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Abstract

Tungsten-doped vanadia-based catalysts supported on anatase TiO2 are used to re-

duce hazardous NO emissions through the selective catalytic reduction of ammonia, but

their exact atomistic structure is still largely unknown. In this computational study, the

atomistic structure of mixed tungsta-vanadia monolayers on TiO2 support under typical

operating conditions has been addressed by periodic density functional theory calcu-

lations. The chemical environment has been taken into account in a grand-canonical

approach. We evaluate the stable catalyst structures as a function of the oxygen chemi-

cal potential and vanadium and tungsten concentrations. Thus we determine structural

motifs of tungsta-vanadia/TiO2 catalysts that are stable under operating conditions.

Furthermore, we identify active sites that promise high catalytic activity for the selec-

tive catalytic reduction by ammonia. Our calculations reveal the critical role of the

stoichiometry of the tungsta-vanadia layers with respect to their catalytic activity in

the selective catalytic reduction.
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Introduction

Nitrogen oxide (NOx) emission from various stationary and mobile sources is significantly

contributing to air pollution and causing, among others, ozone depletion, smog, acid rain,

eutrophication, and eventually global warming.1,2 Typically NOx consists of a mixture of NO

(95%) and NO2 (5%), and thus efforts of catalytic removal of nitrogen oxide have been fo-

cusing on reducing NO emission at low costs and high industrial efficiency.3 In particular the

selective catalytic reduction (SCR) of NO to N2 by ammonia (SCR-NH3: 4NO+4NH3+O2

→ 4N2+6H2O) is widely adopted in industry, acting as an effective NOx reduction mecha-

nism.4–6 Commercial catalysts for the SCR-NH3 reaction consist of W-doped V2O5 supported

on anatase TiO2.6 Vanadia has been identified as the catalytically active component, while

tungsta acts as a promoter to increase the activity and thermal stability.7

In spite of its excellent efficiency, vanadium-based SCR catalyst still face several draw-

backs: (a) low N2 selectivity at high temperature due to N2O formation; (b) high conversion

rate of SO2 into SO3 in the flue gas which will deactivate the catalyst; (c) phase transforma-

tion of anatase TiO2 into inactive rutile above 500◦C; (d) narrow operating window between

300 to 400◦C.4,8 Therefore, a further improvement of SCR catalysts is urgently required in

order to boost their performance.

In practice, the optimization of the vanadium loading plays an essential role in obtaining

a high SCR activity. With increasing vanadium loading below the amount corresponding to

monolayer V2O5, isolated and distorted tetrahedral vanadium oxides separated by tungsten

oxide regions transform into catalytically more active oligomeric or polymeric metavanadate

species that lead to a higher performance of the catalyst.9–14 However, once crystalline V2O5
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thin films form at high loading, the SCR activity steeply decreases.9,10,15,16 Therefore, any

strategy to design an improved catalyst needs to focus on optimal vanadium loading to

provide active and stable vanadium oligomer configurations. Thus, identifying the active

site of the monolayer WxVyOz/TiO2 catalyst, understanding the role of the W doping, and

designing stable and active catalyst structures based on microscopic insights will be essential

for the systematic improvement of performance and thermal stability in the spirit of obtaining

fundamental and conceptual insights into catalytic phenomena.17

First-principles electronic structure calculations based on density functional theory (DFT)

allow the microscopic assessment of the properties of catalysts ,18–28 and together with grand-

canonical schemes23,28 also an assessment of their energetic stability under operating condi-

tions. Numerous experiments studying the catalytic activity of surface vanadium oxides29–31

stressed the specific role of dangling oxygen atoms on the active VOx surfaces. However, to

the best of our knowledge, most theoretical studies addressing the SCR have modeled the ac-

tive catalyst as a VO3H monomer supported on TiO2
32–37 or as clean unsupported V2O5.38–40

In addition, V2O7 clusters have also been employed as model catalysts to represent poly-

meric vanadyl species.34,41,42 Thus, it is an open question whether the model catalysts used

in these theoretical studies fully capture the properties of the complex catalysts used in the

industry and identify the correct active sites. Hence as the first step in any atomistic study

addressing the properties of catalysts, it is in principle mandatory to scrutinize whether the

considered structures entering the modeling are realistic and stable under operating condi-

tions ,23–25,27 in particular considering the fact that the structure of nano-sized catalyst can

be rather dynamic under operating conditions.43,44

Here we follow precisely this approach in the computational search for catalyst structures

active in the selective catalytic reduction. In this search, we will focus on stable structural

motifs promising high SCR activity as a function of the tungsten and vanadium loading.

