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Density functional theory (DFT) calculations are performed to study the oxygen evolution reaction (OER) on
tungsten oxide (WO3) surfaces. The free energies of the proton coupled electron transfer (PCET) steps are cal-
culated and from these the OER overpotential is calculated as the characteristic parameter for the electro-
chemical activity. The effects of surface orientation, oxygen vacancies, and doping by Chromium (Cr) and
Molybdenum (Mo), on the OER activities are analyzed. The difference in OER overpotential for the three surface
orientations, (200), (002) and (020), is found to be very small (0.07 V). The presence of oxygen vacancies in the
first WO3 sub-layer do not favor OER, while vacancies in the second sub-layer do reduce the OER overpotential.
A volcano plot with all overpotentials calculated in this study shows that the OER is favored at the Mo doped
(200) surface (reactions happen at the Mo site). This paper demonstrates that DFT calculations of the electro-
chemical activity are an efficient method to identify active surfaces and can therefore save a lot of experimental

effort in designing more efficient photoelectrodes for water splitting.

1. Introduction

Energy storage is one of the biggest challenges facing the growth of
renewable energy, especially wind and solar energy. Storage in the form
of solar fuels like hydrogen is a promising solution [1-9]. Hydrogen can
be produced by splitting of water by two routes, by the indirect route
where electricity from a photovoltaic (PV) generator can be transferred
to an electrolyser by the direct photoelectrochemical (PEC) route where
hydrogen is generated at the surface of a photoactive semiconductor
immersed in an electrolyte [10]. The latter route has clear advantages
related to integration, but efficiency still needs to be increased [10].

The photoelectrodes in PEC water splitting cells are made of semi-
conductor materials. Electrons are excited with the help of light from
their ground state (valence band, VB) to the excited state (conduction
band, CB) leaving a positively charged hole in the VB. Hence, an
electron-hole pair is created. In an n-type semiconductor, the electrons
travel to the counter electrode where they reduce water and hydrogen
is formed (4H,O + 4e~ —40H™~ + 2H,). This is called the hydrogen
evolution reaction (HER). The holes migrate to the surface of the
photoelectrode, where they oxidize water to form oxygen (40H™
+ 4H* — 2H,0 + 0,). This is called the oxygen evolution reaction
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(OER). We focus in this paper on the OER because it accounts for most
of the overpotential required to drive water splitting [3,11,12].

The first demonstration of PEC water splitting was given by
Fujishima et al. [13] on the surface of Titanium Oxide (TiO,). Metal
oxides are found to be stable in photoelectrochemical environment with
a reasonable band gap. Hence, they often attract interests for PEC water
splitting. Lots of oxide materials have been proposed for PEC applica-
tion. However, each material has its own disadvantage. Tungsten oxide
(WO3) is an interesting material because of its photoelectrochemical
stability for pH < =4, a suitable band gap (2.4-2.8 eV[14]) which
favors visible light absorption [15,16]. It is also non-toxic and can be
prepared in high purity [17]. In their experimental studies, He et al.
[18] have found enhancement of photo-catalytic activity in WOz when
coupled with Sb,O3 through the photo-catalytic degradation of aqueous
Rh mixed with different WO3/Sb,03 samples. Ng et al. [19] demon-
strated band gap reduction from 2.74 eV to 2.60 eV experimentally and
increased of photo-activity of WO3; when the anode was doped with
20% Ga. Wang et al. [14] used Mo and Cr as dopants, replacing W
atoms in the lattice, which narrows the band gap. Doping with lower
valence elements like Ti, Zr and Hf was also investigated [14]. The band
gap position and value were found to improve in these cases. It has been
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Fig. 1. The relaxed WO3 (200) geometry with (a) free site (b) OH (c) O (d) OOH adsorbed on the surface, (e) the relaxed WO3 (002) geometry with free site, (f) the

relaxed WO3 (020) geometry with free site.

reported experimentally that Mo doping leads to a favourable band gap
for water oxidation [20]. Mo-doped WO; nanowires (MoyzW;.
x03:0.33H,0) showed that the band gap of the solid solutions was
narrowed by 0.48eV with Mo content increasing from x =0 to
x = 0.75 [20]. However, the catalytic roles of the doping elements are
not known from these experimental studies. The effects of doping with
Ti, Mn, Co, Ni, and Pt on the OER overpotential have been investigated
theoretically by Liao et al. [21] and Neufeld et al. [22] Co and Ni were
predicted as effective dopants for electrocatalysis of water with hema-
tite [21]. Based on surface electronic structure calculations, Garcia-
Mota et al. discussed how one can tailor the surface reactivity of TiO,
by transition-metal substitution [7]. The oxygen-surface interaction is
related to the presence of the surface states and the surface resonance
states.

