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Abstract

WO; is one of the most interesting materials for photocatalysis due to its optical absorption in the
UV-Vis, good charge carriers transport and stability against photocorrosion. A detailed
knowledge of the hydration state of WO3 is indispensable to gain more precise mechanistic
insights into its photocatalytic activity. To the best of our knowledge, the hydration process of

WO3; has been scarcely studied so far and only from a theoretical point of view, mostly by means
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of static density functional theory (DFT) calculations. Here, we use manometric gas sorption
experiments combined with extensive ab initio molecular dynamics simulations to investigate
the hydration mechanisms of WO3; at room temperature. We demonstrate that water adsorbs
molecularly in a two-step mechanism: the first water sub-layer interacts with the under-
coordinated surface tungsten atoms through electrostatic interactions, and, in a second step, a full
layer is formed through hydrogen bonds established with the pre-adsorbed water molecules and
with the under-coordinated surface oxygen atoms. The computed value of -90 kJ-mol™ for the
isosteric enthalpy of adsorption of the first water molecules is in excellent agreement with the
experimental value estimated using the Clausius-Clapeyron approach from the experimental
adsorption isotherms. The isosteric enthalpy of adsorption steadily decreases in absolute value
when the surface coverage is increased to tend towards the enthalpy of condensation of water
after three adsorption layers.

1. Introduction

To meet the world’s growing demand for energy, the adoption of hydrogen-based technologies
would provide large amounts of energy from clean and inexhaustible resources, such as sunlight
and water. Since the first example of light-driven water splitting reported in 1972 by Fujishima
and Honda using a titanium dioxide (TiO,) photoanode irradiated with UV light,* heterogeneous
photoelectrochemical (PEC) water splitting has attracted increasing scientific and technological
interest.>™* TiO, nanoparticles (NPs) remain the most efficient photocatalytic materials,” although
the need for UV light hinders their use in large-scale, solar-driven water splitting, as only a small
fraction of the sun’s UV radiation reaches the Earth’s surface. Various oxide nanomaterials, such
as Sn0O,, ZnO, and WO;3; have been also used, although their systematic use and detailed

characterization are still lacking in the literature.®

In this context, tungsten trioxide (WOs3)-based nanomaterials offer remarkable characteristics:
they are earth-abundant, non-toxic, and highly resistant to photo-corrosion under acidic
conditions.”® All these properties make WOj3 relevant for many technological applications, such

as photocatalysis,®>*® electrochromic devices,’*'’ and gas sensors.*?  Moreover, the
experimental band gap of WO is in the range of 2.5-3.0 eV,*! significantly smaller than the

corresponding value of TiO,, which is in the 3.0-3.2 eV range.?? Consequently, WOs can, in
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principle, be efficient in absorbing visible light, thus overcoming the main limitation of Ti0,.*

25

Given these appealing advantages as a standalone or combined photocatalyst in various
heterojunctions, WO; has been the subject of many experimental?®?® and theoretical studies®**
in recent years. In particular, the solid/liquid interfacial properties, crucial for the efficiency of
photocatalytic processes,*>* have been theoretically investigated in the case of the WOg/water
interface.***>*® Previous computational studies have indeed addressed the fundamental
understanding of the adsorption of water molecules on the y-(001) surface [hereafter indicated as
(001)].#+%°5°® Most of the reported works have shown that water adsorbs preferentially in a
molecular (undissociated) form, since under-coordinated W atoms at the (001) surface are Lewis

acids able to coordinate a water molecule.*®

Recently, the dissociation of water on the WOj3; surface has been experimentally studied using
operando diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy and resistance
measurements coupled with exhaust measurements.”” No hydroxyl groups were observed at any

*839 unlike most other metal oxides, indicating the

temperature on the DRIFT spectra of WOs3,
absence of dissociative adsorption of water molecules on the WQO3; surface. Moreover, the
detected increase in the baseline resistance as a function of humidity demonstrated the direct
oxidation of the surface by water without the formation of reaction intermediates (e.g., hydroxyl
groups).®®® In fact, using ab initio atomistic thermodynamic calculations, Hurtado et al.>®
demonstrated that above the temperature of 300 K, all water molecules are expelled from the

surface.

