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IrO, catalysts on WO, photoanodes is a promising strategy.®
ABSTRACT: The design of optimal interfaces between However, an important issue concerns the efficiency of the
photoelectrodes and catalysts is a key challenge in building charge transfer from the absorber to the catalyst and then to
photoelectrochemical cells to split water. Iridium dioxide water, so as to enable the oxidation process.
(Ifo.z) is an .ei.:ﬁc1ent catalyst for oxygen evolutllon, stable in Recent experiments® showed that, in PECs, the photo-
?Cldl(f: Cc(’inlelﬁnsil and hgnce a go%d can.dlc.laie to be currents at WO;/IrO, interfaces are much superior when IrO,
interfaced with photoanodes. U§1ng rst-principles quan- is deposited on WO; through a sputtering method, which
tum mechanical calculations, we investigated the structural . .
; . T produces porous or nanostructured IrO,, than when using spin-
and electronic properties of tungsten trioxide (WOj,) . . . .
. g : . coating techniques, which lead to homogeneous IrO, crystalline
surfaces interfaced with an IrO, thin film. We built a . . .
. . : e layers. The reason for these different results obtained with the
microscopic model of the interface that exhibits a - ; o
. two preparation methods is yet unknown. Similarly, the low
formation energy lower than the surface energy of the ) S
photocurrents obtained unexpectedly for several photoanodes

most stable IrO, surface, in spite of a large lattice - terfaced with : Iined
mismatch, and has no impurity states pinning the Fermi (e.g, Fe,0;) interfaced with IrO, remain unexplained.

level. We found that, upon full coverage of WO, by IrO,, In this Communication, we use first-principles calculations to
dhe Gre oddks fom mdesiEbe Ol comads. provide insight into the properties of the WO,;/IrO, interface,
However, our calculations predicted that if both oxides and we interpret recent experiments;” we also define general
are partially exposed to water solvent, the relative position criteria for optimal charge transfer between light absorbers and
of the absorber conduction band and the catalyst Fermi catalysts for the OER reaction that are general, and not
level favors charge transfer to the catalyst and hence water restricted to pH conditions under which the reaction occurs.

splitting. We propose that, for oxide photoelectrodes Our investigation had three main objectives: (1) Derive a
interfaced with IrO,, it is advantageous to form rough microscopic, energetically favorable model of the WO,/IrO,
interfaces with the catalyst, e.g, by depositing nano- interface, in spite of the large lattice mismatch. (2) Determine
particles, instead of sharp interfaces with thin films. whether interfacial states are present, at a coherent interface,

which might pin the Fermi level. (3) Interpret current
experiments and provide guidance and design rules for future
A rtificial photosynthesis, which uses photoelectrochemical experiments interfacing IrO, with oxide photoelectrodes.

cells (PECs) to split water into H, and O, or to reduce In the following, we describe how we tackled each of these

CO, to carbon fuels, is a promising strategy to produce clean problems, starting with the construction of a microscopic
and renewable energy."” The requirements for building model of the interface. The lattice mismatch between WO; and
efficient PEC are numerous and include (i) light absorbers IrO, is over 12%. We used first-principles calculations to search
with an optimal band gap for visible light absorption, (ii) for a mismatched interface structure whose formation energy is
efficient catalysts to assist the chemical reactions of water lower than the surface energy of the constituent solids. The
oxidation/reduction or CO, reduction, and (iii) interfaces most stable stoichiometric surface of WOj is the (001)-c(2x2)
between the absorber, catalyst, and water allowing for optimal reconstructed one, with a surface energy of 0.27 J/m” at the
charge transfer to the catalyst. PBE level of theory (0.60 J/m* at PBE+D2); the most stable