Despite the importance of tungsten oxide in various areas of cata-
lysis and photo-electrocatalysis, relatively few theoretical studies have
been devoted to this system. The theoretical studies have been focused
merely on electronic structure calculations [23-25]. The reader is re-
ferred to the review by Valentin et al. [26].

Valdes et al. [27] have studied the oxidation of water on tungsten
trioxide by first principles simulations. The authors analyzed the
overpotential needed for the photoelectrolysis of water and found that
the limiting step is the deprotonation of surface adsorbed OH. Various
studies report the improvement in performance of hematite photo-
anodes in the presence of oxygen vacancies [28-30]. In this study we
perform DFT calculations of OER on WOj3 surfaces with oxygen va-
cancies in the sub-layers below the top surface.

The aim of the present work is the calculation of the overpotential of
the oxygen evolution on WO3 surfaces in various geometries, including
different surface orientations, the impact of doping elements, and
oxygen vacancies.

2. Model and methods

Many reaction mechanisms on the OER on metal oxide surfaces
were proposed in the literature as discussed in a recent review paper by
Zhang and Bieberle-Hiitter [3]. Here we consider the mechanism pro-
posed by Rossmeisl et al. [31] This mechanism has been used in many
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studies [32-36]. The OER mechanism is considered to proceed in the
following four steps:

H, O+ *>HO* + HY + e~ (€]
HO* - O* + H + e~ (2)
O* + H, O— HOO* + H* + e~ 3
HOO* - O, + H* + e~ )]

The free energy (AG) for each step is calculated following the ap-
proach discussed in Ref. [31] The maximum step of these four steps is
the potential determining step. The entire process has an energy change
of 4.92 eV (i.e. 1.23 eV for each PCET step). The DFT calculations are
carried out using Vienna ab initio simulation package (VASP) devel-
oped by Fakultét fiir Physik of the Universitdt Wien [37-40]. The plane
wave energy cutoff of 700 eV was used in the calculations. The Per-
dew-Burke-Ernzerhof (PBE) XC functional [41] and the projected
augmented wave (PAW) [42,43] potentials were used. The importance
of considering solvation effects on OER intermediates was shown by
Gauthier et al. [8] and Dickens et al. [44] While important, optimizing
explicit solvation structures for each surface considered here comes
with exceptional computational cost. Thus, we have limited the scope
of this study to compare the OER activities with a solid-gas model. The
corrections, including dipole, Hubbard U, and implicit solvation were
found to have small effects on the free energy steps as shown in Fig. S2.
Therefore these effects are not discussed in the main text. More com-
putational details are given in the supporting information.

The bulk monoclinic WO3 geometry and cell parameters are opti-
mized by DFT. The required surfaces are then cleaved based on the
optimized bulk geometry. These surface structures are again optimized
for a minimum energy. In Fig. 1, we show the relaxed geometries ex-
emplarily for different adsorption sites, namely free surface site, OH, O,
and OOH adsorbed (Fig. 1a—-d) and different surface orientations, i.e.
(200), (002), and (020) (Fig. 1(a, e, D).

The reaction free energies under an applied potential U can be
calculated as follows.

