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a b s t r a c t

Bulk tungsten trioxide (WO3) and rhenium trioxide (ReO3) share very similar structures but display dif-
ferent electronic properties. WO3 is a wide bandgap semiconductor while ReO3 is an electronic conductor.
With the advanced molecular beam epitaxy techniques, it is possible to make heterostructures comprised
of layers of WO3 and ReO3. These heterostructures might display reactivity different than pure WO3 and
ReO3. The interactions of two probe molecules (hydrogen and methanol) with the (0 0 1) surfaces of WO3,
ReO3, and two heterostructures ReO3/WO3 and WO3/ReO3 were investigated at the density functional
theory level. Atomic hydrogen prefers to adsorb at the mono-coordinated O (O1C) sites forming a surface
hydroxyl on four surfaces. Dissociative adsorption of a hydrogen molecule at the O1C site leads to forma-
henium trioxide
eterostructure
pitaxy
ethanol
ydrogen
ensity functional theory

tion of a water molecule adsorbed at the penta-coordinated metal (M5C) site. This is thermodynamically
the most stable state. A thermodynamically less stable dissociative state involves two surface hydroxyl
groups O1CH and O2CH. The interaction of molecular hydrogen and methanol with pure ReO3 is stronger
than with pure WO3 and the strength of the interaction substantially changes on the WO3/ReO3 and
ReO3/WO3 heterostructures. The reaction barriers for decomposition and recombination reactions are
sensitive to the nature of heterostructure. The calculated adsorption energy of methanol on WO3(0 0 1)

ent w
of −65.6 kJ/mol is consist

. Introduction

Metal oxides have been widely used as both catalysts and
upport materials in heterogeneous catalysis. Generally, insulat-
ng metal oxides show limited catalytic activity while conductive

etal oxides show high activity with respect to some of hetero-
eneous reactions such as selective oxidation of alcohols [1–6].
ith recent advances in molecular beam epitaxy technology, new

ypes of “heterostructure” or “heterojunction” materials became
vailable [7]. These heterostructures of metal oxides that are
uilt from layers of structurally similar but electronically differ-
nt transition metal oxides could be used as new catalysts with
unable activity and selectivity. For example, an epitaxial inter-
ace between �-Fe2O3 and �-Cr2O3 showed non-commutative
roperties and photocatalytic applications were suggested [8]. Fur-

her theoretical study unraveled that the �-Fe2O3/�-Cr2O3 and
-Cr2O3/�-Fe2O3 heterostructures have different interfaces. This
ifference is responsible for non-commutative band offsets and
agnetic properties of the interface [9]. Further chemical modi-
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E-mail addresses: s.ling@hw.ac.uk (S. Ling), donghai.mei@pnl.gov (D. Mei),
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ith the previous experimental estimation of −67 kJ/mol.
© 2011 Elsevier B.V. All rights reserved.

fications of the interface were suggested to control the magnitude
of band offsets [10]. Tungsten trioxide (WO3) has a band gap of
2.6 eV [11] while rhenium trioxide (ReO3) is conductive. Inter-
estingly, monoclinic WO3 and cubic ReO3 have commensurate
lattice parameters. Thus, heterostructures constructed from WO3
and ReO3 may show unique reactivity due to the combination of
oxides with different electronic structures.

Supported WO3 is catalytically active for the dehydration of
alcohols [4,5,12,13]. Tanner et al. studied the dehydration of a
series of alcohols on the monoclinic �-WO3(0 0 1) surface using
scanning tunneling microscopy and temperature-programmed
desorption [13]. They found the penta-coordinated metal sites on
the WO3(0 0 1) surface are responsible for the oxidative dehy-
dration. No dehydrogenation of alcohols was observed. As the
temperature increases, alcohols convert into alkoxides, and then
desorb as alkenes. Water molecule is formed by deprotona-
tion of surface hydroxyls [12]. Ma et al. studied the reactivities
of ethanol and 2-propanol on the fully oxidized and reduced
WO3(0 0 1) surfaces [5]. Their results suggested that both ethanol

and 2-proponal molecules are stable until 450 K. Upon further
temperature increase, the alkoxy intermediates (dehydrated from
alcohols) decompose into alkenes. Methanol only dissociates on
the reduced WO3(0 0 1) surface [4]. The reduced WO3(0 0 1) surface
shows a slightly higher activity, but does not substantially change