In this work, we want to elucidate the hydration mechanism of the most stable surface of WOs3,
and at assessing the water adsorption enthalpies as a function of coverage at room temperature.
To this end, we have investigated the interaction between the (001) WOj3 surface and water using
manometric gas sorption experiments combined with dispersion-corrected density functional
theory (DFT) calculations. The experimental results allowed us to extract information on the
surface heterogeneity in terms of adsorption sites and surface coverage, as well as to determine
the isosteric adsorption enthalpy of water as a function of coverage. Besides, we analyzed the
atomistic interfacial properties and their evolution during the hydration of the WOj3 surface, by

progressively adsorbing undissociated water molecules in the gas phase, and while describing the



surroundings by a continuum solvent. The dynamic behavior of the water/WQ; interface was
also studied using DFT-based molecular dynamics (DFT-MD) simulations at 300 K, from which

theoretical isosteric hydration enthalpies for the gradual hydration of the surface were calculated.

2. Material and methods
2.1. Material and its characterization
Material synthesis

WO; powder was prepared by precipitation of WO;-H,O, followed by thermal dehydration to
form WOs. First, 20 mL of a 37 wt.% HCIl solution were added dropwise under magnetic stirring
to a 100 mL solution of Millipore water (> 18 MQ-cm) containing 2.5 g of Na, WO, dissolved in
it. The obtained yellowish gelatinous HyWO, precipitate was washed with Millipore water
through three cycles of ultrasonic dispersion followed by centrifugation. The collected solid was
dried at 323 K overnight in air before conversion to crystalline WOs3, which was carried out at
823 K for 1 hour in air. Finally, the resulting greenish yellow powder was finely ground

mechanically with a ball mill for several minutes.
Particle size distribution

The volume size distribution of WO3 particles was measured by laser diffraction using a Malvern
Mastersizer Hydro 2000MU analyzer. The measurement was repeated 4 times and the
determination of the characteristic diameters, dgo, dso and d1o, was done using the average values
of each measurement. In the following, dx = y um means that x% of the particles have a diameter

smaller than y um.
Tramission electron microscopy

Transmission electron microscopy (TEM) studies were performed using a JEM — ARM 200F
Cold FEG TEM/STEM operating at 200 kV and equipped with a spherical aberration (Cs) probe

and image correctors (point resolution of 0.12 nm in TEM mode and 0.078 nm in STEM mode).



Simulated selected area electron diffraction (SAED) patterns were generated from the TEM

images using fast Fourier-filtering (FFT).
X-Ray diffraction analyses

XRD measurements were performed using a PanAnalytical X Pert Pro MRD diffractometer
equipped with a high resolution 4-circle goniometer, to accurately orient the samples, and with a
Mo anticathode (Mo Ka radiation; 2 = 0.70930 A). Rietveld refinement was attempted using
diffraction peaks from the orthorhombic and monoclinic phases of WOs.

2.2. Adsorption experiments
Specific surface area

Textural characterization of the WO3; sample was performed by N, adsorption-desorption at 77 K
using a 3-FLEX automated device after degassing at 623 K for 24 h in a Smart VacPrep device,
both supplied by Micromeritics. Additional degassing at the same temperature for 12 h was
carried out before analysis. A low-pressure dose of 0.01 cm®.g? STP was set to a relative
pressure, p/po, of 0.1 to obtain the high-resolution N, isotherms. N, adsorption-desorption was
conducted three times to minimize the experimental error. All data were processed with the
MicroActive 5.01 software, also provided by Micromeritics. The BET area was determined in

the adequate pressure range, taking into account the Rouquerol criteria.®’

Water adsorption isotherms

High-resolution water isotherms were acquired using ultrapure water (> 18 MQ-cm) as the vapor
source at four different temperatures (285, 295, 305 and 315 K) and up to saturation pressure (py)
in an automatic BELSORP-max I1-HV apparatus (BEL). Prior to weighing, the WO3; sample was
degassed for water adsorption as was done previously for N, adsorption-desorption analysis.
Vapor uptakes for p/po ranging from 10 to 0.95 were recorded, and extremely good
experimental reproducibility, with differences less than 1%, was confirmed by repeating the

water adsorption at a selected temperature of 295 K.

Calculation of the isosteric enthalpy of adsorption



The isosteric enthalpy of adsorption, AH,4, corresponds to the heat involved — most often
released — when a molecule adsorbs onto a given surface at a given surface coverage.®> This
quantity is negative when the adsorption is exothermic, as in most cases, and can be determined
from several adsorption isotherms acquired at different temperatures within, however, a limited
temperature range. Generally speaking, AH,; can be derived using the Clausius-Clapeyron
equation from pressure (p)-uptake (1) data pairs with the same uptake at each temperature,” as

follows:

T1'T,
(T—T1)

AHaqs(n) = =R -In (%) (1)