AG; = E(*OH) — E(*) — EHzO + %EH2 + (AZPE — TAS), — eU (5)
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AG, = E(*0) — E(*OH) + %EHZ + (AZPE — TAS), — eU

(6)
AG; = E(*OOH) — E(*0) — Ey,o + %EH2 + (AZPE — TAS); — eU

@
AG, = E(*) — E(*O0H) + Eo, + %EHZ +(OZPE-TAS) —eU o

AGn are the free energy steps. AZPE is the difference in zero point
energies due to the reaction, AS is the change in entropy. The over-
potential which is used as the determining parameter for the electro-
chemical activity, is defined as:

n= maX(AGl, AGz, AG3, AG4) — 1.23eV (9)

The surface geometry with the minimum value of overpotential is
the most efficient with regard to oxygen evolution. By comparing the
calculated overpotentials for different surfaces, we can identify the
most efficient WO;3 surface for OER from the systems under con-
sideration.

3. Results and discussion

We have studied the effect of surface orientation, doping, and
oxygen vacancies on the oxygen evolution reaction. In this section we
discuss these effects on the OER activities based on the free energy step
calculations.

3.1. Surface orientation

The surface orientation has been reported to be a sensitive para-
meter that affects the OER overpotential for RuO, [45] and hematite
systems [34]. To study orientation sensitivity of OER on WO; surface,
we choose the (200), (020), and (002) orientations as these surfaces
showed high PEC activity experimentally [46]. We performed free en-
ergy calculations for each PCET step of the OER on these surfaces.

Fig. 2 compares the free energies versus the four reaction steps for
the (200), (020) and (002) surfaces. The overpotential is calculated
based on Eq. (9). Compared to the (200) surface, both OH and O are
destabilized on (002) and (020), respectively. However, the potential
determining step, i.e. the overpotential, is lower for (002) and (020).
The potential determining step is AG, for the (200) and (020 surface),
while AG; is the potential determining step for the (002) surface. The
difference in overpotential for the three orientations in general is very
small with only 0.07 eV. We can therefore conclude that the orientation
has negligible effect on the catalytic properties for OER at these sur-
faces. This is in good agreement with the finding of Valdes et al. [47].
The authors found an overpotential of 1.04eV, 1.10V and 1.05V for
the (200), (020) and (002) surfaces respectively. The difference in
overpotential for the three orientations was 0.06 eV. The potential de-
termining step was the deprotonation of surface adsorbed OH (AG,) for
the three orientations in their study. We find that AG, is the potential
determining step for (020) and (200) surfaces, while AG, is found to be
potential determining for the (002) surface.

[}
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5F ﬁ il
4 - o
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1r —(020), 1=1.03V, AG,
0 * —(200), 1=1.10V, 4G, |

Fig. 2. Free energy versus reaction step of the OER for different orientations of
WO3: (200), (020) and (002) AG, inditates the potential determining step.
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W site

Dopant site

Fig. 3. Schematic geometry of WO3; (200) with one W atom on the top surface
being replaced by a dopant atom. The two reaction sites calculated in this study
are indicated by arrows: reaction on dopant site and reaction on W site.
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Fig. 4. Free energy versus reaction step of the OER for pure and doped (200)
WO; (with the dopants at the first layer, Fig. 3) with reaction occurring on (a)
the W atom and (b) the dopant atom.

3.2. Doping

The effects of Mo and Cr doping on the band gap of WO3 have been
discussed in the literature [14,20]. In this work, we study the effects of
Cr and Mo doping on the OER activities on (200) surface by substituting
a W atom by the dopant atom in the first and the second layer of the
geometry. We investigate two reaction sites: a) the reaction occurs on a
W site (at the neighbor of the dopant atom) and b) the reaction occurs
on the dopant site (Fig. 3). The effects of the termination and coverage
on the OER activities have been discussed by Garcia-Mota et al. [6] and
Diaz-Morales et al. [5] for the Co and Ni systems respectively. Fig. S4
shows the effects of different surface coverages (O covered vs. half O
covered) and different terminations (O covered vs. OH covered) on the
OER free energy steps. It is found that the surface with half coverage of
O is the most active as shown in Fig. S4. Therefore, we choose the half-



R. Kishore et al.

Catalysis Today 321-322 (2019) 94-99

OH

OOH

—Undoped, n=0.79V, A(32
—Cr doping, n=0.85V, AG2
—Mo doping, n=0.79 V, A62

(a)

(b)

Fig. 5. (a) Schematic geometry of WO3 (200) with one W atom at the second layer being replaced by a dopant atom. (b) Free energy versus reaction step of the OER

for undoped and doped (200) WO3 with the dopants at the second layer.
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-2r —Configuration ¢, n=0.63 V, AG, ]

Fig. 7. Free energy versus reaction step of the OER for WO3 (200) surface as a
function of oxygen vacancies. The configurations a, b and c refer to Fig. 7(a, b,
and c) respectively.

covered O surface for the following free energy calculations.

