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Abstract of the Thesis

Density Functional Theory Investigation of

Proton Diffusion in Tungsten Oxide And Its

Hydrates

by

Hao Lin

Master of Science in Materials Science and Engineering

University of California, Los Angeles, 2014

Professor Vidvuds Ozoliņš, Chair

Fast proton conduction mechanism is of key importance for achieving high perfor-

mance in fuel cell membranes, batteries, supercapacitors, and electrochromic ma-

terials. Enhanced proton diffusion is often observed in hydrated materials where

it is thought to occur via the famous Grotthuss mechanism through pathways

formed by structural water. Using first-principles calculations, we demonstrate

that proton diffusion in tungsten oxide dihydrate (WO3 ¨ 2 H2O), a known good

proton conductor, takes place within the layers of corner-sharing WO6 octahedra

without direct involvement of structural water. The calculated proton migration

barrier in WO3 ¨ 2 H2O is in good agreement with the experimental value inferred

from the temperature dependence of conductivity. The preferred proton diffusion

path in WO3 ¨ 2 H2O is essentially the same as in γ-WO3. In contrast to the small

intercalation voltages calculated for WO3 and WO3 ¨ 2 H2O, we find that pro-

ton absorption in the monohydrate WO3 ¨ H2O is energetically highly favorable.

However, strong proton-proton repulsion limits the equilibrium H content at zero

voltage. We find a fast one-dimensional diffusion channel in WO3 ¨ H2O at dilute

proton concentrations, but much higher barriers are expected at near-equilibrium

concentrations due to strong repulsive interactions with other protons. Our re-
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sults illustrate that low proton diffusion barriers and low insertion voltages both

contribute to fast proton transport in bulk WO3 ¨ 2 H2O and γ-WO3.
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CHAPTER 1

Introduction

1.1 Motivation

With the recent development of modern condensed matter theories, improved

numerical methods and ever increasing computational power, scientists and engi-

neers have created a new era in which the accuracy of material investigations by

theoretical approaches can rival and in some case surpass, that by experimental

methods. Fundamental understanding of microscopic mechanisms on the atomic

scale can be obtained in computational studies, often more easily than through

traditional experimental approaches. A typical example is proton diffusion, which

is notoriously difficult to study through experiments but computational tools can

shine light into this hard-to-reach realm.

The primary object of this thesis is to provide a fundamental understanding

of proton transport in metal oxides and hydrates via density-functional theory

(DFT). A better understanding of such reaction mechanism in these materials will

aid in the design of higher performance electrochemical energy storage materials.

1.2 Energy storage

Modern society is heavily reliant on energy generated from the burning of fossil

fuel, a trend of which has been swiftly growing over the last 50 years. However, the

finite availability of fossil fuels, in addition to the associated climate concerns have

1



Figure 1.1: A Ragone plot shows energy density and power of various electro-
chemical energy storage systems from Reference [1]. Reprinted with permission
from Nature Publishing Group .

spurred a movement to find alternative, renewable and clean energy generation

and storage solutions. Electrochemical energy storage (EES) is one such possible

solution. Green electrical energy, which is derived from solar radiation, wind or

hydroelectric power, can be stored in EES systems. However, EES technologies

for large-scale energy storage have been elusive. For example, hybrid electrical

vehicles (HEV), plug-in hybrids and all-electric vehicles still suffer from the lack of

reliable energy storage systems with high specific power and high specific energy.

Improvements in energy density, reliability and efficiency of EES systems are

necessary.
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Energy density and power density are two main attributes that characterize the

performance of EES systems. Rechargeable batteries and electrochemical capaci-

tors distinguish themselves from other EES systems by their unique combination

of energy density and power density. Figure 1.1, known as a Ragone plot, shows

the energy density and the power of important EES systems on the market. Due to

the high specific power, electrochemical capacitors can be discharged and charged

within seconds. However, the energy density of electrochemical capacitors is low.

Therefore electrochemical capacitors are suitable for systems which need high

power but utilize that energy over a short period of time. One such application

is seaport crane. Electrochemical capacitors can be embedded in rubber-tired

gantry cranes and capture waste energy that is generated by the up and down

movement of shipping containers [2]. A second important application of electro-

chemical capacitors is emergency back-up power for computer systems. When a

power outage occurs, electrochemical capacitors are able to provide back-up power

for computers, allowing important data to be properly saved before the shutdown

of the whole system. Lithium batteries are positioned in the lower right of the

figure, indicating their high energy density and low power density. Thus, we can

use batteries to keep devices, such as cell phones, working for days, but they must

be charged for hours before we can reuse them.

The difference in energy density and power density between capacitors and

rechargeable batteries comes from fundamentally distinct charge storage mecha-

nisms. There are two charge storage mechanisms for electrical energy in electro-

chemical energy storage systems. First, charge can be stored electrostatically in

materials. This charge storage process, known as non-Faradaic process, usually

happens on the surface of materials and often shows excellent reversibility. Charge

storage in capacitors is achieved primarily through the non-Faradaic process. The

second form of electrical energy storage is achieved via Faradaic oxidation and

3



Figure 1.2: Cyclic voltammograms of (a) a capacitor and (b) a battery. Gal-
vanostatic discharge behavior for (c) a capacitor and (d) a battery.

reduction processes, as shown in the following chemical reaction:

Ox` ne´ ÝÝáâÝÝ Red, (1.1)

where Ox and Red are the oxidized and reduced forms of an electrode material

and n is the number of electrons that can be transferred. Charges can flow and

perform electric work when there are potential differences between two electrodes.

This mechanism is typically observed in batteries.

Cyclic voltammogram and galvanostatic discharge behavior of capacitors and

batteries can reflect the differences in their inherent charge storage mechanisms.

(See Figure 1.2) The cyclic voltammogram of a capacitor is typically rectangular

in shape and lacks any distinct redox peaks (Figure 1.2a). In addition, the gal-

vanostatic discharge curve shows that the voltage changes linearly at a constant
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current (Figure 1.2c). The energy (G) of the discharging of a capacitor is the

product of the capacitance (C) and the square of the voltage (V ), shown via the

following formula:

G “
1

2
CV 2. (1.2)

In capacitors, the voltage is usually not related to the chemical potentials of

electrode materials. The maximum voltage applied to a capacitor is limited by

the electrochemical window of the electrolyte. In practice, when the voltage of a

capacitor is larger than the breakdown voltage, substantial leakage current occurs

in the electrolyte and leads to the failure of the capacitor. The capacitance is

determined by the geometry of the electrode materials and the dielectric property

of the electrolyte:

C “ Aε{d, (1.3)

where A is the surface area of the electrode, d is the spacing between two electrodes

and ε is the permittivity. It can be seen that the amount of energy that can be

stored in capacitors is governed by the capacitance and the voltage.