dx.doi.org/10.1016/j.cattod.2011.01.017
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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eaction paths. On the contrary, alcohol dehydrogenation occurs on
he supported ReO3 catalysts. A high activity was found for selective

ethanol oxidation to methylal on V2O5-, ZrO2-, Fe2O3- and TiO2-
upported ReO3 [6,14]. Adsorbed methanol first dehydrogenates
nto formaldehyde (CH2O), which could react with lattice oxygen of
eO3 forming dioxymethylene (–H2COO). Methylal is produced by
xidative coupling of dioxymethylene with neighboring methoxy
CH3O) or methanol [2]. The reactivity of methanol on heterostruc-
ures of WO3 and ReO3 will be explored in the current study.

A number of previous studies indicated that non-stoichiometric
ydrogen bronze HxWO3/HxReO3 (0.1 < x < 0.5) phases are formed

rom WO3 and ReO3 exposed to hydrogen [15,16]. Adsorption of
ydrogen molecules on WO3 could also lead to metallic tungsten
rioxide via formation of hydroxyl groups and desorption of water
17]. As such, after hydrogen adsorbs on WO3 or ReO3, it will either

igrate into the bulk structure forming hydrogen bronze or recom-
ine to form water on the surface. Herein we only focus on the

nteraction of hydrogen with (0 0 1) surfaces of WO3 or ReO3, and
heir heterostructures.

Since the W6+ 5d band is empty while the Re6+ has 5d1 elec-
ronic configuration, the bulk WO3 has a band gap of 2.6 eV [11]
hile ReO3 is an electronic conductor. The crystalline and elec-

ronic structures of ReO3 and WO3 have been investigated using
ensity functional theory (DFT) calculations [3,18,19]. In agreement
ith experimental measurements [20,21], Cora et al. found that
eO3 is cubic while WO3 has a distorted cubic structure with off-
enter displacements of metal ions [3]. The monoclinic structure of

O3 results from covalent interactions between the metal ion and
he nearest oxygen atoms while the presence of the antibonding
evels in the conduction band of ReO3 opposes structural deforma-
ions. Yakovkin and Gutowski studied the WO3(0 0 1) surfaces with
arious types of terminations [18]. They found that the redistribu-
ion of density of states near the Fermi level leads to a dramatic
ecrease of surface electron energy. Consequently, a noticeable
istortion and tilting of the surface W atoms were observed in
he relaxed surface structure. They also found that the non-polar
(2 × 2) O-terminated WO3(0 0 1) slab is more stable than the polar
lab with the (1 × 1) WO2-termination on one side and the (1 × 1)
-termination on the other side of the slab [18]. Ge and Gutowski
alculated adsorption of methanol on the (0 0 1) surfaces of WO3
nd ReO3. The surface of ReO3 proved to be much more reactive
nd favored dissociation of methanol and formation of a methoxy
roup. The difference in reactivity between the surfaces of WO3 and
eO3 was attributed to the partially occupied conduction band of
eO3, the orbitals of which interact with the orbitals of the hydroxyl
roup of methanol [19].

Here we study whether heterostructures made of non-
onductive WO3 and conductive ReO3 display different reactivity
han slabs of pure ReO3 and WO3. Two simple molecules, i.e., hydro-
en and methanol, are used as probes to test the reactivity. The
on-polar c(2 × 2) O-terminated (0 0 1) orientation was chosen for
ll four surfaces. The ReO3/WO3 heterostructure is constructed by
eplacing the top layer of WO3(0 0 1) with a ReO3 overlayer. Simi-
arly, the WO3/ReO3 heterostructure is constructed with one WO3
ayer on top of ReO3(0 0 1). The effects of heterostructures on bind-
ng energies and reaction barriers were studied at the DFT level of
heory.

