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Abstract: The structures of transition metal surfaces and metal oxides are commonly believed to have significant
effect on the catalytic reactions. Density functional theory calculations are therefore used in this study to investigate
the oxygen evolution reaction (OER) over nanostructured, i.e. nano-cluster and nano-cavity, surfaces of hematite
(Fe203). The calculated results demonstrate an optimum nano-cluster size with respect to the OER overpotential.
The presence of nano-clusters on the electrode is regarded as an attractive strategy for increasing the activity in
photoelectrochemical water splitting. However, in this work, we found that the presence of nano-cavity is a more
effective strategy into lowering the overpotential than nano-clusters. This finding of nano-cavity favoured OER for

hematite surfaces is verified by similar simulations of WOs surfaces.
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Introduction

Rational design of active oxygen evolution reaction (OER) catalysts is necessary for
achieving sustainable energy conversion in systems, such as photoelectrochemical
(PEC) fuel production.!® Hematite (a-Fe203) has emerged as a promising
photoelectrode material for PEC water splitting and received much attention due to its
suitable band gap of about 2.1 eV, an excellent chemical stability in a broad pH range,
its natural abundance, nontoxicity and low cost.>* However, one main drawback of
hematite as a photoelectrode material in PEC water splitting is its high overpotential
for OER,* the reaction making the largest resistance to the electrolysis of water.” Many
strategies have been proposed in the literature to increase the solar-to-hydrogen
efficiency, such as controling of the thin film thickness,®1° doping,* 2

nanostructures,® 14 15 16 gnd altering the surface orientation.’- 1 To further improve
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the solar-to-hydrogen efficient, new strategies need to be found to make more efficient
PEC interfaces.

Next to experimental studies, computational design at atomistic level can be
achieved by the modern quantum chemical methods.'°-?2 Computational strategies in
designing of hematite photoelectrode have been reported by several groups. The
effects of doping by Ti, Mn, Co, Ni, and Pt, on the overpotential have been investigated
by Liao et al.?® and Neufeld et al.?* Co and Ni were predicted as effective dopants for
electrocatalysis of water.?®> Nguyen et al.?>, Hellman et al.?® and Toroker et al.,?’
investigated water oxidation on hematite (0001) surface with vacancies. Nguyen et
al.?> and Hellman et al.?® found that oxygen vacancies have significant effect on the
overpotential. Nguyen et al.?®® found that Fe vacancies do not reduce the OER
overpotential, whereas Toroker proposed that modulating iron vacancy concentration
can serve as a means to control photoelectrochemical efficiency.?” More recently,
Zhang et al.?® reported an overpotential of as low as 0.47 V for the hematite (110)
surface with an oxygen vacancy concentration of 1.26 vacancies/nm?. Neufeld and
Toroker studied the role of an a-Alz03 and Ga2Os overlayer on Fe203 for water
splitting.?® 30 An improvement of the electrochemical performance of the a-Al.O3
covered Fe20s3 was found. The authors explained this improvement by the decrease in
the work function of a-Fe203 upon a-Al203 coverage that aids in extracting electrons
during the water oxidation reaction.?®

Significant theoretical contributions have been made to simulate the OER at the
hematite (0001) surface.'® 2329 3140 However, experimentally synthesised
photoelectrodes are not in such pure surface condition.!’ Rather, they have many
different orientations, nano-clusters/nano-cavities, grain boundaries, and defects.6 41
The nanostructures in general significantly affect their catalytic activity.*> 43
Nanostructured surfaces were found experimentally to enhance the PEC activity
significantly. 15 16. 44 On the theoretical side, Calle-Vallejo et al. found that concave
geometries enhance the ORR activity over Pt (111) surface.*® Similar theoretical
investigations on the OER have not been reported so far. We focus, therefore, in this
work on the theoretical understanding of the role of nano-cluster and -cavity on the

OER using density functional theory calculations.