P1

where AH,45(n), T1, T2, pi1, p2, n, and R are the isosteric enthalpy of adsorption (J ‘mol™) at a
given occupancy, the temperatures (K), the equilibrium pressures (bar), the uptake (mol-kg'l),
and the ideal gas constant (8.314 J-mol™-K™), respectively. Following the Clausius-Clapeyron
approach, the isosteric enthalpy of adsorption is the slope of the curve of In(p) versus (1/7) for a

given uptake n and can therefore be determined either from experimental or fitted isotherms.®

For the calculation of AH,4, based on experimental isotherms, the equilibrium pressure at a given
uptake was determined by interpolating the isotherms between the experimental points using
cubic-spline functions. The range of uptakes was discretized and, for each point, AH,; was
calculated using the Clausius-Clapeyron equation (Eq. 1). Besides, when adsorption models were
used, we systematically applied the dual-site Freundlich-Langmuir (DSFL) equation to fit the
experimental models with good accuracy. This model combines the robustness of the Langmuir
isotherm® with a better description given by the Freundlich isotherm® for high equilibrium
pressures, and considers the possible existence of multiple adsorption sites.’® The general

equation for the DSFL adsorption model is:

ay-by'pl | az-byp°?

n= + )

1+b1-pcl 1+b2'p02

where 7 is the adsorbed amount (mol-kg™), p (bar) is the equilibrium pressure (bar), a (mol-kg™)
is the maximum uptake, b (bar) is the affinity constant between the adsorbent and the adsorbate,
and c (dimensionless) is the heterogeneity exponent. The four considered experimental isotherms
were fitted using the Levenberg-Marquardt method®”®® as implemented in SciPy.® After the

fitting procedure, the equations were rearranged to express the equilibrium pressure as a function



of the uptake and the model parameters, and AH,;; was calculated using the Clausius-Clapeyron

equation (Eq. 1).
2.3. Atomistic simulations
Computational details

All calculations were performed using the Vienna ab initio simulation package (VASP)70 with
the projector augmented wave (PAW) method.”™™"® The semilocal Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional’® in the generalized gradient approximation was used for
the calculations, along with the D3-BJ correction of Grimme and coworkers™ for the dispersion
forces. The following orbitals were treated as having valence electrons: 1s’ for hydrogen,

75,76
" were solved

5s? 5p° 6s? 5d* for tungsten, and 2s? 2p* for oxygen. The Kohn-Sham equations
self-consistently until the energy difference between consecutive cycles became less than 107
eV, using a Gaussian smearing of 0.05 eV to facilitate convergence of the total energy. The
geometry was optimized until all forces were less than 0.02 eV-A™. All calculations were
performed at the Gamma point, considering the large size of the cell, with a plane-wave basis set
energy cutoff of 500 eV. DFT-based molecular dynamics (DFT-MD) simulations were carried
out in the NVT ensemble, using the same computational set up, except for the convergence
parameter for the Kohn-Sham equations and the energy cutoff, which were reduced to 10” eV
and 400 eV, respectively. The DFT-MD simulations were conducted at a temperature of 300 K,

controlled using a Nosé-Hoover thermostat’ ™'

with a timestep of 1 fs, and for a total simulation
time of 100 ps. Implicit solvation calculations were performed using the Poisson-Boltzmann
model to include the dielectric screening effect of the medium as implemented in the VASPsol

80,81

code,” "~ with a relative dielectric constant ¢ = 80 and a Debye length of 3 Aot

Structural Model

A primitive unit cell of the WO3; monoclinic phase (space group P21/n) containing 32 atoms was
used as a starting point.®? The unit cell was fully relaxed by DFT calculations including the
Grimme’s D3-BJ correction™ to obtain lattice parameters a=7.44 A, b=758 A, ¢=7.76 A,
a=7=90° and B =90.72°. These data are in good agreement with the experimental values of

a=731A b=754A c=769A, oa=y=90°and B =90.90°.% Following previously published



studies, we selected the (001) WO3 surface with a (V2 x V2)-R45° reconstruction,® which is
known to be the most stable WO; surface.®®® This reconstructed surface presents a half
monolayer of top oxygen atoms, O, missing alternately along the a and b directions, to avoid the
presence of any surface dipole,® which leads to the coexistence of six-coordinated W atoms,
W, and five-coordinated W atoms, Ws., on the surface (Figure 1). A slab of W03, with x = 64,

478788 and a thickness of about 16 A, was generated

which corresponds to four layers of W atoms
from the fully relaxed primitive unit cell, without freezing any layer in the structure
optimizations. A vacuum of 15 A was systematically added above the surface to avoid spurious
interactions between the reciprocal surface and the adsorbents along the c direction. For
calculations involving an isolated water molecule, a cubic box with a side of 30 A was used to
avoid interactions between the molecule and its reciprocal images. Since DFT-MD is
computationally demanding, the WO;3; slab was reduced to three layers to conduct these
simulations. The two WO; slabs considered had an area of 225 A?; this value was used to

calculate the surface coverage and the adsorption layers.