. Computational details
The periodic DFT calculations were performed with the
ienna Ab initio Simulation Package (VASP) [22,23] using a
lane wave basis set with a cutoff energy of 400 eV. The
erdew–Burke–Ernzerhof (PBE) functional [24] with the projec-
or augmented wave (PAW) method [25,26] was used to solve
y 165 (2011) 41–48

the Kohn–Sham equations for crystalline slabs. A Gaussian type of
electronic smearing with a width of 0.1 eV was used to improve con-
vergence of electronic self-consistent field calculations. The ground
state geometry optimizations of bulk and surfaces were consid-
ered converged if the maximum force on relaxed atoms falls below
0.01 eV/Å. Spin-polarization was needed to describe adsorption of
atomic hydrogen. For bulk structure calculations, Monkhorst–Pack
k-point grids [27] of (9 × 9 × 9) and (5 × 5 × 3) were used for ReO3
and WO3, respectively. The optimized lattice constant of 3.764 Å
for the perfect cubic ReO3 structure is in good agreement with the
experimental value of 3.748 Å [21]. The optimized lattice param-
eters of bulk monoclinic WO3, a = 5.252 Å, b = 5.043 Å, c = 7.550 Å
and ˇ = 93.210◦, are also in good agreement with the experimental
values of a = 5.278 Å, b = 5.156 Å, c = 7.664 Å and ˇ = 91.762◦ [20].

The (0 0 1) surface slab with a c(2 × 2) super cell of ReO3 and WO3
were constructed from the optimized bulk structures, see Fig. 1. The
two heterostructure, WO3/ReO3 and ReO3/WO3, were modeled by
replacing the top layer with another oxide, see Fig. 1. Only minor
slab relaxation was found for two heterostructures in the course of
geometry optimization. A vacuum layer of 15.0 Å was inserted in
the z direction to avoid unphysical interactions between adjacent
slabs. The adsorbed molecule as well as the atoms in the two top
layers of the slab is allowed to relax while the atoms in the bot-
tom two layers are fixed. Different k-point grids were tested and
a (3 × 3 × 1) k-point sampling was found accurate enough for sur-
face calculations. For density of states (DOS) calculations, k-point
grids of (5 × 5 × 1) were used. The Bader’s charge analysis [28] was
performed using the method developed by Henkelman et al. [29].
All geometry optimizations were performed by using a conjugate-
gradient or quasi-Newton schemes as implemented in VASP. The
adsorption energy of H, H2, and CH3OH is calculated as follows:

Eads = Eadsorbate+surface − (Esurface + Eadsobate) (1)

where Eadsorbate+surface is the total energy of the adsorbate interact-
ing with the surface slab; Esurface is the total energy of the optimized
surface slab; Eadsorbate is the energy of a single hydrogen atom, a
hydrogen molecule or a methanol molecule in vacuum. A negative
Eads value indicates the adsorption is energetically favorable.

Transition states were located using the climbing image nudged
elastic band (CI-NEB) method [30]. The reaction energy is calculated
as the energy difference between the final state and the initial state.
The forward and reverse activation barriers of each reaction path
are defined as the energy difference between the transition state
and the initial and final state, respectively.

3. Results and discussion

3.1. Layered WO3/ReO3 structures

Here we discuss the stability and properties of layered
ReO3/WO3 structures. The surface energy is lower for WO3(0 0 1)
than for ReO3(0 0 1), 1.9 × 10−2 eV/Å2 vs 5.3 × 10−2 eV/Å2 [18]
because the monoclinic structure is more suitable for surface relax-
ation than the cubic structure. We explored the relative energy of
hypothetical bulk WReO6 structures, with eight metal atoms per
unit cell, as a function of distribution of metal atoms, see Fig. 2a–c.
The energies were referenced with respect to the sum of prop-
erly weighted energies of bulk WO3 and ReO3. It is remarkable
that the (0 0 1) heterostructure, structure c in Fig. 2, is more stable
than the structures a and b by 0.09 and 0.21 eV, respectively, and

barely unstable with respect to the bulk WO3 and ReO3. In other
words, the layered (0 0 1) heterostructures do not favor mixing of
W and Re in the (0 0 1) planes. This result supports our selection
of WO3/ReO3 and ReO3/WO3 (0 0 1) heterostructures for evalua-
tion of their reactivity with hydrogen and methanol. One should
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ig. 1. Side views of the optimized clean (0 0 1) surface structures of (a) ReO3; (b) W
ungsten atoms are in green.

eep in mind that epitaxial heterostructures are frequently stable
inetically rather than thermodynamically and might degrade at
levated temperatures.