Note that the nature of the catalytically active site on vanadia-based catalysts has been

controversially discussed for a long time, with both Lewis and Brønsted acid sites being
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proposed.6,29,32,36,41,45–47 However, recently infrared spectroscopic studies46,47 have indicated

that, in particular, Lewis acid sites are crucial for the SCR activity whereas Brønsted acid

sites contribute to a lesser extent. Furthermore, according to DFT calculations, strong

Brønsted acidity has been found to be disadvantageous for the SCR activity.32 However, no

clear picture of the active site has been evolved yet. At least there appears to be a consensus

that vanadyl (V=O) species play a crucial role in the SCR.41,46 Yet, the acidity of the active

sites can be influenced by dopants in the oxide layer.32 Hence it is not sufficient to consider

only local oxide motifs in the determination of the SCR activity. Rather, the support and a

realistic catalyst structure need to be included in the assessment of the catalytic activity.

Therefore we will first tailor WxVyOz/TiO2 catalysts by varying their vanadium, tung-

sten, and oxygen concentrations and distributions and then determine their thermodynamic

stability under operating conditions using a grand-canonical approach .23 We will then an-

alyze the resulting stable structures in terms of their potential catalytic activity by identi-

fying motifs in these structures that promise a high SCR activity. We will show that the

stoichiometry of the tungsta-vanadia layers is a critical factor influencing their reactivity. By

controlling the acidity through the catalyst composition, we will propose a general strategy

for designing stable and active SCR catalysts.

Computational details

Spin-polarized periodical first-principles calculations based on density functional theory

(DFT) were performed using the VASP software48–50 with the projected augmented wave

(PAW) method.51,52 Exchange-correlation effects were considered within the generalized gra-

dient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) functional.53 The

wave functions were expanded by a plane wave basis with a kinetic cut-off energy of 400 eV.

On-site Coulomb interactions were taking into account through the DFT+U approach54,55

to treat the highly localized Ti 3d states in TiO2, using a parameter of U − J = 3.5 eV.56
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Dispersion effects were treated based on the DFT-D3 method.57

For the bulk optimization of TiO2, V2O5, and WO3, a k-point mesh58 of 9 × 9 × 9 was

applied to integrate over the first Brillouin zone. All atoms were allowed to relax during the

bulk calculations. The calculations were considered to be converged when the forces on each

atom were smaller than 0.001 eV/Å. At room temperature, the most stable WO3 structure is

the γ-monoclinic phase. We obtained optimized lattice constants of a = 7.30 Å, b = 7.53 Å,

and c = 7.68 Å for this structure. Anatase TiO2 was selected as the support for the SCR

catalyst with an optimized lattice constant of 3.83 Å. The lattice parameters of α-V2O5, the

most stable phase of the vanadium oxide at room temperature, turned out to be a = 11.49 Å,

b = 4.44 Å, and c = 3.59 Å, respectively. The cohesive energy, the heat of formation, and

the M-O distances for the three considered bulk materials are collected in Tab. 1, where the

cohesive energy has been normalized to the number of metal atoms in the primitive unit

cell, and the heat for formation was calculated as the energy cost of oxidizing the reduced

phases Ti, VO2, and WO2 into TiO2, V2O5, and WO3, respectively, by gas-phase O2 under

the standard condition.

The support was modeled by low-index TiO2 surfaces with (001), (100), and (101) ter-

minations. In addition, a well-known admolecule (ADM) surface reconstruction59 was taken

into account for TiO2(001). The symmetric slabs consisting of eight atomic layers were used,

and all atoms in the slabs were fully relaxed. The surface structures were assumed to reach

convergence when forces on each atom were smaller than 0.03 eV/Å. We have tested the

convergence using 3 × 3 × 1 and 5 × 5 × 1 meshes and found that the energy change was

negligible. Therefore, we employed a 3 × 3 × 1 k-point mesh for the slab calculations. A

Table 1: The cohesive energy (Ecoh), heat of formation (∆Hf ), and M-O distances (dM−O)
for each metal element (M=Ti,V,W) in the unit cell.