In contrast, the cyclic voltammogram of a battery shows distinguishable redox

peaks, indicating there is a phase change during the discharge (see Figure 1.2b).

Phase changes in battery materials may lead to thermodynamic irreversibility.

The separation of oxidized and reduced peaks is due to the polarization of the

device. As shown in Figure 1.2d, the voltage plateau in galvanostatic discharge

curve indicates the presence of two phases during the discharge. The energy stored

in batteries is given by:

G “ ´qV, (1.4)

where q is the electric charge. The theoretical charge q of a material can be

calculated by Faraday’s laws of electrolysis:

q “
nF

M
, (1.5)
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where n is the number of electrons transferred in one reaction, F is the Faraday

constant, which equals 96,485 C/mol, and M is the molar mass of the electrode

material.

To summarize, electrochemical capacitors commonly have a high degree of

reversibility (104–106 cycles) due to the non-Faradaic process during the charge-

discharge cycle. Capacitors show an almost constant current profile in response

to a linear change of potential. Additionally, a linear decline of potential is ob-

served when capacitors are discharged at constant current. As for batteries, the

efficiency decreases to 90 percent after 103–104 cycles because phase transition

in the materials leads to thermodynamic and kinetic irreversibility. The current

profile is not constant in response to linear modulation of potential, while the

potential remains a constant with unchanged discharge current.

1.3 Comparison of two types of capacitors

The capacitors discussed in Section 1.2 are called electric double-layer capacitors,

which store charge mainly through non-faradaic mechanism. There is, however,

another type of capacitor, known as a pseudocapacitor, that stores charge via the

Faradaic process. The electrochemical behavior of pseudocapacitors is similar to

that of electric double-layer capacitors, even though the charge storage is accom-

plished by chemical reactions in the electrode materials. The main differences

in the charge storage mechanisms between electric double-layer capacitors and

pseudocapacitors are shown in Figure 1.3.

In electric double-layer capacitors, charges are stored by electrostatic separa-

tion of positive and negative charges in two separated electrodes. As drawn in the

left of Figure 1.3, the positive charges in one of the electrodes attract the opposite

charges in the electrolyte with the same amount, forming electric double layer at

the electrode/electrolyte interface [3]. Due to their high surface area and high

6



Figure 1.3: Two types of electrochemical capacitors. Adapted with permission
from Reference [3]. Copyright (2013) American Chemical Society.

electronic conductivity, activated carbon materials are used as electrodes.

In pseudocapacitors, the chemisorption of ions (A) in electrode materials leads

to the partial charge transfer in an electrode (M) [4]:

M ` A´ ÝÝáâÝÝM{Ap1´δq´ ` δepinMq. (1.6)

Such a Faradaic redox reaction happens at the surface of the electrode material,

but phase transitions do not occur during the charge and discharge process, which

is different from the redox reactions in battery materials. Transition metal oxides,

such as Ruthenium oxide (RuO2) and Iridium oxide (IrO2), are usually used as

7



pseudocapacitive electrode materials. Ruthenium oxide was first investigated as

a pseudocapacitive material by Trasatti et al in 1971 [5]. They found that the

cyclic voltammogram of ruthenium oxide has a rectangular shape, which is similar

to the behavior of a capacitor. It was later demonstrated by Zheng et al that hy-

drous ruthenia has higher specific capacity and charging rate than the anhydrous

ruthenium oxide [6]. The better performance in hydrous ruthenia was recently

explained by the fact that fast protonic transport in hydrous ruthenia is due to

the existence of structural water at grain boundaries and the activation barrier

for proton diffusion in bulk ruthenium oxide is high [7, 8]. Since the specific ca-

pacitance of the pseudocapacitors (ą600 F/g) is much higher than that in the

electric double-layer capacitors („150 F/g), understanding the electrochemical

principles of the pseudocapacitors is necessary in order to design next-generation

electrochemical capacitors with higher energy density.

1.4 Proton diffusion mechanisms

Proton conductivity is a key property of aqueous electrolytes and electrodes for

electrochemical capacitors. There are two main proton-conducting mechanisms

in aqueous and hydrated materials, as shown in Figure 1.4. In the materials with

hydrogen-bonded networks, protons hop from one site to another by breaking and

forming hydrogen bonds. This mechanism was first proposed by Grotthuss in 1806

[9]. The hopping of protons is accompanied by the reorientations of O-H groups,

H2O and H3O` in the hydrogen-bonded networks. A continuous proton migration

path requires a short distance between the oxygen cations within the hydrogen-

bonded networks in addition to the rotation of O-H groups. Therefore, proton

hopping rates and reorganization rates of O-H groups are the dominant factors

in determining proton conductivity [10]. The second mechanism, called vehicle

mechanism (proton-carrying mechanism), transports protons via a ”vehicle” such

8



as H3O`, H5O`
2 and NH`4 . At the same time, the empty ”vehicles” without

protons move in the opposite direction [11]. The vehicle diffusion rate largely

determines the overall proton conductivity. This mechanism is often observed in

water-rich materials or acidic aqueous solutions.

Figure 1.4: Two types of proton diffusion mechanisms. Reprinted with permission
from [10]. Copyright (2008) American Chemical Society.

In addition, proton diffusion proceeds via the third mechanism in metal oxides,

such as ReO3, BaCeO3 and CaTiO3 [11, 12, 13]. Typically, such oxides have

2D or 3D networks of corner-sharing MO6 octahedra and protons prefer to form

bonds with oxygen ions. The proton migration is achieved either by the hopping

of protons among the neighboring oxygen sites or by the combinations of such

hopping and the rotation of protons about the M-O-M axes.