The comparison of undoped and doped WO3; with the reactions
occurring on the W site shows that for all cases the formation of O is the
potential determining step (Fig. 4a). Doping with either Cr or Mo
cannot reduce the overpotential (1.02 and 0.92V, respectively). When

O— T r T r

8 104
A ()9

002 (full covered)
020 (full covered)
200 (full covered)
200 (half covered)

225 23 235
AG2 (eV) 13

1.5 2

0026471
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AG

Cr doping (first layer and reaction on W)
Mo doping (first layer and reaction on W)
Cr doping (first layer and reaction on Cr)
Mo doping (first layer and reaction on Mo)
Cr doping (second layer)
Mo doping (second layer)
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Fig. 6. Relaxed oxygen vacancy configurations
for WO3 (200) surface. (a) Oxygen vacancy
concentration 1.67/nm? in the first layer below
the reaction site, (b) Oxygen vacancy con-
centration 0.41/nm? with four times increase
in simulation cell, (c¢) Oxygen vacancy con-
centration 1.67/nm?, located two layers below
the reaction site.

the reactions occur, however, on the dopant atom, the AG plots are
changed considerably (Fig. 4b): for Cr doping, the potential de-
termining step is the OH formation, while for Mo doping it remains the
O formation. Cr doping does not reduce the overpotential (0.91 V)
whereas Mo doping does (0.61 V). Thus, it can be concluded that OER is
most favorable with Mo doping when the reactions take place on the
Mo site. Introducing Mo doping at the surface layer is therefore helpful
for designing more efficient WO3 photoanode for water splitting.
Under experimental conditions, the dopants do not have to stay in
the first layer, but can go into the subsurface.[48-50] Fig. 5(a) shows a
structure with the metal dopants in the second layer. We compared the
relative stability of surface and bulk Mo dopants (at the second sub-
layer). The dopants in the bulk are more stable than the dopants at the
surface. However, the difference in energy is very small (0.0037 eV/
atom). The impact of second layer doping on the OER free energy
profiles is shown in Fig. 5(b). We can see that the second layer doping
has a very small effect on the OER activities. Although the intermediate
species are destabilized with the doping at the second layer, the change

Fig. 8. Volcano plot (overpotential vs. AG,) for the oxygen evo-
lution reaction on all WO5 surfaces investigated in this study. The
values from ref. [47] are added for comparison. Half O and full O
indicate full and half coverage of O respectively. The volcano lines
are added for guiding the eye. The data points are grouped with
different colors (red for doping, blue for vacancy, and black for
the rest) for clarity. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of
this article.)

Vacancy according to Configure a
Vacancy according to Configure b
Vacancy according to Configure ¢
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in overpotential is very small. For the case of Mo doping, it does not
change the OER overpotential. There is an increase of 0.06 eV in the
overpotential for the Cr doping at the second layer. Hence, we can
summarize that the doping in the second layer has very small effect on
the OER activities.

3.3. Oxygen vacancies

Zhang et al. [30] carried out DFT calculations of hematite surfaces
with different concentrations of oxygen vacancies in the first sublayer.
Whereas the OER overpotential for hematite surfaces without vacancy
is around 0.8V, the overpotential decreased to as low as 0.47 V for an
oxygen vacancy concentration of 1.26/nm? for the hematite (110)
surface. To study the effect of oxygen vacancy concentration and po-
sition in WO3, we have built three configurations (Fig. 6). We first re-
move an oxygen directly below the reaction site (Fig. 6(a)), resulting in
an O vacancy concentration of 1.67/nm?. Further we reduce this con-
centration to 0.41/nm? by increasing the surface area four times as
shown in Fig. 6(b). In another configuration, we keep the vacancy
concentration 1.67/nm? but remove the oxygen atom in the second sub-
layer below and from a vacancy which is not directly below the reaction
site as shown in Fig. 6(c).