TiO2 V2O5 WO3

Ecoh (eV) −22.41 −22.37 −28.03
∆Hf (eV) 8.50 6.50 11.20
dM−O (Å) 1.95 1.79, 1.89, 1.61 1.92
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dipole correction was included to compensate for the interaction between surface dipoles and

their periodic images. A vacuum layer of 25 Å was chosen to separate the slabs to avoid any

spurious interactions normal to the surface.

The WxVyOz layer structures were derived from the corresponding unit cells of low-index

surfaces of WO3 and V2O5. The WxOz layers were constructed from the most stable sur-

faces,60 (
√

2 ×
√

2) R45◦-reconstructed WO3(001) and WO3(001). V2O5(010), (001), and

(100) were chosen as candidate structures for the VxOy monolayer. Through substituting V

by W and adjusting the oxygen coordination number, WxVyOz layers were created. After-

ward these WxVyOz layers were placed onto stable TiO2 surfaces, i.e., ADM-TiO2(001) and

TiO2(001), where the bottom layer of the TiO2 slab was kept fixed at the bulk configuration.

In this way, monolayer-WxVyOz/TiO2 catalysts were tailored.

It is important to realize that the stability of non-stoichiometric surfaces always depends

on the environment representing the corresponding reservoirs. To describe the relative ener-

getics of the support, including V and W loading under experimental conditions, we evaluate

the surface energy γ(T, p) at temperature T and pressure p within the grand-canonical ab

initio thermodynamics scheme:23

γ(T, p) =
1

2A

[
G(T, p,NTi, NV, NW, NO)−

∑
i

Niµi

]
, (1)

where A, G are the surface area and the Gibbs free energy of a configuration consisting of Ni

atoms where i stands for Ti, V, W, and O atoms. µi represents the chemical potential of each

species i. We suppose that the bulk phase of TiO2 is in thermodynamic equilibrium with gas-

phase O2 under specific conditions. Hence the Ti chemical potential is µTi = µ
(bulk)
TiO2

− 2µO,

with the Gibbs free energy of bulk TiO2 (µ(bulk)
TiO2

). The chemical potential of oxygen µO(T, p)

can be expressed as

µO(T, p) =
1

2

[
µO2(T, p

Θ) +RT ln(pO2/p
Θ)
]
, (2)
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where µO2(T, p
Θ) is the energy of dioxygen gas at temperature T and standard atmospheric

pressure pΘ. The temperature dependence of µO2(T, p
Θ) has been taken from the NIST-

JANAF thermodynamic Table.61 pO2 is the partial pressure of oxygen gas. We identify the

O-rich limit of µO2 with gas-phase O2 under the standard conditions and the O-poor limit

with the formation of bulk TiO2 from metallic Ti, i.e., the heat of formation is −∆Hf =

µ
(bulk)
TiO2

− µ(bulk)
Ti − µO.

The chemical potential of vanadium refers to the bulk phase V2O5, i.e., µV = (µ
(bulk)
V2O5

−

5µO)/2. Here, the O-poor limit corresponds to the VO2 formation. Then, µO satisfies

µ
(bulk)
V2O5
−2µ

(bulk)
VO2

= −6.50 eV for VO2 formation. Since the O-poor limit for the VO2 formation

is within the range of TiO2 formation, we assign the O-poor limit to the heat of formation

of VO2 for VxOy/TiO2. We assume the chemical potential of W to be in equilibrium with

the bulk phase WO3, i.e., µW = µ
(bulk)
WO3

− 3µO. The O-poor limit refers to oxygen chemical

potential for WO2 formation, µ(bulk)
WO3

− µ(bulk)
WO2

= −11.20 eV. As the limit of µO for WO2 and

metallic Ti formation is beyond the range allowing VO2 formation, the O-poor limit for

WxOyOz/TiO2 is given by the one for VO2 formation.