9



1.5 General Methods

1.5.1 The Born-Oppenheimer approximation

The nature of matter is fundamentally determined by electrons and nuclei. Ab

initio calculations can predict material properties from the quantum mechanical

level and shine light onto the fields that are difficult to investigate through exper-

imental methods. The starting point for solving a quantum mechanical problem

is the Shrödinger equation:

ĤΨ “ EΨ, (1.7)

where Ĥ is the Hamiltonian operator, Ψ is the wave function and E is the energy

eigenstate. For the system of electrons and nuclei, Ĥ can be expressed in the

following form [14]:

Ĥ “ ´
~2

2me

ÿ

i

∇2
i ´

~2

2MI

ÿ

I

∇2
I `

ÿ

iăj

e2

4πε0|ri ´ rj|

`
ÿ

i,I

ZIe
2

4πε0|ri ´RI |
`

ÿ

IăJ

ZIZJe
2

4πε0|RI ´RJ |
,

(1.8)

where the first two terms in the right-hand side are the kinetic energy terms of

electrons and nuclei, the last three terms are the Coulomb interactions of electron-

electron, electron-nuclear and internuclear. Since the nuclear are much heavier

than the electrons, the kinetic energy of nuclei can be neglected when calculating

electronic wave functions and the motion of nuclei and electrons can be decou-

pled. Such an approximation is called the Born-Oppenheimer approximation. In

this approximation, the ionic contribution to the energy is treated as an external

potential on the electrons. Thus, the Hamiltonian can be approximated as

Ĥ “ T̂ ` V̂int ` V̂ext ` Enuclei, (1.9)

10



where T̂ is the kinetic energy operator for electrons, V̂int is the electron-electron

interaction, V̂ext is the potential acting on the electrons from the nuclei, and

Enuclei is the sum of the classic nuclear interaction and any other non-electron

interactions. If atomic units have been adopted (me “ e “ ~ “ 1
4πε0

“ 1), then

the first three terms can be expressed in a succinct way:

T̂ “ ´
1

2

ÿ

i

∇2, (1.10)

V̂int “
ÿ

iăj

1

|ri ´ rj|
, (1.11)

V̂ext “
ÿ

i,I

VIp|ri ´RI |q. (1.12)

1.5.2 The Hohenberg-Kohn theorems

Although the decoupling of the motion of electrons and nuclei by the Born-

Oppenheimer approximation can simplify the many-body Shrödinger equation,

the wave function is still very complicated due to its dependence on 4N variables,

where N is the number of the electrons in the system with each electron containing

three spatial variables and one spin variable. An alternative approach to tackle

this problem is to treat the Hamiltonian as a functional of the electron density

ρprq, which at a point r is defined by the following formula:

ρprq “ N
ÿ

σ

ż

...

ż

|Ψpr, σ1, r2, σ2..., rN , σNq|
2dr2dr3...drN . (1.13)

Ψpr, σ1, r2, σ2..., rN , σNq is the wave function of the system with N electrons. ri

is the position of the ith electron and σi represents its spin state. The electron

density satisfies the rule that

ż

ρprqdr “ N. (1.14)

11



The relationship between the electron density and the Hamiltonian was de-

scribed by the Hohenberg-Kohn theorems, which serve as the foundation of the

density functional theory [15]. The first Hohenberg-Kohn theorem states that the

ground state electron density, ρprq, uniquely determines the external potential,

except for a constant. In addition, since the first two terms on the right-hand side

in equation 1.9 are obtained by the electron density through equation 1.14, the

electron density uniquely determines the Hamiltonian.

The second Hohenberg-Kohn theorem says that for any specified external po-

tential, the global minimum value of the energy functional Erρprqs is obtained if

and only if the density ρprq is the ground state density ρ0prq. The combination

of these two theorems indicates that the exact ground-state energy of the system

can be expressed by the Hamiltonian acting on electron densities:

E0 “ min
ρ
tErρsu , (1.15)

“ min
ρ

"

T rρs ` Eintrρs `

ż

drVextprqρprq ` Enuclei

*

, (1.16)

“ min
ρ

"

FHKrρs `

ż

drVextprqρprq

*

, (1.17)

where FHKrρs, including the kinetic and potential energies of the interacting elec-

tron system, is the sum of T rρs and Eintrρs. However, the exact expression FHKrρs

is not known. This functional is approximated by different approaches, such as

Thomas-Fermi model, orbital-free DFT and Kohn-Sham DFT. The most popular

method is the Kohn-Sham formalism which is introduced in the next subsection.

1.5.3 The Kohn-Sham approach

The essence of the Kohn-Sham approach is to approximate the electron wave

function as non-interacting electron orbitals φiprq (Kohn-Sham orbitals), with

all the complexity of electron interaction grouped into the exchange-correlation

12



term in the effective potential, Veffprq [16]. Under this potential, the Kohn-Sham

Shrödinger-like equations is

r´
1

2
∇2
` Veffprqs “ εiφiprq, (1.18)

where the εi are the energy eigenvalues. The electron density is given by the sum

of Kohn-Sham orbitals:

ρprq “
ÿ

i

|φiprq|
2 (1.19)

The Veff prq can be expressed by

Veffprq “ Vextprq ` VHprq ` Vxcprq, (1.20)

where the Hartree potential,

VHprq “

ż

dr1
ρpr1q

|r ´ r1|
, (1.21)

and the exchange-correlation potential,

Vxcprq “
δEXCrρs

δρprq
, (1.22)

are originated from the electron-electron interaction in equation 1.9.

1.5.4 Exchange-Correlation functionals

The exchange-correlation energy includes the quantum mechanical effects of elec-

tron interacting and any other things which are lost in treating the electrons

as non-interacting. Thus, the framework of Kohn-Sham DFT provide the pos-

sibility to solve the Shrödinger equations exactly. However, the exact form of

the exchange-correlation energy is unknown. There are two popular approxima-

tions to the exchange-correlation energy, namely the local density approximation

13



(LDA) [17] and the generalized gradient approximation (GGA) [18], which are

widely used in solid state physics.

The local density approximation treats the non-interacting electrons as a uni-

form electron gas and the exchange-correlation energy can be written as

ELDA
XC rρs “

ż

dr ρprqεLDA
xc rρs, (1.23)

where εLDA
xc rρs is the exchange-correlation energy per electron and contains the

exchange part and the correlation part,

εLDA
XC rρs “ εLDA

X rρs ` εLDA
C rρs. (1.24)

Based on Dirac’s derivation, the exchange part is given by

εLDA
X rρs “ ´

3

4
r
3ρprq

π
s
1{3. (1.25)

An exact expression for the correlation part is unknown but it can be obtained

from accurate quantum Monte Carlo simulations. The success of LDA has encour-

aged the development of the generalized gradient approximation. In the GGA,

the exchange-correlation energy is a function of both the electron densities and

the electron density gradients and it is given by

εGGA
XC “ fpρÒ, ρÓ,∇ρÒ,∇ρÓq. (1.26)

