second timescales which is exceptional for transition metal oxides. This provides an
alternative explanation for the fast energy storage kinetics of materials that incorporate structural
water and highlights the importance of electrochemically driven phase transformations in

determining kinetic limitations of electrochemical ion insertion reactions.
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Non-aqueous electrochemical Li* insertion reactions were investigated to elucidate the
effects of structural water on the potential-dependent charge transfer processes. Secondary-bound,
interlayer structural water is unstable in non-aqueous electrolytes which limited our analyses of
the layered, hydrated structure to WO3-H20 which only contains the water of coordination.
Complex impedance analyses mapped on both the potential / frequency axes reveals enhanced
reversible charge storage in the layered, hydrated structure as a function of both the potential and
temporal range. This is significant because it alludes that the structural water enables reversible
electrochemical ion insertion in a wider potential range with faster relaxation times, opening up
more charge storage capacity than WOzs. The effects on the interfacial charge transfer process
afforded by the presence of structural water was further investigated using EQCM. These
operando electrogravimetry results indicate that neither WO3-H.O nor WO3 electrodes exhibit
significant solvent co-insertion during electrochemical Li* insertion. This is important because the
enhanced reversible charge storage in the layered, hydrated structure is not attributed to a lowered
activation barrier for charge transfer due to partial desolvation. Moreover, these studies utilized
thin films where the charge storage process is not limited by sold-state diffusion, further
highlighting the kinetic limitations of sluggish electrochemically driven phase transformations.

Lastly, low-temperature ( T < 0 °C) electrochemical H* insertion was investigated to
propose the materials design strategy of layered transition metal oxide containing confined
structural water for electrochemical energy storage in colder environments. Initial electrochemical
analyses reveal that the capacity retention as a function of temperature is enhanced by the presence
of structural water due to the facile structural transformations, and the sluggish phase
transformations of WOs is severely limited at lower temperatures, leading to significant capacity

decline. However, WOs3 exhibits higher charge storage capacity than expected, and future studies
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will aim to elucidate the effects of the H3PO4 electrolyte and the structural transformations
occurring at lower temperatures. Thermodynamic properties of the newly formed W-O-H bonds
through electrochemical H* insertion will aim to elucidate the differences observed at low
temperatures through bond-dissociation free energy calculations in buffered H3POs
electrolytes.?®?’ Structural investigations at low-temperatures using Raman spectroscopy and
XRD will help elucidate the effects of the structure on the electrochemical ion insertion reactions.
Lastly, temperature-dependent EIS will aim to corroborate these results with an understanding of
the interfacial charge-transfer process and how the layered, hydrated structure affects this process
at lower temperatures. Understanding the role of structural water in the low-temperature
electrochemical ion storage performance will help aid future materials design strategies for high-
capacity, high-rate storage in various environments for future technological applications.

Overall, the work presented in this dissertation highlights the effects of structural water on
the electrochemical energy storage and elucidates its role toward enabling highly reversible ion
insertion at high rates. The findings of these studies point to the possibility of tuning solid-state
structures to minimize electrochemically driven structural distortions via the incorporation of
confined fluids such as structural water, thus introducing a new materials design strategy for high-

rate, high-capacity energy storage.
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