Modeling TiO2-supported Monolayer V2O5-WO3 Catalysts

Since only catalyst configurations that are energetically stable under operating conditions

promise longevity and thermal stability, we will search for energetically stable catalyst layers

but also try to assess their activity. Firstly we will screen the TiO2 support among the low-

index (001), (010), and (100) terminations. Then the energetics of VyOz layers on selected

TiO2 supports based on structural motifs of V2O5(001), (010), and (100) facets will be

discussed in order to probe energetically favorable V2O5/TiO2 configurations. On the basis

of the most stable V2O5/TiO2 configurations, different amounts of vanadium atoms will be

substituted by tungsten to model tungsten loading effects. The coordination of the involved

oxygen atoms will be adjusted to achieve higher stability. In this way, a systematic map of
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Figure 1: Calculated properties of TiO2(001), (100), and (101) surfaces. a) Surface energies
of various terminations as a function of the oxygen chemical potential. The grey shadowed
area refers to the experimental growth condition of the catalyst; b) Surface dipole moment
per area for various catalyst layers. Selected structures are illustrated as side views. The O
and Ti atoms are colored in red and grey, respectively.

stable TiO2,V2O5/TiO2 and V2O5-WO3/TiO2 catalysts is constructed.

Screening TiO2 supports

The support is modeled by TiO2(001) and (101) surfaces with various terminations. We

consider O termination at the bridge site (-Obridge), Ti termination (-Ti), and O termination

at the top site (-Ocus). To model the reconstructed TiO2(001) surface, as shown in Fig. 1, we

adapted the admolecule (ADM) model as proposed by Lazzeri and Selloni,59 i.e., a (1×4) unit

cell was used. In this reconstruction, one row of surface oxygen atoms is replaced by one row

of TiO3 units. The surface energies of TiO2 with different terminations are shown in Fig. 1a.

Experimental conditions are indicated by the gray box in Fig. 1. This area corresponds to

the operating window of oxygen pressure within atmospheric pressure at 600K.62

We find that the stoichiometric TiO2(101)-Obridge, TiO2(100), TiO2(001)-Obridge, and the

TiO2(001)-(1×4)-ADM reconstructed surfaces (blue, pink, yellow and green lines in Fig. 1a,

respectively) are the most stable under the preparation conditions of the catalyst. We note
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that the presented surface energies are in general lower than previously reported values63

which we attribute to the additionally considered van der Waals interactions.

The most stable TiO2(101)-Obridge surface termination is known for its weak interaction

with adsorbates such as vanadium species due to the fact that it exposed sixfold fully coordi-

nated Ti atoms.63,64 Therefore, we do not consider it in the following anymore. Furthermore,

the uneven distribution of Ti atoms on the TiO2(100) surface disfavors the deposition of vana-

dium oxide so that it is hard to grow the vanadium oxide on TiO2(100). In contrast, the

vanadium oxide can be easily formed on the (001) surface because of the exposed fivefold

unsaturated Ti atoms, and the similar geometry of TiO2(001) and vanadium oxide.42 How-

ever, note that TiO2(001) can be further stabilized into the much more stable (1× 4)-ADM

reconstruction.59 The TiO2(001) surface is a polar surface due to its triple-layer structure.

An inward relaxation of the top O atomic layer reduces its large dipole moment yielding

rearranged asymmetric Ti-O bonds along the [100] direction. It results in inequivalent bond

lengths of neighboring Ti-O bonds along the [100] direction (1.84 Å and 2.11 Å). The TiO3

row makes the surface uneven, but relieves the surface stress,59 and reduces the surface

dipole moment, as Fig. 1b shows. Based on the arguments given above, in the following, we

consider both the TiO2(001) and the TiO2(001)-(1× 4) reconstructed surface as the support

for the SCR catalyst growth.

Formation of vanadium oxide layers on TiO2(001)

After determining the structure of the TiO2 support, we consider the formation of vanadia

layers on this support by screening the stability of VyOz layers as a function of the oxygen

partial pressure. The initial configurations of the considered layers subject to further relax-

ation are inspired by the structures of the low-index V2O5 (010), (001), and (100) surface with

an additional variation of the number of vanadium and oxygen atoms. As the reconstruction

of the TiO2(001) may be lifted upon the deposition of a VxOy layer, we consider both the

TiO2(001)-(1× 4) reconstructed surface as well as the unreconstructed TiO2(001) surface as
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VyOz/ADM-TiO2: VyOz/TiO2:

Figure 2: Surface formation energies of VyOz/(1× 4)-ADM reconstructed TiO2 surface (a),
VyOz/TiO2 surface (b). The grey shadowed area refers to the experimental condition62 for
SCR reaction. In the side views of surface configurations, red, grey, and green colored spheres
represent O, Ti, and V atoms, respectively.