GGAs have been widely adopted by the physics and chemistry community and the

most popular GGA functionals are Perdew-Burke-Enzerhof and Perdew-Wang, etc

[18, 19].
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CHAPTER 2

Proton diffusion in tungsten oxide and its

hydrates

2.1 Introduction

Fundamental understanding of the mechanisms of proton conduction is crucial

for the development of fuel cell membranes, batteries, supercapacitors and elec-

trochromics [7, 20, 21]. It is commonly believed that proton diffusion in hydrous

materials occurs via a Grotthuss type mechanism facilitated by water molecules

[9]. For instance, fast protonic transport in hydrous ruthenia (RuO2 ¨ xH2O) has

been attributed to the existence of structural water at grain boundaries [7]. The

appearance of a strongly rate-dependent contribution to the charging capacity

of ruthenia at very slow rates suggests that proton diffusion in bulk RuO2 is

kinetically hindered [22], a conclusion which is supported by a high migration

barrier found in first-principles calculations [8]. Recently, tungsten oxide dihy-

drate (WO3 ¨ 2 H2O) was observed to have a relatively high proton conductivity

(7ˆ10´3 S/cm at 423 K) and low proton activation energies for bulk (0.36 eV) and

surface (0.15 eV) diffusion [23], demonstrating its potential for use as a proton

conductor at low and medium temperatures (273–423 K). The presence of layered

water in the crystal structure of WO3 ¨ 2 H2O again seemingly suggests that the

Grotthuss mechanism contributes to proton diffusion through this compound, but

our knowledge of the actual proton diffusion kinetics in WO3 ¨ 2 H2O is limited. In

particular, it remains an open question whether proton transport in WO3 ¨ 2 H2O
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is mediated by the structural water layer in this compound. A related question is

whether the much higher bulk proton conductivity of WO3 ¨ 2 H2O in comparison

with the monohydrate, WO3 ¨ H2O, can be explained by the absence of hydrogen-

bonded layers of structural water in the latter.

This chapter reports a comparative first-principles study of proton intercala-

tion and transport in a series of structurally related solids (γ-WO3, WO3 ¨ H2O,

and WO3 ¨ 2 H2O) that incorporate corner-linked networks of WO6 octahedra. Us-

ing density-functional theory (DFT) calculations, we investigate the crystal struc-

tures, bonding, electronic properties, proton intercalation energetics, and energy

barriers for proton diffusion. In WO3 ¨ 2 H2O, we find that intercalated hydrogen

donates charge to the empty orbitals in the tungsten oxide layer. Surprisingly,

our results show that proton diffusion in WO3 ¨ 2 H2O occurs through the lay-

ers of corner-sharing WO6 octahedra and does not involve the hydrogen-bonded

H2O network in the structural water layer. This is explained by the fact that

the preferred adsorption site for the intercalated proton is at one of the bridging

oxygen ions where it forms a bond with a nonbonding O 2p orbital. Diffusion is

facilitated by a low energy cost for a concerted rotation of the interlinked WO6

octahedra that is involved in ”swinging” the adsorbed proton around the bridging

oxygen ion. Our calculations show that this configuration is approximately 0.3

eV more favorable than the formation of a hydronium ion (H3O`) in the water

layer. Since the anhydrous γ-phase WO3 also contains a corner-linked network of

WO6 octahedra, we find that proton diffusion in this material follows the same

mechanism and has a similar activation energy. A more complex behavior is pre-

dicted for the monohydrate WO3 ¨ H2O. At dilute concentrations, protons adsorb

at the terminating oxygen site where they can diffuse along one-dimensional zig-

zag pathways running in the [100] direction between the octahedral layers. The

calculated barrier of proton migration along the one-dimensional pathways is low

(0.07 eV). In a marked difference from γ-WO3 and WO3 ¨ 2 H2O, hydrogen absorp-
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tion in WO3 ¨ H2O is energetically highly favorable (by more than 1 eV/H) and

the dilute limit is not experimentally relevant. We calculate that at non-dilute

concentrations the majority of protons adsorb within the octahedral layers and

strong proton-proton repulsion limits the equilibrium zero-voltage hydrogen con-

centration in HyWO3 ¨ H2O to y values in the 10–20% range. To explain why only

surface diffusion contribution is observed for WO3 ¨ H2O [23], we hypothesize that

the one-dimensional diffusion channels are blocked due to repulsive interactions

with the protons in the octahedral layers. We also suggest that the bulk diffusion

mechanism predicted for WO3 and WO3 ¨ 2 H2O is not operational in WO3 ¨ H2O

at non-dilute concentrations, because adsorbed protons cause a stiffening of the

octahedral layer with respect to the rotations of the WO6 octahedra, inhibiting a

key step in the proton diffusion mechanism.

2.2 Methods

The Perdew-Burke-Ernzerhof (PBE) [18] exchange correlation functional and the

projector augmented wave (PAW) method [24] as implemented in the Vienna Ab

Initio Simulation Package (VASP)[25] were used in all our calculations. We used

bulk supercells of γ-WO3 (WO3 ¨ H2O/WO3 ¨ 2 H2O) containing 32 (16/16) for-

mula units. In all cases, plane wave basis sets with an energy cutoff of 875 eV

were used to expand the electronic wave functions, and 2ˆ2ˆ2 Monkhorst-Pack

[26] k point meshes were used to sample the Brillouin zone. Convergence tests

showed that with these settings the total energies were converged to within 2 meV

per formula unit, compared to calculations with a 10ˆ10ˆ10 Monkhorst-Pack k

point mesh. Atomic coordinates were fully relaxed until all forces were below 0.02

eV/Å and cell parameters were relaxed until components of the stress tensor were

below 0.4 kbar. Our tests for tungsten oxide dihydrate showed that spin-orbit cou-

pling (SOC) effects increase the calculated proton intercalation voltage by only
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0.03 eV, and hence SOC is neglected in the results reported here. Proton diffusion

pathways between two locally stable proton sites are calculated using the nudged

elastic band (NEB) method[27] with at least five intermediate images. The transi-

tion state obtained by NEB was further refined using the climbing nudged elastic

band (cNEB) method [28]. Activation barriers presented here include quantum

tunneling corrections calculated at 298 K using the formalism of Fermann and

Auerbach [29].