@ ®

[010] [001]

[100]

[001] [100]

Figure 1. Top view (a) and side view (b) of the cell containing the (001) WO; surface, used for
the static DFT calculations. For the DFT-MD simulations, the slab was reduced to three layers of

tungsten atoms instead of four.



Adsorption energy calculations

When x water molecules were adsorbed simultaneously, the total adsorption energy, including

the dispersive contribution (AE,4s = AEppr + AEg;sy), Was determined as follows:

AEqqs = Exn,0/wo, — Ewo, — X X En,o (3)

where Eyy,0/wo,. Ewo, and Ey,o are the total energies of the slab with the x adsorbed water
molecules, of the bare WOj3 slab, and of the single water molecule in the gas phase, respectively.
The adsorption energy per water molecule corresponds to the total adsorption energy, calculated
using Eq. 3, divided by the number of adsorbed water molecules, x:

AEads (4)

AEads/molecule = X

To acquire a thorough understanding of the hydration mechanisms, progressive hydration was
investigated and for this purpose, we calculated the isosteric adsorption energy of y molecules

for a coverage of x water molecules as follows:

y+x
ABESS AEY Y — AEYy, (5)
aas y
where AEX,; and AEY;* are to the total adsorption energies of x and y + x water molecules on

the WOj3 surface, respectively. Eq. 5 can also be expressed as a function of the energies of the

systems:

AES0 — Ey+xn,0/wo; — Exn,o/wo, — YEn,0 (6)
ads y

where E(y4xn,0/wo,. Exn,0/wo, and Ey,o represent the total energies of the slab with the
y + x adsorbed water molecules, of the slab with the x adsorbed water molecules, and of the
single water molecule in the gas phase, respectively. The isosteric enthalpies of adsorption were
determined from the DFT-MD simulations, based on Eg. 6, in which each energy term is the
total energy of the system averaged over the last 90 ps of the simulation, to exclude a

thermalization period of 10 ps.



3. Results and discussion
3.1. Characterization of the WO3; samples

The particle size distribution of the WO3; powder synthesized and used in this study was
measured (Figure 2). The values of 7.08 £ 1.15, 1.02 + 0.01, and 0.5 + 0.01 um were determined
for 90 (dgo), 50 (dso), and 10 (d10) % of the particles, respectively. As can be seen in Figure 2, the
particle size distribution of the WO3 powder is bimodal, with a large peak centered at 0.7 um and

a smaller one at 10 um.
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Figure 2. Particle size distribution and cumulative size distribution of the WO3; powder used for
adsorption experiments. dgo, dso, and dyg are the diameters below which 90, 50 and 10% of the

particles are found, respectively.

Besides, Figure 3a presents a bright-field TEM (BF-TEM) micrograph in which a few small
WOj3 particles, about 200 nm and smaller, display sharp edges and a roughly rectangular shape.
The actual diameter of the particles is smaller than the diameter determined by laser diffraction,
possibly due to agglomeration of the particles in the agueous phase, even when a ultrasonic
treatment was applied. Figure 3b shows the high-resolution (HR) TEM micrograph and the
corresponding SAED pattern in the inset, highlighting the high crystallinity of the sample. This
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SAED pattern presented in the inset of Figure 3b corresponds to the monoclinic crystal structure,

with a P12,/n; space group.

@

Figure 3. BF-TEM micrograph (a) and HR-TEM micrograph (b) of the synthesized WO;
powder, with a SAED pattern in the inset.

For further characterization, the WO3; powder was analyzed by XRD followed by Rietveld
refinement using diffraction peaks of known orthorhombic and monoclinic phases of WO3. None
of these phases matched the pattern exactly, as presented in Figure S1 of the ESI. However, the
fit with the monoclinic phase gave the smallest weighted profile R-factor (Rwp). The presence of
the orthorhombic phase is difficult to explain as the transition temperature at which the
orthorhombic phase appears is reported to be close to 603 K for bulk WO3.2° Nevertheless, other
authors found similar results that have been attributed to defects and local distortion disorder.*°
Using single-crystal XRD, Loopstra and Rietveld reported that m-WOj3, generally synthesized by
dehydration of WO3-H,0, crystallizes in a monoclinic symmetry with the space group P21/n.%
However, Szymanski and Robert, using a similar XRD technique, indicated that it crystallizes in

the orthorhombic system with the space group Pmnb.*?
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The N, isotherm measured at 77 K was perfectly reversible since adsorption and desorption
branches were roughly the same (Figure S2 of the ESI). Their modelling using the BET equation
resulted in a specific area of 4.2 m*.g™. This value was used for the subsequent comparison
between experimental and theoretical results of water adsorption on WOs.