Computational methods



Density functional theory (DFT) calculations have been performed using the ab-initio
total-energy and molecular dynamics program VASP (Vienna Ab initio Simulation
Package) developed by the Fakultat fir Physik of the Universitat Wien.#6-°0 Since
Fe203 contains highly correlated 3d electrons, we chose the spin polarized DFT+U
formalism?3 due to improper treatment of the d-electrons with standard DFT. The U
value of 4.3 eV for Fe was derived in the literature?® and has been applied to many
hematite systems already.?! 4 The Perdew-Burke—Ernzerhof (PBE) XC functional®!
and the projected augmented wave (PAW)*" 52 potentials were used. A solid-gas
model was used in this study similarly as in other OER studies of hematite.?3%> More

computational details are provided in the supporting information.

Several mechanisms are suggested for the OER on metal oxide surfaces in the
literature.?® Here we use the OER mechanism proposed by Rossmeisl| et al.® This
mechanism consists of four proton-coupled electron transfer (PCET) steps as shown
in eq. (1-4). It has become very popular and has been shown to predict trends for the
OER_ZO, 24, 53-56

At standard condition (U =0, pH =0, p =1 bar, T =298 K), AG is AGo (the DFT
calculated free energy). At a different condition, AG = AGo + AGu + AGpH. The effect of
a bias on all states involving an electron in the electrode is included by shifting the
energy of this state by AGu = -eU, where U is the electrode potential relative to the
standard hydrogen electrode.'® AGpn= —kT - In[H*] = kT - 10 - pH.

The four PCET steps are,
H20 +S > S-OH + H* + e (1)
S-OH > S-O +H* + e 2)
H20 + S-O > S-OOH + H* + e~ (3)
S-OOH> S+02+H"+e" (4)

where S is the active site at the electrode surface. The entire process has an energy
change of 4.92 eV (i.e. 1.23 eV for each PCET step). More details regarding the

calculation of the energies can be found in the supporting information.

According to the method described in ref.19 the oxygen evolution reaction (OER)

overpotential is determined by



n = max[AGn]/e - 1.23 [V] (5)

where AG signifies the free energy with the active site as the reference. n is the
number of reactions considered in the system and AGn is the free energy step for a

single reaction.

Results and discussion

Figure 1 shows the molecular geometries of five nano-cluster systems
investigated in this work with the example species, OH, adsorbed at the active site.
Each system consisted of three layers of Fe2Os in (110) orientation with the same initial
geometry. The top layers consisted of 1 Fe atom, 5 Fe atoms, 8 Fe atoms, 11 Fe atoms,
and 15 Fe atoms, respectively. The geometries after optimization are shown in Figure
1 (a-e). The cluster shown in Figure 1 (e) was optimized firstly. Based on this geometry,
the Fe and O atoms (in the ratio of 2/3) of the top layer were removed and the geometry
was relaxed again to build the smaller clusters. The free energies of the four

intermediate steps were calculated.

Figure 1. The five example geometries of Fe203 nano-clusters with OH adsorbed. The nano-clusters consist of 3
layers Fe20s (coloured in light yellow) and a top layer of different size. The size of the top layer is characterized by
the number of Fe atoms. a) 1 Fe atom, b) 6 Fe atoms, c) 9 Fe atoms, (d) 12 Fe atoms, and (e) 15 Fe atoms. Colour
coding: red (O), blue (Fe) and white (H).

Figure 2 shows the free energy profiles of the four proton coupled electron
transfer (PCET) steps using the approach developed by Rossmeisl and Norskov et
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al.*® From Figure 2, it is apparent that the size of the top layer has significant effect on
the energies of the intermediate species and, hence, significantly influences the
overpotential. The potential determining step of nano-cluster (b) is the OH formation,
while the O formation is limiting for the rest of the nano-clusters. With the increase of
the nano-cluster size from (a) to (c) the overpotential decreases from to 1.10 V to 0.77
V. The overpotential of nano-clusters (d) and (e) are both higher than that of (c). Thus,
the best performance is found for nano-cluster (c) with a top layer of 8 Fe atoms. It is
noteworthy that most of the nano-clusters studied are less active than the flat hematite
(110) surface with an overpotential of 0.79 V.28 The only exception is nano-cluster (c)
which is a little more active than the flat surface; the overpotential of nano-cluster (c)
is only 0.02 V lower than that of flat surface. Such a small difference is negligible
considering the accuracy of DFT. To conclude, creating nano-clusters is not an efficient
way to enhance the OER activity at hematite (110) surfaces. Although designing of
nano-clusters increases the surface area and thus the number of active sites, the nano-