In electrochemical experiments, proton intercalation is accompanied by an

electron insertion. This process is modeled computationally as insertion of neu-

tral hydrogen atoms. Using the reversible hydrogen electrode as a reference, the

voltage of proton insertion in the dilute limit is calculated as [8]

V “
∆G

e
, (2.1)

where ∆G is the free energy of proton intercalation in bulk WO3 ¨ xH2O (x “

0, 1, 2). ∆G can be calculated from the following expression:

∆G “GrHm`1pWO3 ¨ xH2Oqns ´GrHmpWO3 ¨ xH2Oqns

´
1

2
G˝rH2s

(2.2)

whereGrHmpWO3 ¨ xH2Oqns is the total free energy of bulk supercell of WO3 ¨ xH2O

with m additional hydrogen atoms, GrHm`1pWO3 ¨ xH2Oqns is the total free en-

ergy of bulk WO3 ¨ xH2O with m`1 additional hydrogen atoms, and G˝[H2] is the

standard state free energy of hydrogen gas at atmospheric pressure and T “ 298 K

[8].
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Figure 2.1: a) Crystal structure of tungsten oxide dihydrate, where Oc, Ob, Ot and
Oi represent coordinated water oxygen, bridging oxygen, terminating oxygen and
oxygen in interlayer water respectively, and C-H2O, I-H2O denote coordinated
water and interlayer water, b) hydrogen-bonded network, c) a tungsten-oxygen
octahedral layer. Protons are shown in red, oxygen ions in blue, tungsten ions in
white and WO6 octahedra in grey.

Table 2.1: A comparison of experimental and calculated crystal parameters (in
the unit of Å) of tungsten oxide dihydrate.
Methods a(Å) b(Å) c(Å) ∆a/a ∆b/b ∆c/c

Expt.[23] 10.48 13.97 10.62
GGA 10.57 14.12 10.67 0.86% 1.07% 0.47%

2.3 Results

2.3.1 Structural properties

The crystal structure of tungsten oxide dihydrate (shown in Figure 2.1a) belongs

to the monoclinic P21{n space group. This structural framework consists of a

connected network of corner-sharing WO6 octahedra (shown in grey in Figure 2.1c)

and two types of water molecules. The first type, called ”coordinated water”,

shares its oxygen with the tungsten ion, while the other, referred to as ”interlayer
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water”, is located within the (010) plane between the layers of WO6 octahedra

(see Figure 2.1a and 2.1b). As marked in Figure 2.1a, there are four types of

oxygen sites in WO3 ¨ 2 H2O: coordinated water oxygen (Oc), bridging oxygen

(Ob), terminating oxygen (Ot), and interlayer water oxygen (Oi). Within the

distorted octahedra, the relaxed W-Ob bond lengths range from 1.86 to 2.03 Å,

and the distance between the W and Ot ions is 1.75 Å, much shorter than the

length of the W-Oc bond (2.31 Å). The variation in W-O bond lengths is due to

different types of bonding: (1) an Ot ion is only bonded to a W ion, (2) each Ob

ion is bonded to two W ions within octahedral planes, and (3) weak W-Oc bonding

because of strong OcH bonding in the sp3 hybridization. A more detailed analysis

of the electronic structure and bonding in WO3 ¨ 2 H2O is given in Section 2.3.2.

Rietveld refinement results for WO3 ¨ 2 H2O do not contain the coordinates of

hydrogen atoms because the XRD patterns of WO3 ¨ 2 H2O were determined by

Cu-Kα radiation (1.54056 Å), which has a longer wavelength than typical O-H

distances [23]. Since WO3 ¨ 2 H2O and MoO3 ¨ 2 H2O share the same space group

and exhibit identical arrangements of the metal and oxygen ions, we obtained the

structure of WO3 ¨ 2 H2O by taking the hydrogen positions from the crystal struc-

ture of MoO3 ¨ 2 H2O as input and relaxing all degrees of freedom. As listed in

Table 2.1, the calculated a, b and c lattice parameters are 10.57, 14.12, and 10.67

Å, respectively, slightly larger than the experimental values (a “ 10.48, b “ 13.97,

and c “ 10.62 Å), while the relaxed value of the monoclinic angle β “ 90.48˝ is

slightly smaller than that in the experiment (91.59˝). The differences of crystal

parameters between our DFT calculations and the XRD data are below 3% and

can be attributed to the approximate nature of the PBE exchange-correlation

functional, as has been well documented in the computational chemistry commu-

nity [30, 31, 32]. It is also found that the discrepancy of the lattice parameter

in the b direction is slightly larger than in the other two directions. This can be

attributed to the inappropriate description of the van der Waals force between
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the interlayer water molecules and the WO6 octahedra in the b direction arising

from the use of the PBE exchange correlation functional in our calculations [18].

To further verify that the generated crystal structure is reasonable, we calcu-

lated the reaction enthalpy of the dehydration reaction WO3 ¨ 2 H2O ÝÑ

WO3 ¨ H2O` H2Oplq, defined by:

∆H “ HrWO3 ¨ H2Os `H˝
rH2Oplqs ´HrWO3 ¨ 2 H2Os (2.3)

where HrWO3 ¨ H2Os, HrWO3 ¨ 2 H2Os and HrH2Oplqs are the enthalpies of crys-

talline WO3 ¨ H2O and WO3 ¨ 2 H2O, and liquid H2O, respectively. The enthalpies

of WO3 ¨ H2O and WO3 ¨ 2 H2O can be well approximated by the DFT total en-

ergies whereas accurate enthalpy value for liquid H2O is difficult to obtain from

DFT directly. Here, we approximated H˝rH2Oplqs by using the reaction enthalpy

∆H˝
r (3 kJ/mol) of another dehydration reaction, WO3 ¨ H2O ÝÑ WO3`H2Oplq,

under standard conditions [33], and the DFT total energies of WO3 ¨ H2O and

WO3:

H˝
rH2Oplqs « ErWO3 ¨ H2Os ´ ErWO3s `∆H˝

r . (2.4)

The reaction enthalpy obtained from Eq. (2.3) is 36 kJ/mol, while the experi-

mentally measured value is 40 kJ/mol [23]. This good agreement is an indirect

justification of the validity of our computational methodology.

With the same space group (P21{n) as tungsten oxide dihydrate, the room-

temperature monoclinic phase of tungsten oxide (γ-WO3) is characterized by a

three-dimensional (3D) network of corner-sharing WO6 octahedra that are aligned

along the b axis, as shown in Figure 2.2a. W ions are off-center in the octahedra,

which results in six different W-O bond lengths (see Figure 2.2b). The W-O bond

lengths in the a direction are approximately the same (1.89 and 1.94 Å), while

in the b and c directions the W-O distances vary from 1.78 to 2.16 Å. These

distortions have been attributed to a second order Jahn-Teller effect [34].
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Figure 2.2: (a) Crystal structure of anhydrous monoclinic γ-phase of tungsten
oxide, γ-WO3. (b) An octahedron in γ-WO3. (c) Proton diffusion in γ-WO3. (d)
Crystal structure of monoclinic tungsten oxide monohydrate, WO3 ¨ H2O.