The (0 0 1) slabs of ReO3, WO3, WO3/ReO3, and ReO3/WO3 pre-
ented in Fig. 1 have different electronic structures. In Fig. 3 we
resent the sums of projected densities of states for the two top lay-
rs of each slab. WO3(0 0 1) is clearly different than other slabs due
o the bandgap of ca. 1.0 eV. The three other slabs are conductive
nd the values of DOS at the Fermi level increase from WO3/ReO3
hrough ReO3/WO3 to ReO3. As we will see in Sections 3.2 and 3.3,
he overall reactivity of slabs increases in the same sequence.

.2. Hydrogen adsorption

In this work, we focus on hydrogen adsorption on the sur-

ace, not its diffusion into bulk. We first studied atomic hydrogen
dsorption on the four surfaces. Three possible surface sites, i.e., the
ingle bonded terminal O1C, the bridging double bonded O2C, and
he penta-coordinated metal site Re5C (or W5C) are available for
ydrogen adsorption. The optimized structures for the ReO3(0 0 1)

Fig. 2. Optimized geometries of three hy
c) WO3/ReO3; (d) ReO3/WO3. Oxygen atoms are in red; rhenium atoms are in blue;

surface are shown in Fig. 4. The structural parameters and adsorp-
tion energies are summarized in Table 1.

The calculated adsorption energies of a hydrogen atom range
from −7.9 kJ/mol at the W5C site of WO3(0 0 1) to −296.3 kJ/mol
at the O1C site of ReO3(0 0 1). The oxygen sites (O1C and O2C) are
energetically more favorable than the metal sites (Re5C and W5C)
to adsorb a hydrogen atom due to formation of surface hydroxyl
groups. Compared to the bridging O2C site, the unsaturated ter-
minal O1C is more reactive. Indeed, the adsorption energies at the
O1C sites are higher than at the O2C sites by about 60–100 kJ/mol,
with an exception of WO3(0 0 1), for which the adsorption energies
are comparable, 266.8 and 265.1 kJ/mol, respectively. For the most
stable hydrogen adsorption configuration (O1C site), the hydrogen
binding on the ReO3(0 0 1) surface is the strongest and accounts
to 296.3 kJ/mol. It drops to 266.8 kJ/mol for ReO3/WO3 illustrating

the effect of the heterostructure. The atomic hydrogen adsorption
at the M5C site (M = W or Re) exposes differences between tung-
sten and rhenium. The adsorption at the W5C site of WO3(0 0 1)
is very weak (−7.9 kJ/mol) with a W5C–H bond distance of 2.34 Å,
indicating a physisorbed bonding state. On the other hand, the

pothetical bulk WReO6 structures.
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Fig. 3. Sums of projected DOS for the two top layers of the four surface slabs. The zero of energy is set to the Fermi level of each system.

Fig. 4. Calculated Bader’s charge changes upon atomic hydrogen adsorption on the ReO3(0 0 1) surface: (a) H on O1C site; (b) H on O2C site; (c) H on Re5C site. The numbers in
black represent the charges before adsorption. The numbers in blue represent the charges after adsorption. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

Table 1
Energetics (kJ/mol) and structural parameters (Å) of atomic hydrogen adsorption on four model surfaces. The Os represents the bonded surface oxygen atom. The subscript
“s” indicates the site the hydrogen atom is bonded to, i.e., either Os or Ms.

Surface Adsorption site Ead M6C–O1C M6C–O2C M5C–O2C Os–H/Ms–H

ReO3 O1C −296.3 1.93 1.91 1.88 0.98
O2C −200.1 1.76 2.08 2.04 0.98
Re5C −141.5 1.72 1.91 1.87 1.71