The oxygen evolution reaction (OER) is more complex than surface of IrO, is the (110) (rutile structure), with a surface
the hydrogen evolution reaction, involving four electrons energy of 1.44 J/m” within PBE (2.12 J/m* at PBE+D2). (A
instead of two. Iridium dioxide (IrO,) is an efficient catalyst detailed comparison of surface energies of WO; and IrO, is
for OER and the only one known to be stable in acidic presented in the Supporting Information (SI).)
conditions.* Earth-abundant semiconductors stable in such
conditions are also rare: tungsten trioxide (WO;) is one of the Received: January 23, 2015
few, with an acceptable optical gap of 2.6 eV.' Hence, using Published: April 13, 2015
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We found that the geometry of room- temperature
monoclinic WO, optimized using PBE+D2° is in much better
agreement with experiments than the one obtained within
PBE,” while the two methods yield only a 1% difference for the
IrO, structure. (A detailed comparison of lattice constants of
WOj; and IrO, computed by different functionals is presented
in the SI) Hence, we relied on PBE+D2 geometries to
compute interfacial and surface energy differences. Due to the
high surface energy of IrO, compared to that of WO, we
searched for an interface that stabilizes the IrO, surface. In
particular, we stretched IrO, and compressed WO, laterally
according to their corresponding bulk moduli (224 GPa for
WO, and 266 GPa for IrO,) so as to obtain the same pressure
on both sides of our interface. We then fully optimized the
internal geometry and cell parameters along the direction (z)
perpendicular to the interface. BXV doing S0, we obtained an
interface energy (¥ = Ejjerice — Ebulk Ebu]k of 127 J/m?* at
the PBE+D2 level of theory, much smaller than that of the
most stable IrO, (110) surface; this indicates that the interface
is energetically more stable than IrO, (110) in a vacuum. The
stability of this interface is mainly attributed to two reasons: all
interfacial Ir and W atoms are 6-fold coordinated, as in the bulk
(ie, Ir has a higher coordination than at the IrO, (110)
surface), and no broken bonds are present at the interface.

The optimized atomic structure of the interface is shown in
Figure 1; we verified that the electronic structure of the two

&

Figure 1. Crystalline (001)WO,/(110)IrO, interface model (see text):
the Ir, W, and O atoms are represented by ice blue, silver, and red
spheres, respectively. Note that the O atoms at the IrO, (110) surface
are bridge oxygens, each bonded to two Ir atoms. We also show the
sum of square moduli of the wave functions (yellow isosurface) of
single-particle states with energy inside the band gap of the WO; bulk
region (as determined from local density of state calculations). The
isosurface is 0.00308 e/bohr and includes 96% of the charge density.

bulk portions is well converged with respect to the number of
atomic layers used in our model. This can be seen in Figure S3,
where the planar average of the electrostatic potentials
computed independently for bulk WO, and bulk IrO, coincides
with that of the respective bulk regions of the interface model.
We further investigated whether the electronic structures of
bulk WO; and IrO, are modified when considering the lattice
constant used to construct the interface (Figure 1), instead of
the respective equilibrium lattice constants. Both the
conduction band minimum (CBM) of WO, and the Fermi
level (Eg) of IrO, were shifted to lower energy (—0.33 eV for
WO, and —0.24 eV for IrO, at PBE+D2) compared with the
values at equilibrium, which modified their relative alignment by
less than 0.1 eV. In addition, we studied other interface
geometries, e.g, (110)WO,;/(111)IrO, (see SI), which has the
smallest lattice mismatch between the two materials (~29%); in
this case we found an interface energy 0.65 J/ m? higher than
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that of (001)WO,/(110)IrO,. However, the energy difference
between the semiconductor CBM and the E; of the (110)WO,/
(111)IrO, interface differed by only 0.13 eV from those of
(001)WO,/(110)IrO,, which is the interface we discuss in
detail below.

Using the optimized interface model shown in Figure 1, we
investigated whether interfacial states are present that may pin
the interface Fermi level. Figure 1 also shows an isosurface of
the density of the single-particle states with energy inside the
band gap of crystalline WO;. This isosurface is mostly localized
within the IrO, region, with no significant components over the
interface layers. This indicates that no extrinsic interfacial states
(from defect states) are present to pin the Fermi level of the
interface.