the support. Note that the reconstructed TiO2(001)-(1 × 4) surface consists of TiO2(001)-

(1 × 3) terraces plus the additional protruding TiO3-like rows (see Fig. 1). Therefore we

consider VyOz layers that fill up the terraces between these TiO3-like rows. Consequently,

for the unreconstructed TiO2(001) surface, we consider VyOz layers on (1× 3) surface unit

cells which have the same VyOz “coverage” as the TiO2(001)-(1 × 3) terraces of the recon-

structed surfaces. Furthermore, we also addressed VyOz layers on TiO2(001)-(1× 4).

The surface energies of VyOz layer on the TiO2 support are plotted as a function of the

oxygen chemical potential in Fig. 2. First of all, we note that the surface formation energies

are all above 130 meV/Å2, which is twice as large as the lowest TiO2 surface energy (see
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Fig. 1a). This large difference in surface energy between the TiO2 support and the vanadia-

covered support also explains why in the experiment still large fractions of uncovered TiO2

are observed upon vanadium exposure that is nominally sufficient to form a complete vanadia

layer.15 Besides, the most stable surface termination of bulk V2O5, the V2O5(001) surface,

has a rather low surface energy of 7.33 meV/Å2 according to our calculations, and the

adsorption of the vanadia monolayer onto the TiO2 increases the surface energy by around

44.00meV/Å2 taking bulk V2O5 as the reference. Thus, the formation of V2O5 nanoparticles

is favored. This is consistent with the fact that such vanadia nanoparticles have indeed have

been found on TiO2,65 depending on the precursor used in the vanadia overlayer preparation.

Figure 2 demonstrates that the stoichiometric V4O10 layers on both TiO2 and ADM-

TiO2 are always the most stable. Note that the surface energies of the stoichiometric surface

terminations are represented by flat lines because they do not depend on the chemical po-

tentials of the constituents. In order to get insight into the structure determining factors,

we estimate the interaction energy between the TiO2 support and the considered WxVyOz

catalyst layers using

Eint
WxVyOz−support(T, p) = γ(T, p)−

(
Eform

support(T, p) + Eform
WxVyOz

(T, p)
)
, (3)

where γ(T, p) is the surface energy of the whole system, Esupport(T, p) and EWxVyOz(T, p)

are the formation energies per surface area of the support and the catalyst layer alone in

the frozen configuration of the whole system. As Tab. 2 demonstrates, whereas the breaking

of the TiO3 rows upon the formation of the stoichiometric V4O10(001) layer requires a sig-

nificant amount of deformation energy (214.93 meV/Å2), the stronger interaction between

vanadium species and support leads to an energy gain of 192.40 meV/Å2. Due to these com-

pensating energetic effects of the deformation and the support-vanadia interactions shown

in Tab. 2, the stoichiometric V4O10(001) layer on ADM-TiO2 exhibits a similar stability

as the vanadia (010) and (100) layers on unreconstructed TiO2. Even more interesting is
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the fact that the stoichiometric V4O10(010)/u(1×3)-TiO2 is slightly more stable than the

V4O10(100)/u(1×4)-TiO2. The V4O10(010)/u(1×3)-TiO2 has a V2O5 coverage that is 1/3

higher than the V4O10(100)/u(1×3)-TiO4. Consequently, its structure looks more open and

distorted. Still, as Tab. 2 reveals, obviously its structure is close to the V2O5 bulk structure

because its formation energy with respect to bulk V2O5 is much lower than those of the

V4O10(100)/u(1×4)-TiO2.

W loading into vanadia catalyst layer

We will now consider the stability of vanadia catalyst layers upon additional exposure to

tungsten atoms. Note that due to the different stoichiometry of vanadia and tungsta, V2O5

vs. WO3, the addition of tungsten atoms also modifies the fact which WxVyOz adlayers

are stoichiometric. This offers a larger variability of oxygen-excess and oxygen-deficient

configurations dependent on the tungsten loading which also influences the local electronic

charge at the vanadium and tungsten atom and thus also their formal oxidation states. Due

to the fact that we found several V2O5/TiO2 layers with similar surface formation energies,

we probed the thermodynamic stability of tungsten substitution into V4O10 layers, i.e., in