WO3 O1C −266.8 1.88 1.88 1.92 0.97
O2C −265.1 1.71 2.06 2.04 1.00
W5C −7.9 1.71 1.90 1.93 2.34

WO3/ReO3 O1C −278.3 1.88 1.92 1.88 0.96
O2C −211.2 1.73 2.10 2.05 0.98
W5C −48.9 1.71 1.92 1.89 1.73

ReO3/WO3 O1C −266.8 1.93 1.92 1.87 0.98
O2C −207.3 1.73 2.05 2.04 1.00
Re5C −152.3 1.71 1.88 1.88 1.72
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Fig. 5. DOS plots upon atomic hydrogen adsorption on the ReO3(0 0 1) surface: (a)
S. Ling et al. / Catalys

dsorption energy at the Re5C site of ReO3(0 0 1) is −141.5 kJ/mol
nd the Re5C–H bond length is much shorter, 1.71 Å. Overall, atomic
ydrogen interacts with the conductive ReO3(0 0 1) surface more
trongly than with the insulating WO3(0 0 1) surface. Perusal of the
esults for WO3 and WO3/ReO3 further illustrates the effect of het-
rostructure. In comparison with WO3, WO3/ReO3 offers a strong
reference for adsorption at the O1C site, and the adsorption energy
t the W5C site is increased to −48.9 kJ/mol. These differences must
e attributed to the ReO3 substrate.

To get more insights on how the variation of electronic struc-
ure affects the hydrogen adsorption, we performed Bader’s charge
nalysis and projected density of states (PDOS) calculations. Fig. 4
hows the Bader’s charges for the bare ReO3(0 0 1) slab and for the
ame slab with a hydrogen atom adsorbed at the Re5C, O1C, and
2C sites. For hydroxyl groups resulting from hydrogen adsorp-

ion at the O1C, and O2C sites, the effective charge on hydrogen is
ositive and effective negative charges on oxygen become more
ronounced illustrating partial electron transfer from hydrogen
o oxygen. On the other hand, a hydrogen atom adsorbed at the
e5C site acquires an effective negative charge, an indication a par-
ial electron transfer from rhenium to hydrogen. In consequence,
hydridic hydrogen is formed, though its adsorption energy is not

ompetitive with the O1C and O2C sites. From PDOS plots shown in
ig. 5, it is clear that the antibonding 2p states of O1C and O2C, and
ntibonding 5d states of Re5C atom are responsible for the hydrogen
dsorption.

Different adsorption configurations were considered for molec-
lar and dissociative adsorptions of a hydrogen molecule: (i)
issociative adsorption at the O2C site; (ii) dissociative adsorption at
eighboring O2C sites; (iii) dissociative adsorption with one hydro-
en atom at the O2C site and another at the M5C site; (iv) molecular
ydrogen adsorption at the M5C site; (v) dissociative adsorption at
he O1C site; (vi) dissociative adsorption at the O1C and O2C sites.
ur results indicate that the adsorption energies are positive or

arger than −3 kJ/mol for the first four cases. For this reason only
he last two configurations are further considered and adsorption
nergies of a hydrogen molecule on the four surfaces are summa-
ized in Table 2. A hydrogen molecule dissociatively adsorbed at
he O1C site can be viewed as a water molecule adsorbed at the M5C
ite.

We will use a label “State 1” for a hydrogen molecule disso-
iatively adsorbed at the O1C site and “State 2” for a hydrogen
olecule dissociatively adsorbed at the O1C site and at an adja-

ent O2C site. The adsorption energies and energy barriers for
he State 1 ↔ State 2 transformations are illustrated in Fig. 6.
ne might expect that the stability of the both dissociatively
dsorbed states will be the largest for the metallic slab ReO3
ollowed by the ReO3/WO3 heterostructure. In the latter, the
opmost layer is the reactive ReO3. However, the stability of
tate 1 evolves as WO3/ReO3 > ReO3 > ReO3/WO3 > WO3 illustrat-
ng unexpected properties of the WO3/ReO3 heterostructure. The
tability of State 2 evolves as ReO3 > WO3/ReO3 > ReO3/WO3 > WO3
llustrating again unexpected properties of the WO3/ReO3 het-
rostructure. State 1 is energetically more favorable than State
for all slabs, with the relative stability exceeding 32 kJ/mol for
O3/ReO3 and ReO3 and being smaller than 18 kJ/mol for WO3 and

eO3/WO3.
State 1 and State 2 might interconvert between each other. Thus

e considered energetic barriers for the State 1 ↔ State 2 transfor-
ations. The forward reaction would correspond to breaking an

1C–H bond from State 1 and transferring the hydrogen atom to

nearby O2C atom. The results of NEB calculations for transition

tates (TS1-2) are summarized in Fig. 6 and geometries of transition
tates are summarized in Table 2. The energies in Fig. 6 are refer-
nced with respect to State 0, which represents a bare slab and an
solated hydrogen molecule. As discussed above, the State 1 → State
H on O1C site; (b) H on O2C site; (c) H on Re5C site. The zero of energy is set to the
Fermi level of each system.