3.2. Experimental results of water adsorption

Adsorption isotherms

Water adsorption isotherms at 285, 295, 305 and 315 K are presented in Figure 4a, with a zoom
on the low equilibrium pressure range in Figure 4b. The four obtained isotherms display a
similar shape with three distinct zones. The amount of water adsorbed first rises significantly
and, at intermediate equilibrium pressure, reaches a knee after which it increases slowly with
pressure. At high equilibrium pressure, water condensation occurs on the sample as well as on
the tube of the sample holder, which results in a very rapid increase in the amount of adsorbed
water. The adsorption isotherms obtained are type Il, which is traditionally interpreted by a high
adsorption energy of the considered molecule on a non-porous material.** This is consistent with
the crystallographic structure of WOs;, which, according to its characterization, has good
crystallinity and, therefore, does not have nano- or micrometer-sized pores. Obtaining a type Il
isotherm is also consistent with the significantly polar nature of WOj3 surfaces, which induces a
considerable affinity for water molecules (Figure 1). The type Il isotherm comes from the fact
that the adsorption of the first water molecules, i.e., at low pressure, on the WO3 surface occurs
with a high adsorption energy, which steadily decreases when several layers are formed on the

surface, until reaching water condensation.
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Figure 4. (a) Water vapor adsorption isotherms on WOj3 powder at 285, 295, 305, and 315 K
(dots) and their fits using a Dual-Site Freundlich-Langmuir model (dashed lines); (b) Zoom into

the low uptake region (0 to 0.9 cm®.g™*) showing the four isotherms and their fits.

Derivative isotherm summation approach

We plotted the derivative of the adsorbed volume expressed as a function of In(p/po), see Figure
5, following the derivative isotherm summation (DIS) approach developed by Villieras and
coworkers.”® This method allows for a quantitative estimation of the surface heterogeneity as
well as for an identification of the possible adsorption sites from low-pressure gas adsorption
isotherms, generally performed using N, or Ar. It consists in fitting the derivative of the
experimental isotherm with respect to In(p/py) by a linear combination of derivative isotherm
equations that describe adsorption on homogeneous surfaces. Considering the polarity and under-
coordination of the (001) WO3 surface, the affinity of water for this surface is large, resulting in
the fact that each adsorption layer is completed before starting to form another layer. Hence, we
selected the extension of the Langmuir isotherm that includes lateral interactions, the Bragg-
Williams-Temkin isotherm,* to describe each homogeneous local isotherm.
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Figure 5. Derivative of the experimental adsorption isotherm of water on WO3 at 295 K and its
decomposition into five fitted local first derivates of adsorption isotherms on homogeneous
surfaces (Langmuir models with lateral interactions). Each fit corresponds to a Bragg-Williams-

Temkin adsorption isotherm applied to a homogeneous surface.

Given the high affinity of WOj3 surfaces for water, the equilibrium pressure was not low enough
to capture the adsorption of the very first water molecules on the surface. This is highlighted by
the significant decrease in the derivative when increasing In(p/po) from the lowest In(p/po), which
can be interpreted as the end of the adsorption of water molecules on the high-affinity adsorption
sites (Figure 5). On the one hand, these adsorption sites may correspond to sites located on
surfaces that present higher surface energy compared to the (001) surface, which is reported to be
the most stable surface for WOs3. Indeed, a significant amount of different terminations, such as
the (100), (010) and (110) surfaces, may be exposed on WOs; nanoparticles.®® Since these
surfaces are less stable than the (001) surface, they present higher surface energy resulting in a
stronger affinity for water molecules. On the other hand, these high-affinity adsorption sites may
also correspond to the under-coordinated tungsten atoms on the (001) surface. Overall,

interpretations are difficult for the first adsorption sites since the experimental pressures were not