Tungsten oxide monohydrate differs from the dihydrate by the absence of the

hydrogen-bonded interstitial water layer, but it contains a similar network of

corner-sharing WO6 octahedra with three types of oxygen ions (see Figure 2.2d):

bridging oxygen ions (Ob) connecting the octahedra within the layer, each shared

by two W6` ions, and terminating and coordinated oxygen ions (Ot and Oc,

respectively) on the opposite tips of each WO6 octahedron; Oc is bonded to two

hydrogen ions, forming a water molecule. We point out that the Ot oxygen ions

are arranged in one-dimensional (1D) rows running along the a direction and, as

will be shown below, these rows act as easy diffusion channels in the dilute limit.

2.3.2 Electronic structure

Tungsten oxide dihydrate is predicted to be a direct-gap semiconductor with a

calculated PBE band gap of 1.16 eV, as shown in Figure 2.3. For comparison,
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Figure 2.3: Band structure of tungsten oxide dihydrate. The high symmetry
points in the b direction are plotted in the range from Z (0, 1/2, 0) to Γ (0, 0, 0)
and from B (0, 0, 1/2) to D (0, 1/2, 1/2).

the calculated values of band gaps for WO3 ¨ H2O and γ-WO3 are 0.85 and 1.34

eV (See Figure 2.4 and 2.5 ), significantly smaller than the experimental values

of 2.17 eV and 2.6 eV, respectively [35, 36, 37]. To the best of our knowledge,

experimental values of the band gap of WO3 ¨ 2 H2O have not been reported.

Since the color of dihydrate samples is yellow [38], the band gap is expected to

be larger than 2 eV. It is well understood that nonlocal exchange correlation (xc)

functionals are needed to achieve satisfactory agreement between the calculated

and experimental band gaps in WO3 [39, 40]. However, intercalation voltages

and diffusion barriers, which are of main interest here, are expected to be less

sensitive to nonlocal xc corrections if the additional electrons occupy delocalized d

bands [41]. Good agreement between the calculated and experimentally measured

intercalation voltages obtained below a posteriori justifies our use of the semi-local

PBE functional. Finally, we note that the electronic bands of both hydrates are

flat in the direction perpendicular to the octahedral layers (see Figure 2.3 and

2.4), indicating that there is practically no wave function overlap across the gap

between the layers.
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Figure 2.4: Band structure of tungsten oxide monohydrate.

The calculated electronic density of states (eDOS) of WO3 ¨ 2 H2O is shown

in Figure 2.6a, and the atom- and angular momentum-decomposed eDOS can be

found in Figure 2.7. The energy bands can be divided into three groups: a) states

between ´20 and ´16 eV below the Fermi level, mainly originating from the

oxygen 2s orbitals, b) states between ´8 and 0 eV, chiefly formed by the oxygen

2p orbitals, and c) bands above the Fermi level of predominantly tungsten 5d

character. Specifically, the deep-lying valence bands from ´20 to ´19 eV are due

to the 2s orbitals of the Oi/Oc ions. Both the Ot and Ob 2s orbitals are overlapped

by W 5d, 6s, 6p orbitals in the octahedral field, yielding σ bonded states in the

region from ´18 to ´16 eV. The sharp peaks in the range from ´8 to ´7 eV

originate from σ bonding hybrids between Oi/Oc 2p orbitals and H 1s orbitals.

States between ´7 and ´1.5 eV are σ/π bonding hybrids formed by hybridizing

O 2p and W 5d orbitals, and the corresponding antibonding hybrids are in the

conduction bands between 1 and 9 eV. We observe that the peaks in the ´1.5 to

´0.5 eV range are from the nonbonding p orbitals of the Ob ions, which point

perpendicular to the tungsten-oxygen octahedral layers. They are shown to play

an important role in the proton adsorption and diffusion mechanisms described
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Figure 2.5: Band structure of tungsten oxide.

in Section 2.3.4.

2.3.3 Proton intercalation sites in dihydrate

The candidate intercalation sites for external protons in WO3 ¨ 2 H2O were de-

termined by constructing a regular real-space mesh with a spacing of 0.2 Å and

choosing those grid points that satisfy the following criteria: (1) the distance be-

tween the extra proton and at least one oxygen ion is between 0.8 and 1.8 Å, (2)

the distance between a tungsten ion and the additional proton is above 1.2 Å,

and (3) the distance between a native hydrogen ion and the intercalated proton

is larger than 1.0 Å. These criteria take into account the fact that hydrogen and

tungsten ions are positively charged and therefore repel each other and that stable

proton intercalation sites will be near the O2´ anions. For all sites satisfying these

criteria, the structure was relaxed to the local energy minimum. Figure 2.8 shows

the free energies of proton intercalation in WO3 ¨ 2 H2O for different sites at 298

K. The spread of the energies for each type of oxygen site in Figure 2.8 is due to

the intrinsic distortion of the WO6 octahedra and due to the different orientations

of the two types of water molecules near the intercalation sites. As discussed in
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Figure 2.6: Electronic density of states (eDOS) of (a) pure tungsten oxide dihy-
drate and (b) proton-intercalated tungsten oxide dihydrate. The fermi levels are
indicated by dashed lines.

Section 2.3.1 and Figure 2.1, there are four types of oxygen sites in WO3 ¨ H2O.

It was found that protons prefer the bridging oxygen sites, where the lowest free

energy is -0.12 eV, corresponding to a proton insertion voltage of 0.12 V. For the

other three types of oxygen sites, the free energies are positive, indicating that

proton adsorption at these oxygen sites is thermodynamically unfavorable at 298

K. Specifically, a proton at the Oc site is both thermodynamically unfavorable

and kinetically unstable, because it repels the coordinated water oxygen while

relaxing towards and bonding to either one of the terminating oxygen ions or to

an oxygen ion in the interlayer water.