Fig. 7 shows the effect of oxygen vacancies on the free energy steps
of the OER. For configurations shown in Fig. 6(a and b), overpotentials
of 256V and 1.81V (with the OOH formation as the potential de-
termining step) were found; these are higher than the vacancy free
surface (0.79 V). The first step (OH formation) is negative which means
that the energy gain due to change in the surface is more than the
energy required by the first OER step. The energy of the vacancy slab is
less stable (0.01 eV/atom) than the slab without a vacancy. The changes
in the W-W atomic distance are shown in Fig. S6. When the OH is ab-
sorbed, the W-W distance (the O vacancy is between the two measured
W atoms) increased by 0.029 nm, as indicated in Fig. S6 of the sup-
porting information. Thus, it may be concluded that for the (200) sur-
face of WO3, OH adsorption results in a change in the local structure.
This leads to an unfavorable OER. It was found that the bindings of OH
and OOH are related to each other by a constant of approximately
3.2eV [9] In Fig. S3, the adsorption energy of OOH is plotted against
the adsorption energy of OH. The geometries a and b (geometries
shown in Fig. 6(a and b)) do not follow the scaling relationship, how-
ever, the OER overpotential is very high.

For the configuration shown in Fig. 6(c), i.e. a geometry with
oxygen vacancy in the second sub-layer and with the reaction occurring
on a tungsten atom which is not directly above the vacancy, the over-
potential decreased by 0.16 V with respect to the vacancy free (200)
surface. Zhang, et al. [30] found an optimum vacancy concentration to
enhance the OER activity for hematite (110) surface while the reaction
occurs on the Fe atom above the vacancy. However, our simulations
demonstrate that this is not applicable to WO5. The adsorbates induced
changes in the local geometry leads to a higher overpotential. The
presence of oxygen vacancies in WO3 increases the overpotential for the
two concentrations studied. The only case we found to improve the
overpotential is that the OER occurs at a different site rather than the W
site above the vacancy (with the vacancy in the second sub-layer). For
this case, the reaction site is more stable than the first sublayer vacancy.

3.4. Volcano plot

The analysis of the OER in form of volcano plots has been previously
successfully applied for different oxide systems [9]. Fig. 8 shows the
volcano plot for the OER on WOj; surfaces investigated in this study.
The negative value of calculated overpotential is shown. Hence, the top
of the volcano shows the best OER activity (the lowest overpotential).
The overview of the volcano plot shows that the overpotential depends
strongly on oxygen vacancies and doping, while the surface orientation
has very small effect. There are two data points on top of the volcano
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plot: the Mo doping (first layer and reaction on dopants, data points 8)
and the oxygen vacancy according to configuration ¢ (O vacancy con-
centration 1.67/nm?; located two layers below the reaction site) (data
point 13). However, the presence of oxygen vacancy (O vacancy con-
centration 1.67/nm?; located one layer below the reaction site) results
in the highest overpotential (data point 11) due to the stability issue.

4. Conclusions

In this study, we investigated the OER activity of WO surfaces.
From DFT calculations of the OER activity of (200), (020) and (002)
surfaces, we conclude that the WO5 surface orientation has negligible
effect on the OER overpotential. The OER is most favorable at surfaces
with half coverage of O. Mo doping is effective in reducing the over-
potential for (200) surface. The doping is found to be more effective
when the reaction occurs on the dopant site than when the reaction
occurs on the W atom. The second layer doping is found to have neg-
ligible effect on OER overpotential. The calculations demonstrate that
the presence of oxygen vacancies in the first sub-layer does not de-
creases the overpotential, whereas the oxygen vacancies in the second
sub-layer do. The volcano plot analysis shows that the Mo doping (first
layer and reaction on dopants) and the presence of oxygen vacancy (O
vacancy concentration 1.67,/nm?; located two layers below the reaction
site) are most efficient towards OER. The DFT calculations demon-
strated that modeling of the electrochemical activity is a viable method
to design electrochemical surfaces for efficient OER.
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