14



low enough to observe the complete local derivate isotherm. Then, when In(p/po) is increased,
another derivative isotherm describes the adsorption, without lateral interaction but with a
significant energy constant, considering the value of p/po at maximum (Figure 5). These second
adsorption sites can be attributed to the adsorption of water molecules on the surface by means of
hydrogen bonds, since all under-coordinated tungsten atoms are occupied by water molecules. At
this value of coverage, based on a specific cross-sectional area of water molecule of about 0.1
nm?, the surface is composed half of adsorbed water molecules and half of under-coordinated
oxygen atoms. The water molecules probably adsorb by establishing hydrogen bonds with the
under-coordinated oxygen atoms and the adsorbed water molecules, which makes the surface
quite homogeneous in terms of energy. When In(p/po) is further increased, two other local
isotherms describe water adsorption (Figure 5) that can be interpreted as the filling of the second
and third water layer on the WO3 surface, respectively. This is followed by water condensation,
i.e., multilayer adsorption, which is described by another local isotherm with significant lateral

interactions but a low energy constant.
Isosteric enthalpy of adsorption

The isosteric enthalpy of adsorption was calculated by applying the Clausius-Clapeyron
approach either directly to the experimental data or to the DSFL models fitted to the
experimental points (Figure 6). Nonetheless, as discussed above, the experimental equilibrium
pressures were not low enough to observe the adsorption of the very first water molecules on the
WO; surface. Hence, using the DSFL models, the adsorption isotherms were extrapolated to an
adsorbed volume of 0.04 cm®.g™, which corresponds to a surface coverage of around 1
molecule-nm™. At this value of surface coverage, the water molecules are roughly 1 nm apart
from each other and, therefore, they do not interact and can be considered isolated. For this point,
the calculated isosteric enthalpy of adsorption is approximately -90 kJ-mol™, which is consistent
with the values reported for the adsorption of molecules on polar mineral surfaces.?®®% The
isosteric enthalpy of adsorption decreases significantly with the adsorbed volume, which
corresponds to the formation of several layers (Figure 6). The second layer presents an average
AHags between -55 kJ-mol™ (from models) and -47 kJ-mol™ (from experimental points) and the
third layer has an average AHags between -50 kJ-mol™ (from models) and -46 kJ-mol™ (from

experimental points). The enthalpy of condensation of water (around -43 kJ-mol™ in the range of
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temperatures considered here) is reached just after the completion of the third layer. Overall, the
influence of the surface decreases sharply as the coverage increases and no longer has an effect
after the completion of the third layer, due to the screening effect of the previous adsorbed
layers. The two methods used to calculate the isosteric enthalpy of adsorption provide similar
results, except for the intermediate adsorbed amounts, which correspond to the area in which the

errors between the models and the experimental points are the highest (see again Figure 4).

404 1 layer i 29 |ayer i 37 layer | Multilayers - Water condensation

Isosteric enthalpy of adsorption (kJ-mol)

—— From models

—— From experimental points

0.0 05 YR 15 2.0 25 3.0 35

Adsorbed volume (cm®g-')
Figure 6. Isosteric enthalpy of water vapor adsorption on WO3 as a function of the adsorbed
amount, calculated directly from the experimental points (red curve) and from the DSFL models
fitted to the experimental points (blue curve). The light blue zone corresponds to the enthalpy of
condensation of water for the temperature range used in this work (285 — 315 K). Snapshots

extracted from DFT simulations (see next section) are included to visualize the coverage

increase.
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3.3. Computational analysis

In the following, we discuss the results obtained by static DFT calculations and ab initio MD
simulations, performed to gain further atomistic insights into the hydration mechanisms of the
(001) WOg surface.

Progressive surface hydration at 0 K

First, we analyzed in detail the structural features and the adsorption energies of water molecules
on the (001) surface for increasing values of surface coverage. As the molecular adsorption mode

41465536 the progressive hydration of the surface was

is known to be favored on the WOj; surface,
investigated by considering only undissociated water molecules. Addition of the first 8 water
molecules corresponds to one molecule for each under-coordinated surface tungsten atom (Ws)
in our surface slab. These molecules adsorbed onto the surface by establishing O,, - W5, bonds
(Figure 7), whose length was about 2.32 A, and by forming hydrogen bonds with the neighboring

Oy, with Hy, - O, bond lengths between 1.8 and 2.2 A.
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© OfromH,0 - 1< sublayer
Legend: © OfromWO, © OfromH,0 - 2" sublayer

Figure 7. Top (a and c¢) and side (b and d) views of the first 8 water molecules (a and b) and of
the first layer (c and d) of water molecules adsorbed on the (001) surface of WO3. The first 8
water molecules (40% of the layer) correspond to coordination to the 5-coordinated Ws. atoms.
The first layer, which comprises 20 water molecules, is defined by considering only those water
molecules that establish bonds with the WOg3 surface. The dashed lines represent hydrogen

bonds.