The proton-intercalated structure with the lowest total energy was used for

further electronic structure analysis. After introducing a hydrogen atom into the

system, tungsten oxide dihydrate becomes metallic (see Figure 2.6b). In compar-
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Figure 2.7: The atom- and angular momentum-decomposed electronic density of
states.
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Figure 2.8: Free energies of proton intercalation in WO3 ¨ 2 H2O. Inserted protons
are shown in yellow.

ison with the electronic density of states (eDOS) of pure WO3 ¨ 2 H2O, the eDOS

of proton-intercalated WO3 ¨ 2 H2O shifts the Fermi level from the band gap to

the bottom of the conduction band formed by empty π˚ bonding originating from

W 5d and bridging oxygen 2p orbitals. This interpretation is further supported by

visualizing the electronic charge density distribution of the extra electron (shown

in Figure 2.9). It can be seen that this electron is largely confined around the O-H

group with some delocalization into the W 5dxy orbitals within the same tungsten

layer. The extra electron charge density does not delocalize between the layers

because there is no wave function overlap across the gap, in agreement with the

existence of a flat band dispersion perpendicular to the layers (see Figure 2.3).

The formation of small polarons is not expected in WO3 ¨ 2 H2O because the struc-

ture of the WO6 octahedra is similar to that in crystalline WO3, and polarons are

not favored in the latter [42, 43].
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Figure 2.9: Charge density distribution of an additional electron in proton-interca-
lated WO3 ¨ 2 H2O relative to WO3 ¨ 2 H2O. To facilitate the comparison, the ions
in WO3 ¨ 2 H2O are fixed to their positions in proton-intercalated WO3 ¨ 2 H2O.
For visual clarity, the hydrogen ions are not shown except the inserted proton
(red). The electron accumulation region is shown in yellow while the depletion
region is green. To describe the d orbitals in the WO6 octahedra, a new coordinate
system, rotated by 45 degrees around the b axis, is introduced.
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2.3.4 Proton diffusion

2.3.4.1 WO3¨2H2O.

Figure 2.10: Proton diffusion in dihydrate: a) diffusion path, b) activation barri-
ers, and transition states of c) proton rotation around O(4) and d) proton hopping
from O(4) to O(7).

In water and in hydrates where water molecules form hydrogen bonds, proton

diffusion can proceed via the Grotthuss mechanism [44]. In this mechanism, a

proton is transferred from hydronium H3O` to another water molecule via an

intermediate formation of a Zundel cation H5O`
2 , which consists of two water

molecules sharing a proton. Unexpectedly, we do not observe this mechanism

in WO3 ¨ 2 H2O. There are two reasons for this behavior. First, a coordinated

water molecule is not able to form a Zundel cation (H5O`
2 ) with another water

molecule, because the Oc ion is one of the ligands in the WO6 octahedron and

reorientation of a coordinated water molecule costs too much energy. Second, the

nearest-neighbor distance between two Oi ions is 3.55 Å, while the formation of

H5O`
2 usually requires much closer O-O distances on the order of 2.6„2.8 Å [45].
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Instead of the Grotthuss mechanism, proton diffusion in WO3 ¨ 2 H2O proceeds

through the octahedral tungsten oxide layer, shaded green in Figures 2.1a and

2.10a. The proton diffusion path is shown red in Figure 2.10a and the relevant

Ob ions within the WO6 layer are labelled O(1) through O(7). The diffusion

mechanism consists of two steps. In the first step, the proton starts out at a site

near a bridging Ob ion shared by two WO6 octahedra, such as near the O(1) ion

in the upper-left corner of Figure 2.10a. Then the proton rotates approximately

180 degrees around the W-Ob-W axis [W-O(1)-W in Figure 2.10a]. This rotation

is facilitated by the fact that the proton remains bonded to one of the bridging

oxygen’s nonbonding 2p orbitals, which rotates with the proton, as can be seen

in the atom- and momentum-decomposed eDOS curves (see Figure 2.11). To

accommodate the proton in the final state, there are pronounced rotations of the

surrounding octahedra around the b axis, which widen the angle O(3)-O(1)-O(2)

and create a local environment for the proton that is similar to the initial state.

To examine if the strain caused by these octahedral rotations can be relaxed in

a bulk solid, a larger supercell containing 32 formula units was used to verify

the results. The calculated activation barrier for proton rotation in the larger

supercell is 0.21 eV, which agrees well with the values obtained from the smaller

16 formula unit supercell. It also shows that the corner-linked octahedral layer is

quite flexible with respect to correlated rotations of the octahedra.

In the second step, the proton hops towards the diagonal bridging oxygen site,

e.g., from O(1) to O(4) or from O(4) to O(7) in Figure 2.10a. The small difference

in the energy barriers for the O(1)ÑO(4) and O(4)ÑO(7) hops, shown in Fig-

ure 2.10b, is caused by the different arrangement of coordinated water molecules

in the octahedra and by the intrinsic distortions of the octahedra. After the sec-

ond step, the proton rotates again as in the first step. The total activation energy

for this two-step process is 0.42 eV, which is in good agreement with the value of

0.36 eV deduced from experimental measurements [23].
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Figure 2.11: Atom- and momentum-decomposed eDOS of the Ob-H dimer during
proton rotation. This rotation is facilitated by the fact that the proton remains
bonded to one of the bridging oxygen’s nonbonding 2p orbitals.
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Hopping between neighboring oxygen sites in the (010) plane [for instance,

from O(4) to O(5) or from O(4) to O(6)] has a significantly higher energy than

the two-step process outlined above because the corresponding transition state

involves large distortions of the WO6 octahedra. Hence, protons prefer to move

diagonally as plotted in Figure 2.10b. Although the two-step diffusion process

represents a one-dimensional diffusion pathway, the diffusion as a whole is two-

dimensional due to the symmetry of the WO6 layer. Indeed, the described mech-

anism also works for proton diffusion in the perpendicular O(5)ÑO(6) direction.

2.3.4.2 γ-WO3.

Since a proton diffuses through the octahedral layer in the dihydrate without

direct participation of the structural water molecules, it is reasonable to expect

that a similar proton diffusion mechanism should operate in other structurally

related tungsten oxides, in particular γ-WO3. As expected, we find that the

proton diffusion in γ-WO3 also follows the same two-step process as that in the

dihydrate (see Figure 2.2c). The barrier for the proton rotation step indicated by

the dashed black arrow in Figure 2.2c is 0.12 eV, while the hop (labelled by the

solid blue arrow) has an activation energy of 0.35 eV. This process results in an

activation energy of 0.35 eV for proton diffusion in γ-WO3, in good agreement

with the value of 0.4 eV measured by Randin et al [46]. The predicted proton

insertion voltage in γ-WO3 is 0.11 V, which reproduces the redox peak position

(0.2 V relative to SHE) in published cyclic voltammetry measurements with slow

sweep rates [20].