clusters itself do not lower the OER overpotential efficiently.
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Figure 2. Calculated free energy profiles for OER intermediate species at five nano-clusters with different sizes as
shown in Figure 1.

To further explore the impact of local geometries on the OER overpotential, we
investigate the effect of nano-cavities. A nano-cavity is created by removing four Fe203
units from the hematite (110) surface (Figure 3). The colour of the top layer is changed
for guiding the eye. The depth is determined by removing one layer of O-Fe. The size

of the cavity was chosen based on pre-calculation tests: several smaller cavities were



chosen. The calculations show that when the cavity is too small the adsorbed
intermediate species form bonds with the step edges. The cavity cannot be too large.
Otherwise the totally system will be too large and thus computationally too expensive.
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Figure 3. Hematite (110) surface with nano-cavity and adsorbed OOH in the middle of the cavity: (a) full structure
with 120 Fe atoms (top-side view). The colour of the top layer is changed for guiding the eye, (b) top layer only (top
view). Colour coding: red (O), blue (Fe) and white (H)., green (Fe), yellow (O), and purple (O of the adsorbed OOH).

Figure 4 shows the comparison of free energy profile between nano-cavity and
flat surface (data for the flat surface is from literature?®). In general, the presence of the
nano-cavity destabilizes the intermediate species, i.e. the free energy levels for each
step are higher compared to the flat surface. The potential determining step is the
formation of O for both cases (the largest step is from OH to O, eq. 2). At the cavity
site, the OH is more destabilized than O. Thus, this destabilization makes the potential
determining step smaller compared to the flat surface as shown in Figure 4. Hence,
the overpotential is decreased by 0.16 V compared to the flat surface. This is a

significant step in decreasing overpotential.

In summary, the designing of nano-cavities is more efficient in lowering the OER
overpotential than nano-clusters. This trend is in good agreement with the findings for
oxygen reduction reaction (ORR) over Pt (111) surface.*® The authors found that the
presence of a nano-cavity decreased the ORR overpotential by 0.15 V. Therefore,
nano-cavities are recommended to enhance the ORR activity. The increase in activity
was attributed to the difference in coordination numbers.*® With our study, we can
confirm this trend for OER on hematite surfaces. However, the geometry of hematite
is too complicated to assign a Fe atom as the first (or second) neighbour of a selected
Fe atom due to very diverse Fe-Fe distances as shown in Figure S1 of the Supporting

Information. In order to verify this dependence for the OER activity we study this



dependence in one of the following subsection with the WO3 system which has a more

well-defined geometry.
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Figure 4. Calculated free energy profile for OER intermediate species at hematite (110) surface with the nano-
cavity as shown in Figure 3. The data of flat hematite (110) surface is included for comparison.28

Figure 5 summarizes all calculated overpotentials for the nanostructured
hematite systems. As the size of the nano-cluster increases, the OER overpotential
decreases from 1.10 to 0.77V and then increases and decrease again. Although there
is no clear trend in the size dependence of overpotential, it is apparent that nano-
clusters do not favour OER. The best candidate is hano-cluster (c) with an 8 Fe atom
top layer. The overpotential is only 0.02 V lower than that of the flat surface. In contrast,
the overpotential of a geometry with a nano-cavity is lower than all the nano-clusters

considered in this study.
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Figure 5. Calculated overpotential as a function of nanocluster/-cavity size. Nanoclusters are shown in black, the
nano-cavity is shown in red. Usually O formation is limiting; the circles indicate that OH formation limiting.