V4O10(001)/ADM-TiO2 (Fig. 3) and in V4O10(010)/u(1×3)-TiO2 and V4O10(100)/u(1×4)-

TiO2 (Fig. 4). In practice, the WxVyOz layers on TiO2 are constructed from the V2O5/TiO2

surfaces through substitution of V by W and modifying the number of coordinating oxygen

Table 2: Decomposition of surface formation energy for WxVyOz/TiO2 layer (unit: meV/Å2)

Model Eform
WxVyOz

Eform
support Eint

WxVyOz−support

V4O10(001)/ADM-TiO2 109.03 214.93 −192.40
V4O10(010)/TiO2 103.25 160.21 −133.60
V4O10(100)/TiO2 150.56 168.64 −188.81
WV3O11/u(1×3)-TiO2 135.49 166.08 −153.20
WV3O11/u(1×4)-TiO2 134.84 162.55 −153.78
W3V1O12/u(1×3)-TiO2 135.65 167.53 −148.89
W3V1O12/u(1×4)-TiO2 80.01 150.10 −98.96
W4O12/u(1×3)-TiO2 113.89 163.86 −156.00
WO3(001)-O/TiO2 58.73 143.03 −89.88
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Figure 3: Surface formation energies of W doped V4O10(001)/(1 × 4)-reconstructed-TiO2,
varying surface coverage of W. The grey shadowed area refers to experimental condition62

range for SCR reaction. In the side views of surface configurations, red, grey, green, and
blue colored spheres represent O, Ti, V, W atoms, respectively.

atoms.

On the reconstructed ADM-TiO2 surface, the energetically most favorable W3O9, W2V1O9,

and W2V1O8 structures (dark green, light green, and orange lines in Fig. 3, the same colors

are used to identify the corresponding atomic configurations) are rather compact and flat,

the Ti atom is embedded in the surface at about the same height as the V and W atoms.

The addition of a metal atom, either W or V, and further oxygen atoms per (1×4) sur-

face unit cell, resulting in W1V3O10, W1V3O11, W2V2O11, W3V1O11, W3V1O12, and W4O12

structures, leads to more open and energetically less favorable structures.

Figure 4 displays the surface formation energies and structures of WxVyOz surface layers

on the unreconstructed u(1×4)-TiO2 and u(1×3)-TiO2 substrates. These structures have

been derived from the most stable V4O10(100)/u(1×4)-TiO2 and V4O10(010)/u(1×3)-TiO2

configurations by tungsten substitution, the variation of the number of oxygen atoms, and

subsequent relaxation of the structure. The noticeable change of the W doping is that

catalyst layers on the larger (1×4) surface unit cell are smoother than the corresponding

13



(a) (b) (c)

Figure 4: Surface formation energies of W doped V4O10(100)/u(1 × 4)-TiO2 (a) and
V4O10(010)/u(1×3)-TiO2 (b) surfaces, varying surface coverage of W, and the corresponding
configurations (c). The grey shadowed area refers to experimental condition62 range for SCR
reaction. In the side views, the same color code as in Fig. 3 has been used for the atoms.

ones on the (1×3) surface unit cell where rather open chain-like structures are formed.

However, in contrast to the VxOy layers on TiO2, now the flat and compact layers on the

(1×4) surface unit cell are in general substantially more stable than the open layers on the

(1×3) surface unit cell with reduced coordination of some of the metal and oxygen atoms.

This might be a consequence of the very similar M-O bond lengths in titanium and tungsten

oxide (see Tab. 1), which leads to a smaller lattice misfit between the overlayers and the

TiO2 support. This view is supported by the fact that the W-containing overlayers are only

modestly deformed, as indicated by the rather small formation energies of the WxVyOz layers

of W3V1O11/u(1×4)-TiO2 and WO3(001)/TiO2 (see Table 2).

In general, the most stable catalyst layers in both Figs. 3 and 4 correspond to stoichiomet-

ric structures, i.e., structures whose surface energy is independent of the oxygen exposure. In

comparison to pure vanadia monolayer on the titania support, the most stable stoichiometrc

flat W2V2O11 layer leads to a lowering of the surface energy by about 12meV/Å2 indica-
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tive of a higher thermal stability. This is in good agreement with experimental findings

that additional tungsten loading has a stabilizing effect.66 We associate this promoting role

of tungsten on the surface stability again to the better match of the M-O bond lengths

in the support and the overlayer which lowers the deformation energy upon the overlayer

formation. For the W1V3Oz and the W3V1Oz surfaces within the (1×4) and (1×3) periodic-

ities, only non-stoichiometric surface compositions are possible. Positive and negative slopes

characterize the oxygen-deficient and oxygen-excess layers, in Figs. 3 and 4, respectively.