The computed isosteric adsorption energy (and dispersive energy contribution) was roughly
constant for the first 8 water molecules (Figure 8a), ranging from -108.2 kJ-mol™
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(-28.5 ki-mol™) to -102.5 kJ-mol™ (-22.7 kd-mol™). When the surface coverage was gradually
increased to 20 molecules, representing a full layer, the isosteric adsorption energy of the last 12
water molecules decreased in absolute value to an average value of -64.2 kJ-mol™ (Figure 8a),
with an average contribution from dispersion of -13.8 kJ-mol™. The first 8 water molecules were
adsorbed on the 8 surface Ws. atoms and compensated for their under-coordination. The
remaining 12 water molecules were adsorbed by establishing hydrogen bonds with the first 8
adsorbed water molecules, with an average bond length of about 1.58 A, but also with the 8
surface O, atoms, with d = 1.85 A on average (Figure 7). These 20 molecules are therefore part
of the first layer since they all interacted with the surface, although the 8- and 12-molecules sub-
layers could be differentiated. Some of the adsorbed water molecules also interacted with other
adsorbed water molecules (d = 1.80 A), in order to reproduce the water structuration, as it has

been extensively described in the literature.”%

Finally, when the water coverage was increased from 20 to 32 water molecules, the isosteric
adsorption energy remained roughly constant at around -67 kJ-mol™ (Figure 8a). Besides,
increasing the surface coverage and the number of water layers did not affect the order and
structure of the under-layers. The molecules constituting the second layer interacted with
neighboring water molecules of the first and second layers through H-bonds, with bond lengths
ranging from 1.63 A to 1.92 A. These interactions induced the structuration of the water near the
surface and the creation of water clusters involving 3 to 6 water molecules. It is noteworthy that
static DFT calculations overestimated the isosteric adsorption energy at low and high coverage
values, compared to the experimental results (Figure 8b). Meanwhile, the inclusion of an implicit
solvent decreased the isosteric adsorption energy in absolute value by between 30 and
40 kJ-mol™ for all surface coverage values, although the constant trend on surface coverage
remained unchanged (Figure 8a). This is in rough agreement with previous work* using
CANDLE and SaLSA solvation models (-38.6 and -29.9 kJ-mol™, respectively). Similarly, the
adsorption energies are underestimated compared to the experimental results when an implicit

solvent is used (Figure 8b).
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Figure 8. (a) Isosteric adsorption energy of water on the (001) surface of WOj3 as a function of
water coverage, without/with inclusion of implicit solvent, determined by static DFT
calculations. (b) lsosteric adsorption energy of water on the (001) surface of WO3; from
experiments (red dashed curve), DFT-MD simulations conducted at 300 K (purple circles), static

DFT calculations without implicit solvent (green circles) and with implicit solvent (red circles).

Progressive surface hydration at finite temperature

To assess the effect of finite temperature on the WO3; hydration mechanisms and on the water
adsorption energies, and to improve the results obtained from static DFT calculations, we
conducted DFT-MD simulations at 300 K for various values of surface coverage (Figure 8b).
The energies obtained from the DFT-MD simulations can be considered as isosteric adsorption
enthalpies of water and are therefore directly comparable to the experimental values. The DFT-
MD simulations were performed with an increasing number of water molecules, from 1 to 64,

approximately corresponding to three water layers on the surface.

First, no spontaneous dissociation of water molecules was observed on the surface, in contrast to
what was observed during DFT-MD simulation of hydrated NiO surfaces by some of us,*
confirming that water dissociation requires a rather large activation energy on the (001) WO;
surface. Moreover, the molecular mechanisms involved in the adsorption of the water molecules

were roughly the same as those predicted at 0 K. The first 8 water molecules were coordinated to
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the 5-coordinated surface Ws. atoms with an average O, —Ws. bond length of 2.38 A. The
computed isosteric enthalpy of adsorption was almost constant for these 8 water molecules at
around -92.3 kJ-mol™, including a contribution from dispersive interactions of -24.0 kJ-mol™
(Figure 8b). Once the under-coordination of the surface Ws. atoms was saturated and before the
first layer was completed, the computed isosteric enthalpy of adsorption decreased in absolute
value to an average value of -63.5kJ-mol™ (with an average dispersion contribution of
-14.1 kJ-mol™). The remaining 12 molecules in the layer formed acceptor H-bonds with the first
8 molecules beneath them and donor H-bonds with the surface O; atoms, with average bond
lengths of around 1.69 A and 1.85 A, respectively. When the surface coverage was further
increased to two and three layers, the isosteric enthalpy of hydration decreased in absolute value
to about -50 kJ-mol™. This value was close to the experimental enthalpy of condensation of
water, which is about -42 kJ-mol™. This is consistent with the gradual decrease of the influence
of the surface on the adsorbed water molecules. Overall, the isosteric enthalpy of adsorption of
water calculated at 300 K followed the same trend as that calculated at 0 K by static DFT
calculations, although, as usually observed, *% the interaction energy was reduced due to the
effect of temperature. Besides, the theoretical results obtained at 300 K by the DFT-MD
simulations were in quantitative agreement with the isosteric enthalpy of adsorption calculated
from the adsorption isotherms and with the DIS approach. Indeed, the first 8 water molecules
considered in the DFT-MD simulations corresponded to the first molecules adsorbed on the
surface, identified using the DIS approach and whose adsorption was attributed to electrostatic
bonding considering the high affinity of the surface (Figure 5). In addition, the 12 following
water molecules, whose adsorption by means of hydrogen bonds leads to the formation of the