To verify the conclusion of the nano-cavity favoured OER activity, we performed
simulations of free energy steps of PCET for a WO3 (200) surface with a nano-cavity.
Experimentally synthesised WOs crystals are dominated by (200), (020), and (002)
orientations.>”- %8 The (200) surface has been predicted the most active orientation
theoretically.>® The calculated overpotential for the flat (200) surface is 1.04 V.5° Figure
6 shows an example geometry of the WO3 (200) surface with the OOH adsorbed on a
cavity site. The calculated overpotential is 0.75 V, which is lower that of the WO3 (200)
flat surface. This means that the OER activity is, similarly as for the hematite surface,

enhanced by the presence of a nano-cavity.
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Figure 6. The geometries of the WO3 (200) surface with a nano-cavity. Left, the slab with the adsorbed OOH
presented in balls; all other atoms are illustrated as lines. For a clear view of the cavity, the top layer (right above)
and the cross section layer (right below) are shown.

Calle-Vallejo et al.*® found that the sites with the same number of first-nearest
neighbors as Pt (111) terraces, but with an increased number of second-nearest
neighbors have superior catalytic activity for ORR. Here, we compare the first-nearest
neighbors (W atoms) and second-nearest neighbors for the WO3 (200) surfaces with
and without a nano-cavity having overpotentials of 1.04 V (ref. %°) and 0.75 V
(calculation in this study), respectively. Figure 7 shows the first and second nearest
neighbors of WO3 (200) surfaces with and without nano-cavity. The active site is in
each image highlighted with a green circle. Figure 7 (a) and (b) show the first-nearest

W neighbors of the active site without cavity and with cavity, respectively. Both

8



geometries have five first-nearest neighbors. For the second-nearest neighbors, the
situation is different: whereas the geometry without nano-cavity has eight second-
nearest neighbors (Figure 7(c)), the geometry with nano-cavity has twelve second-
nearest neighbors (Figure 7 (d)). Hence, the OER activity follows the same trend as
observed by Calle-Vallejo et al.*® for the ORR at Pt (111) terraces: The structure with
cavity and increased second-nearest neighbors, namely 12, favour the electrochemical
reactions and has a lower overpotential (0.75 V) compared to the structure without

cavity and less second-nearest neighbors, namely 8 (1.04 V) *°.
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Figure 7. Comparison of the first-nearest neighbors and second-nearest neighbors for the WOz (200) surfaces with
and without a nano-cavity. (a) first-nearest neighbors without cavity, (b) first-nearest neighbors with a cavity, (c)
second-nearest neighbors without cavity, (d) second-nearest neighbors with a cavity. The green circle indicates the
active site.

Improving OER efficiency through nanoscopic confinement has recently been
discovered by Doyle and Vojvodic et al.®° The authors proposed a scheme to study the
effects of confinement by defining a channel in a three-dimensional nanoscopic
catalyst structure. The channel was shown to lower overpotential for the OER,
increasing catalytic efficiency. The effect of cavity on OER is in line with this
nanoscopic confinement. The cavity can destabilize HO* relative to O*, and therefore
decrease the potential determining step as shown in Figure 4.

Summary

In summary, density functional theory calculations have been performed to search for
new strategies towards lowering the OER overpotential in photoelectrochemical water
splitting. Nanostructured hematite systems (nano-clusters and nano-cavities) have
been investigated. The calculations show that the nano-cluster size influence OER
overpotential, however, it does not reduce the overpotential significantly compared with

the flat hematite surface. Hematite surfaces with a nano-cavity are, however, more



active than both flat surface and surfaces with nano-clusters. We demonstrate for the
first time that the OER overpotential is reduced by 0.16 V at a cavity site with respect
to the flat hematite surface. This conclusion for hematite was verified with another
material by simulating the OER at a cavity site of WO3 (200) surface. We found that
also for the WOs surface, the nano-cavity decreased the overpotential. This increase
in the OER activity was related to an increased number of second-nearest neighbors.
The finding is also in line with the discovery of the effect of nanoscopic confinement on

lowering the OER overpotential.
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