2.3.4.3 WO3¨H2O.

In the dilute limit (HyWO3 ¨ H2O, y “ 0.06), the calculations predict that the

proton adsorption energy at the Ot site is 0.25 eV lower than at the Ob site. In

33



the absence of structural water, the Ot-H dimer points to the nearest Ot, i.e.,

Ot1-H points to Ot2 in Figure 2.2d. A zigzag chain formed by the Ot ions along the

[100] direction acts as a fast proton diffusion channel with an activation energy

of only 0.07 eV, much lower than the calculated activation energies in γ-WO3

and WO3 ¨ 2 H2O. Even though this value suggests that transport of individual

protons in defect-free monohydrate crystals can be very fast, we will argue below

that the presence of crystalline defects and strong repulsive interactions with other

protons are likely to slow the diffusion significantly due to the one-dimensional

fast diffusion pathways.

We first discuss the energetics of proton adsorption. Using 10.8ˆ10.7ˆ10.4 Å

supercells with 16 formula units, the calculated dilute limit voltages of proton

intercalation at the Ot and Ob sites are 1.18 V and 0.93 V, respectively. These

numbers are much higher than those in γ-WO3 and WO3 ¨ H2O, showing that

proton intercalation is energetically highly favorable and suggesting that the dilute

limit is not relevant to the conditions used in experimental kinetic measurements.

Adding an additional proton to the supercell (corresponding to a concentration

y “ 0.13 in HyWO3 ¨ H2O) changes the energetics dramatically: the second proton

prefers to adsorb at the bridging oxygen site and the lowest energy configuration

corresponds to an intercalation voltage of 0.11 V. This calculation shows that the

mutual repulsion of protons is very strong, most likely due to poor screening of

the positive charges of the intercalated protons. The calculated diagonal entries

of the high-frequency dielectric tensor ε8αβ are 5.3, 3.3, and 5.5, lending support to

this idea. The diagonal entries of the static dielectric tensor ε0αβ are calculated to

be 182.0, 4.6, and 50.9. The high values for the in-plane screening are reflective

of the easy deformability of the WO6 octahedral layer, while in the direction

perpendicular to the layers the screening remains small. While the values of

the dielectric constants are suggestive, the most persuasive evidence for strong

proton-proton repulsion comes for the pronounced concentration dependence of
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the calculated intercalation voltages.

The atomic configuration of the Ob-H dimer is practically the same as in the

dihydrate (see Figure 2.8). The activation energy for proton diffusion within

the octahedral layers is found to be 0.52 eV, significantly higher than the value

calculated for the zigzag chain, but comparable with the activation energies in

γ-WO3 and WO3 ¨ H2O. The calculated migration barrier between the Ot and Ob

sites is very high (0.95 eV) and hence difficult to overcome at ambient conditions.

This indicates that the Ot-Ot and Ob-Ob diffusion paths are isolated and protons

cannot make a transition from one to the other.

We hypothesize that with increasing proton concentration all of the one-

dimensional zig-zag channels will be eventually blocked by one or more protons

adsorbed within the octahedral layers at one of the nearby Ob sites. For the chan-

nel to re-open, these bridge-site protons have to diffuse within the layer, which

requires the two-step process shown in Figure 2.10. A key element in the first

(O-H rotation) step of this mechanism is a concerted rotation of the surround-

ing WO6 octahedra around the b axis to make space for the proton in the final

state. While it is relatively inexpensive in the dilute limit, the presence of ad-

ditional protons will hinder the rotation because it would not allow compressing

the Ob-Ob-Ob angle at their adsorption sites. We have attempted to quantify the

energetic cost of such an event, but unfortunately have not been able to obtain a

converged transition state structure using the NEB method. Systematic studies

of proton diffusion at high concentrations would be interesting, but are beyond

the scope of this paper.

To summarize, we propose that the mere presence of fast diffusion pathways

in the monohydrate does not guarantee good proton transport properties. Due

to the much stronger preference for proton uptake and due to weak screening of

Coulomb interactions, repulsive interactions between the intercalated protons are

likely to block the fast one-dimensional diffusion channels as well as inhibit the
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two-dimensional diffusion observed in γ-WO3 and WO3 ¨ H2O. Presence of struc-

tural defects, which are thermodynamically favored in sufficiently large samples, is

likely to further degrade the diffusion kinetics through the one-dimensional zig-zag

channels in a manner similar to the well-studied case of olivine battery materials

[47].

2.4 Conclusions

In summary, crystal structures, electronic properties, hydrogen intercalation en-

ergetics, and migration barriers in the WO3 ¨ xH2O (x “ 0, 1, and 2) family of

hydrated oxides have been investigated using DFT calculations. In contrast to

the näıve expectation that proton diffusion in hydrates should occur via the Grot-

thuss mechanism, our results show that the intercalated proton diffuses through

the layers of corner-sharing WO6 octahedra and does not involve the hydrogen-

bonded H2O network in WO3 ¨ 2 H2O. There are several factors that combine to

produce this interesting behavior: (1) intercalated protons prefer to bind to one

of the bridging oxygen sites due to the existence of non-bonded 2p orbitals, (2)

a hydronium ion in the water layer is thermodynamically unstable, and (3) the

distortion of the octahedral WO6 layer introduced by the adsorbed proton can be

relaxed in a small region, resulting in lower proton migration barriers. The same

diffusion mechanism and similar proton migration barriers have been found in the

room-temperature γ-phase of WO3. In contrast, the monohydrate WO3 ¨ H2O fol-

lows different mechanisms of proton diffusion. In the dilute limit, the intercalated

proton diffuses along one-dimensional zig-zag pathways running in the [100] di-

rection between the octahedral layers. The zig-zag pathways are formed by apical

Ot ions and the calculated migration barrier is only 0.07 eV. Due to the stronger

energetic preference for proton absorption, a much higher concentration of protons

is predicted to exist in HyWO3 ¨ H2O under typical experimental conditions. At
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non-dilute concentrations, our results indicate that strong repulsive interactions

exist between the intercalated protons. We hypothesize that proton-proton re-

pulsion in combination with structural defects will block the fast one-dimensional

diffusion channels, while the presence of a high concentration of protons in the

octahedral layers will hinder the rotation step necessary for the two-dimensional

intralayer mechanism operating in WO3 ¨ 2 H2O. This argument provides insight

into the reasons why bulk proton transport in WO3 ¨ H2O is suppressed, as indi-

cated by experimental measurements which can only detect a surface contribution

[23].
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