However, even in the absence of extrinsic states, the Fermi
level could be pinned by so-called metal-induced gap states
(MIGS): these are metal bulk states coupled to semiconductor
evanescent states, with energies inside the band gap of the
semiconductor. MIGS may pin the E; of the interface at the
semiconductor intrinsic charge neutrality level (CNL), as in the
case of III—V semiconductor/metal interfaces.® The CNL is the
first branch point of the complex band structure of the
semiconductor.” To investigate whether the intrinsic MIGS are
pinning the E; of the interface, we computed the so-called
Fermi level pining factor:''" § = 2/(1 + 0.1(e., — 1)*), where
€y is the high-frequency dielectric constant of the semi-
conductor. We obtained S = 0.63S for WO;, much larger than
the S = 0 value expected in the case of pinning (which is found,
e.g, for some III-V semiconductor/metal interfaces®). This
large S value stems from the ionic nature of WOj;, which has a
significantly lower &, (5.63) than those of III-V semi-
conductors (10—16).

We computed the CNL of bulk WO; by the method
proposed by Tersoff® and obtained Ecy; = 0.80 eV below the
CBM of WO;. We used a scissor operator to rigidly shift the
conduction states and opened a band gap equal to that
computed using many-body perturbation theory (precisely,
using the GW approximation and geometries computed within
DFT, at the PBE+D2 level of theory). The computed value of
the CNL is closer to the CBM than the VBM, indicating that it
is easier to dope WOj; n-type than p-type.

In summary, our calculations showed that there are no
defects or MIGS pinning the Fermi level of crystalline
(001)WO,/(110)IrO,. Hence, for this system, the Schottky
barrier height (SBH, ¢gg) at the interface depends on both the
semiconductor band edge position and the Fermi level of the
metal. The SBH is the key quantity determining the efficiency
in separating majority electrons and minority holes at metal/
semiconductor interfaces. If SBH is negative or close to zero,
the majority electrons can easily flow through the interface and
hence likely recombine with the minority holes, thus hampering
photocurrents. By definition, interfaces with negative or close
to zero SBH form Ohmic contacts.”

To calculate the SBH of the WO;/IrO, interface, we first
computed the relative position of the semiconductor band
edges and the metal Fermi level. We used both PBE+D2 and
many-body perturbation theory at the GyW, level, with PBE
+D2 wave functions (we call this level of theory GoW,@PBE
+D2). We note that many-body perturbation theory led to
good agreement with experimental photoemission data for
WO, surfaces' and with the measured work function of the
IrO, (110) surface (4.19 eV versus 4.23 eV in experiments;'*
see SI for details). We then obtained the SBH as g = (Ecpy +
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AESR)) — (B + AESY) + AV, where AV is the difference of
electrostatic potentials between bulk IrO, and WOj; and the
corresponding bulk regions in the interface model; AE)¢sy; is
the GyW, correction to the eigenvalues of the individual bulk
single-particle energies. We obtained @ = —0.32 eV within
DFT (PBE+D2) and —0.84 to —1.06 eV in many-body
perturbation theory (GoW,@PBE+D2). The negative values of
SBH indicate that the Fermi level of the interface is higher than
the conduction band of WOj, i.e., that the two oxides form an
undesired Ohmic contact. This result is consistent with the
experimental observation of Ohmic contacts when WO; is
homogeneously coated with IrO, (e.g, by spin-coated
deposition), as exemplified by the value of J, (current
density under back-illumination'®) reported in ref 3. Hence,
our calculations predicted that a perfect crystalline WO;/IrO,
interface does not favor charge transfer from the absorber to
the catalyst.