first complete water layer, were also identified using the DIS approach (Figure 5).

Finally, to assess the influence of the (001) WO3 surface on the structure of the water, a
DFT-MD simulation was performed, in which the cell was completely filled with water
molecules (Figure 9a). In this case, the number of water molecules was chosen to obtain a water
density of around 1 g-cm™. The presence of multiple water layers did not affect the geometric
configuration of the first layers described at 300 K, and the same adsorption mechanisms
reported above were observed. As previously shown, the adsorption of 8 water molecules per
tungsten atom, forming the first sub-layer, also occurs for the full hydrated cell (Figure 9a). Also,

once the under-coordinated W5, surface atoms were saturated, the water molecules are adsorbed
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by means of hydrogen bonds. Besides, one can observe that the water layers near the surface
form a structured configuration, which is stable during the MD simulation. Overall, the structural
influence of the surface on the water was limited to a few layers, as can be seen from the density
profile drawn on the DFT-MD simulation (Figure 9b). In Figure 9b, the significant peak in zone |
corresponds to the first sub-layer of the first layer, i.e., the molecules electrostatically bonded to
the under-coordinated surface tungsten atoms, while zone I’ corresponds to the water molecules
adsorbed by means of hydrogen bonds, leading to the formation of the first adsorption layer.
Then, zone |1 represents the second adsorption layer, in which the molecules are exclusively
adsorbed by means of hydrogen bonds, while zone 11l corresponds to multiple adsorption layers.
It is noteworthy that the third layer is very similar to the next layers since the density for the third
layer is not higher than the density for the other layers. The other multiple layers, identified by
the density peak they form, correspond to bulk water, in which density oscillations are common
due to the layered structuration of water.!%%2 Hence, the influence of the (001) WOs surface on

the water structure was limited to two layers, which is consistent with the isosteric enthalpy of

hydration.
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Figure 9. (a) Snapshot of a side view of the (001) WO3 surface above which the space has been
completely filled with water molecules. The dashed lines represent hydrogen bonds. Lone atoms

and repeated boundaries are due to the periodicity of the cell. (b) Number density profile of
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water molecules along the water slab in contact with the (001) WO3 surface (red dashed lines).
Zones I, I’, II, and III correspond to the first sub-layer of the first layer, the second sub-layer of

the first layer, the second layer, and multiple layers (water bulk), respectively.

4. Conclusions

In this work, we investigated the hydration mechanisms of the (001) surface of WOs3, using
adsorption experiments combined with static DFT calculations and DFT-MD simulations. First,
we demonstrated that static DFT calculations tend to overestimate, in absolute value, the
calculated isosteric enthalpy of adsorption compared to the experimental results. The inclusion of
an implicit solvent in the simulations, to account for the surrounding water, leads to the decrease
of the absolute value of the isosteric enthalpy of adsorption and, therefore, to an underestimation
of the isosteric enthalpy of adsorption compared to the experimental results. Second, we have
shown, based on DFT-MD simulations — which account for finite temperature effects — that the
first water molecules adsorb in molecular form by bonding to the under-coordinated surface
tungsten atoms with AHags ~ -92.3 kd-mol™ at 300 K; these results are in quantitative agreement
with the value of -90 kJ-mol™ calculated from experiments. When the coverage is increased,
water molecules adsorb by establishing hydrogen bonds with the first adsorbed molecules and
the under-coordinated surface oxygen atoms. The isosteric enthalpy of adsorption decreases in
absolute value, which is consistent with the experimental results, and tends towards the enthalpy
of condensation of water when the coverage increases further. The influence of the WOj3 surface
on water molecules is limited to a few adsorption layers, although the structuration of water near
the surface is significant. Overall, we demonstrated at the atomistic scale the high stability of
hydrated WOg3 surfaces and their high affinity for water. We have built and validated a
comprehensive hydration model that we share with the community and that can be used in the

future for theoretical studies of (photo)catalytic mechanisms involving WO3.
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