2 reaction is endothermic for all slabs and the barrier for the for-
ward reaction is the smallest for the ReO /WO slab (49.1 kJ/mol)
3 3
and the largest for the WO3 slab (70.9 kJ/mol). For the reverse reac-
tion the smallest barrier is for the WO3/ReO3 slab (23.6 kJ/mol) and
the largest for the WO3 slab (53.5 kJ/mol).
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Table 2
Energetics (kJ/mol) and structural parameters (Å) of dissociative adsorption of hydrogen molecule on four model surfaces.

Surface Adsorption sites Ead M6C–O1C M6C–O2C M5C–O2C O1C–H O1C· · ·H(O2C)

ReO3 O1C + O1C −100.3 2.23 1.90 1.89 0.98
O1C + O2C −68.2 1.98 2.05 2.05 0.97 2.07
TS 2.09 2.03 1.98 0.97 1.33

WO3 O1C + O1C −46.7 2.32 1.90 1.91 0.98
O1C + O2C −29.3 1.89 2.06 2.03 0.97 3.16
TS 2.08 2.07 1.96 0.97 1.37

WO3/ReO3 O1C + O1C −113.6 2.33 1.93 1.92 0.98
O1C + O2C −67.1 1.94 2.10 2.04 0.97 2.90
TS 1.97

ReO3/WO3 O1C + O1C −58.8 2.21
O1C + O2C −50.3 1.94
TS 2.08
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comparable, with State 3 being more stable by only 9.4 kJ/mol. The
ig. 6. Adsorption energies and barrier heights for molecular hydrogen on four
odel surfaces. Values of reaction barriers are italicized.

Taking ReO3 as an example, we show the optimized structures
f State 1, TS1-2 and State 2 in Fig. 7. This figure and geometries
isted in Table 2 illustrate that the slab is only slightly distorted in
tate 1. As hydrogen transfers through TS1-2 to State 2 a signifi-
ant geometry relaxation of the slab is observed. In the initial state,
hich resembles a water molecule adsorbed at the R5C site, the
1C–H distance is only 0.97 Å. Next, the H(O1C) atom approaches the
2C atom and the O1C–H distance increases to 1.33 Å at TS1-2. This

tructural rearrangement is accompanied by a pronounced surface
elaxation. In the final state, one hydrogen atom is bound at the

2C site and its distance from the O1C site becomes 2.07 Å. The sur-

ace remains strongly distorted upon formation of the O1C–H and
2C–H hydroxyl groups. Similar surface relaxation was observed

or the State 1 → State 2 reaction on three other slabs.

Fig. 7. Sideview of optimized geometries of different surface states for a
2.09 2.04 0.97 2.19
1.94 1.91 0.98
2.10 2.05 0.98 3.16
2.03 1.99 0.97 1.36

One might expect that the conductive ReO3 surface will be the
most favorable for the State 1 → State 2 reaction. The calculated
barrier is, however, significant, 58.4 kJ/mol, and the reaction is
endothermic by 32.1 kJ/mol. A significant improvement is observed
for the ReO3/WO3 slab, for which the barrier is reduced to
49.1 kJ/mol and the endothermicity to 8.4 kJ/mol! Thus the het-
erostructure ReO3/WO3 displays better properties for dissociation
of molecular hydrogen than the ReO3 surface. Perusal of Fig. 6 also
illustrates activation of the WO3 surface by putting the ReO3 mono-
layer on the top and “passivation” of the ReO3 surface by putting
the WO3 monolayer on the top.