If WO; is not homogeneously coated with IrO, so that a
porous or nanostructured metal is present on the semi-
conductor, H,O may penetrate the IrO, layer and be in direct
contact with WO; (non-homogeneous coating is observed in
experiments when using sputtering deposition methods’). In
this case, to estimate the SBH, it is necessary to take into
account the effect of water on the electronic structure of both
the absorber and the catalyst. To do so, we used a solvation
model'® with one explicit water layer, and we predicted the
solvation shift of the band edge positions of WO; and IrO,
surfaces. We compared the stability between different water
configurations on WOj; and IrO, and computed the solvation
shift for the most energetically stable surfaces.'” For WO;, we
considered the presence of O vacancies at the surface'® and
obtained a solvation shift of 1.9—2.1 eV;'? this shift accounts
for the difference (1.9 + 0.3 eV) between the position of the
VBM of WO, inferred form electrochemical measurements">°
(which include the effect of solvent) and that measured by
photoemission in ultrahigh vacuum®"** (where no solvent is
present). In contrast, we found that the solvation shift of the
work function of the IrO, surface is only 0.5—0.7 eV. Hence,
the effect of solvent dramatically modifies the relative position
of the CBM of WO; and the work function of IrO,. This could
possibly turn the intrinsic Ohmic contact between WO,;/IrO,
into a Schottky barrier, as illustrated in Figure 2, which shows
the main prediction of our study.”?

Our results indicate that, in the absence of solvation effects,
in order to obtain a favorable level alignment between the
absorber and IrO,, an absorber is required, with a CBM about 1
eV higher than that of WO;. For example, Cu,O has an optical
gap of 1.95 eV** and an electron affinity of 3.2 eV, far above the
WO; electron affinity of ~6 eV*"** and also above the IrO,
work function of 4.2 eV."* Hence, Cu,O would appear to be a
good candidate for a photoanode material to be interfaced with
IrO,. Instead, for many other oxides, including TiO,, the
position of the CBM is not favorable to form Schottky barriers
with IrO,. For example, in rutile TiO,, the CBM is at —5.1 to
—5.5 ev,® leading to Ohmic contacts. However, our
calculations and experimental results indicate that solvation
effects shift the band edge positions of rutile TiO, by ~1.0
eV.'”?® Hence, we predict that using porous or nanostructured
IrO, can possibly improve the charge transfer also for TiO,,
similar to the case of WO; shown in Figure 2.

Summarizing, we showed that, in the case of the WO;/IrO,
interface, homogeneous coatings of the photoanode results in
an undesirable Ohmic contact. However, we predicted that
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Figure 2. Relative position of the conduction band minimum of WO,
(Ecpm) and the Fermi level (E;) of the interface, in the absence of
water (left panel), and in the presence of water in contact with the
absorber and the catalyst at the same time (right panel). We show
results obtained at the GoW,@PBE+D2 level of theory (see text; the
corresponding ones at the PBE+D2 level are —0.32 eV in the absence
of water and 0.88—1.28 eV in the presence of water). We estimated the
numerical inaccuracies of the many-body perturbation theory results to
be ~ —0.2 eV for the Fermi level of IrO, and 0.05 eV for the CBM of
WO; (see SI); we indicated those errors by thick lines. The solvation
shift of IrO, (WO3) has a range of 0.5—0.7 (1.9—2.1) eV, depending
on the water configuration at the surface; therefore, we used thick lines
to represent results in the presence of water. We also show a cartoon
representation of the band-bending in the semiconductor in the case of
Ohmic contacts (left panel) and Schottky barriers (right panel).

partial water exposure of both oxides may favor the transfer of
holes from the anode to the catalyst, a necessary step for the
OER to occur. We suggest that formation of a rough interface
would expose both oxides to water and lead to a favorable
alignment of the semiconductor conduction band and the metal
work function. In particular, our first-principles calculations
showed that, upon water exposure, the energy difference
between the light absorber CBM and the Fermi energy of the
interface may change sign, thus converting Ohmic contacts to
Schottky barriers. It is this energy difference, in the presence of
the solvent, that can be optimized for best performance of PEC,
e.g., with rough absorber/catalyst interfaces.
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Computational details of DFT and GyW, calculations; surface
energy and band alignment. This material is available free of
charge via the Internet at http://pubs.acs.org.
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