Next we analyze the State 2 → State 1 reaction, which is equiva-
lent to recombination of the O1C–H and O2C–H hydroxyl groups and
formation of a water molecules (H2O1C) adsorbed on the surface
metal site. The reaction is exothermic for all four slabs, in par-
ticular for WO3/ReO3 (−46.5 kJ/mol) and ReO3 (−32.1 kJ/mol). The
same two slabs offer the lowest barriers for the recombination step:
23.6 kJ/mol for WO3/ReO3 and 26.3 kJ/mol for ReO3, see Fig. 6. These
barriers are much lower than the corresponding barriers (53.5 and
40.6 kJ/mol) on the WO3 and ReO3/WO3 surfaces. Advantageous
properties of WO3/ReO3 in comparison with ReO3 illustrate that
epitaxial heterostructures might be useful in catalytic applications.
Similarly, the reactivity of WO3(0 0 1) can be improved by adding
an overlayer of ReO3.

In addition to State 1 and State 2, we also consider State 3 (see
Fig. 6), which results from a water molecule desorption from the
surface and formation of a partially reduced (0 0 1) surface. We find
that on the WO3 surface, the State 1 → State 3 reaction is endother-
mic by 26.7 kJ/mol, and the stabilities of State 2 and State 3 are
results presented above are consistent with experimental findings,
which indicated that adsorption of hydrogen on WO3 could lead to
metallic tungsten via formation of hydroxyl groups and desorption
of water [17]. Another interesting finding is that State 3 is less stable

dsorption of a hydrogen molecule on the pure ReO3(0 0 1) surface.
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t
w
s

3

d
F
b
6
T
t
T
a
m
a
[

v
o
d
s
[
u
t
e
R
m
c

t

T
E
a

Fig. 8. Methanol dissociatio

han State 0 for the ReO3/WO3 surface by 38.1 kJ/mol. It implies that
ater molecules would not only adsorb on the reduced ReO3/WO3

urface but they could also release molecular hydrogen.

.3. Methanol molecular adsorption and dissociation

Methanol can molecularly adsorb at the M5C site (State 1) and
issociatively adsorb at the O1C and M5C sites (State 2). As shown in
ig. 8 for ReO3(0 0 1), methanol molecularly adsorbs via the O–M5C
onding. The calculated adsorption energy spans a range from
5.6 kJ/mol for WO3 to 95.3 kJ/mol for ReO3, see Fig. 9 and Table 3.
he adsorption energies roughly correlate with the M5C–O(OH) dis-
ance, which is the shortest for ReO3 and the longest for WO3.
hese distances are significantly longer than the M5C–O2C distances
nd illustrate the physisorbed state of methanol. The calculated
ethanol adsorption energy on WO3 is −65.6 kJ/mol. This is in good

greement with previous experimental estimation of −67 kJ/mol
4].

We considered dissociation of molecularly adsorbed methanol
ia O–H bond breaking into a methoxy group and formation
f a surface hydroxyl HO1C. As discussed in Section 1, different
ecomposition paths were observed on the pure ReO3 and WO3
urfaces. Supported ReO3 was found to be catalytically very active
6,14] while WO3 is practically inactive for methanol dissociation
nder UHV conditions [4]. We first examined methanol dissocia-
ion on WO3(0 0 1). We found that methanol dissociation is highly
ndothermic with a reaction energy of +102.5 kJ/mol, see also

ef. [18]. This is consistent with experimental findings [4] that
ethanol does not dissociate on the WO3(0 0 1) surface. We further

alculated methanol dissociation on other three slabs.
The stability of State 2 decreases from ReO3 through ReO3/WO3

o WO3/ReO3 and the adsorption energies span a broad range from

able 3
nergetics (kJ/mol) and structural parameters (Å) of molecular and dissociative adsorpti
nd hydrogen atom in the hydroxyl group of methanol, respectively. M denotes Re or W.

Surface Adsorption mode Ead M6C–O1C M6C–O2C

ReO3 Molecular −95.3 1.76 1.93
Dissociative −85.3 1.94 1.88
TS 1.85 1.94

WO3 Molecular −65.6 1.73 1.92
Dissociative 36.9 1.89 1.83

WO3/ReO3 Molecular −82.2 1.74 1.95
Dissociative −36.3 1.88 2.06
TS 1.87 2.04

ReO3/WO3 Molecular −83.7 1.76 1.88
Dissociative −44.3 1.91 1.86
TS 1.86 1.87
Fig. 9. Adsorption energies and barrier heights for methanol on selected model
surfaces. Values of reaction barriers are italicized.

−85.3 to −36.3 kJ/mol. The State 1 → State 2 reaction is endother-
mic for all four slabs, see Table 3 and Fig. 9. We also note that the
endothermicity of methanol dissociation is surface dependent. For

example, methanol dissociation on the ReO3(0 0 1) surface (shown
in Fig. 8) is slightly endothermic (+10 kJ/mol). The endothermic-
ity increases to 39.3 kJ/mol for ReO3/WO3 and 45.9 kJ/mol for
WO3/ReO3. This trend is maintained for the forward barriers, with
the smallest for ReO3 (29.1 kJ/mol) and the largest for WO3/ReO3

ons of methanol on four model surfaces. The O(OH) and H(OH) denote the oxygen

M5C–O2C M5C–O(OH) O1C· · ·H(OH) O(M)· · ·H(OH)

1.87 2.24 2.04 0.99
1.88 1.94 0.98 2.41
1.87 2.08 1.18 1.29
1.88 2.38 2.17 0.98
1.96 1.95 0.98 3.09
1.87 2.29 2.07 0.98
1.79 1.98 1.02 1.69
1.79 2.00 1.03 1.65
1.88 2.32 2.01 0.99
1.89 2.00 1.00 1.93
1.90 2.08 1.10 1.41
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55.0 kJ/mol). The small endothermicity and a low forward bar-
ier for ReO3 is in agreement with previous experimental finding
6,14] that the supported ReO3 is a good catalyst for methanol
ecomposition reaction. We emphasize that the passive WO3 sur-
ace is activated when engaged in the WO3/ReO3 and ReO3/WO3
eterostructures.

. Summary

To understand surface reactivity of epitaxial heterostructures
ade of metal oxides displaying different electronic structure, a

omparative study on adsorption and reactivity of hydrogen and
ethanol on model (0 0 1) surfaces of ReO3, WO3, as well as their

eterostructures ReO3/WO3 and WO3/ReO3 has been performed at
he density functional theory level. The wide bandgap WO3 and the
onductive ReO3 have commensurate lattice constants and there-
ore can form heterostructures.

Atomic hydrogen adsorption at the terminal O1C site is ener-
etically most favorable on all four surfaces. The Bader’s charge
nd PDOS analyses clearly suggest that the antibonding O1C(2p) is
esponsible for hydrogen adsorption.

Dissociative adsorption of a hydrogen molecule at the O1C site
eads to formation of a water molecule adsorbed at the surface

5C site. This is thermodynamically the most stable state. A ther-
odynamically less stable dissociative state involves two surface

ydroxyl groups O1CH and O2CH. We also determined energy barri-
rs that separate these two states. The interaction of hydrogen with
ure ReO3 is stronger than with pure WO3 and the strength of the

nteraction substantially changes for the WO3/ReO3 and ReO3/WO3
eterostructures. In particular, the barrier and endothermicity for
he forward reaction are reduced by 9.3 and 23.7 kJ/mol upon
he replacement of ReO3 with ReO3/WO3. The recombination of
he O1C–H and O2C–H hydroxyl groups and formation of a water

olecules (H2O1C) adsorbed on the surface metal site was found
o be exothermic for all four slabs, in particular for WO3/ReO3
−46.5 kJ/mol) and ReO3 (−32.1 kJ/mol). The same two slabs offer
he lowest barriers for the recombination step: 23.6 kJ/mol for

O3/ReO3 and 26.3 kJ/mol for ReO3.
We considered dissociation of molecularly adsorbed methanol

ia O–H bond breaking into a methoxy group and formation of a
urface hydroxyl HO1C. In agreement with past experimental obser-
ations, our calculations show that methanol does not dissociate
n WO3(0 0 1), with the dissociation barrier exceeding 100 kJ/mol.

he calculated adsorption energy of methanol on WO3(0 0 1) of
65.6 kJ/mol is consistent with the previous experimental estima-

ion of −67 kJ/mol. However, the reactivity of methanol increases
n the ReO3/WO3 and WO3/ReO3 heterostructures, with the ReO3
urface remaining the most reactive. This work demonstrates that

[
[
[
[
[

y 165 (2011) 41–48

reactivity of metal oxides can be tuned by making epitaxial het-
erostructures.
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