In the flat surface configurations shown in Fig. 4a, the oxygen-deficient structures are

typically more stable than oxygen-excess configurations under the operating conditions (in

the grey area). In contrast, under slightly higher oxygen pressure than the operating condi-

tion, i.e., the right-hand side of the shadowed area in Fig. 4a, the oxygen-excess structures

(W3V1O12 and W1V3O11) become energetically comparable with the oxygen-deficient con-

figurations (W3V1O11 and W1V3O10).

For the chain-like structure, the W1V3O11 layers correspond to an interesting case as

they have very similar surface formation energies and also a very similar decomposition

in the different energy contribution according to Table 2 on both the (1×4) and (1×3)-

TiO2 surfaces. For oxygen-rich conditions, the chain-like oxygen-excess W1V3O11/u(1×3)

structure (Fig. 4b) is only slightly less stable than the flat oxygen-excess W1V3O11/u(1×4)-

TiO2 and oxygen-deficient W1V3O10/u(1×4)-TiO2 structures (see Fig. 4a). In this particular

structure, we note that the terminal V=O bond is connected to the TiO2 support through

metal-oxygen bonds involving well-coordinated vanadium and tungsten atoms.

Catalytic activity of WxVyOz/TiO2 structures

In this paper, we mainly focus on the stability of WxVyOz layers on TiO2 support in the

active site search for the SCR, as the most active catalyst structure is useless when it is

not stable under operating conditions. After discussing the thermodynamic stability of the
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WxVyOz surface layers on TiO2, we will still try to estimate their potential catalytic activity.

Overall, the WxVyOz layers on the unreconstructed TiO2 support are more stable than the

corresponding layers on the ADM-reconstructed TiO2 support. In the following, we will only

consider the layers on the unreconstructed support.

We decided to especially consider the presence and properties of the terminal V=O groups

in the considered surfaces. Experimental studies have in particular addressed the role of

Lewis and Brønsted acid sites in the SCR reaction,6,29,46,47 but the exact nature and role of

these sites in the multi-step SCR reaction could not be resolved entirely in these experimental

studies. However, as mentioned above, there appears to be a consensus that the vanadyl

(V=O) species play a crucial role in the SCR.41,46 DFT calculations addressing the SCR

reaction on small supported vanadium oxide clusters with monomeric33,41 and dimeric41

vanadyl groups came up with slightly different reaction schemes, but they agreed on the

crucial role of the V=O group in the dehydrogenation of ammonia through the formation of

V-OH. Hence, here we use the hydrogen adsorption energy on the terminal vanadyl groups as

a descriptor for the SCR activity as it is directly related to a critical reaction step in the SCR

and allows to probe the Lewis acidity of these sites. Note that the initial dehydrogenation

of ammonia by an adjacent oxygen atom also plays a crucial role in the ammonia oxidation

reaction.67

Figure 5 displays the hydrogen adsorption energies on a selected set of WxVyOz/TiO2

structures, i.e., the stoichiometric and non-stoichiometric catalyst layers. The non-stoichio-

metric structures may include both electron-deficient and electron-excess configurations.

However, as H adsorption requires acid sites in the catalytic layer, as we will see below,

we only focus on electron-deficient configurations among the non-stoichiometric structures.

The hydrogen adsorption energies are referred to the gas-phase water molecule,

Eads−H = EH/catal − Ecatal − (µH2O − µO2/2)/2 , (4)

16



S
to
ic
hi
om
et
ric

N
on
-s
to
ic
hi
om
et
ric

Figure 5: Hydrogen adsorption on selected WxVyOz/TiO2 surfaces. In the left panel, the
bars indicate the hydrogen adsorption energies with respect to the water molecule under
experimental conditions62 (pH2O = 0.05 atm and pO2 = 0.1 atm at 600 K) and the red dots
represent the spin magnetic moment of the active oxygen site. The corresponding hydrogen
adsorption configurations are illustrated in the right panel.

where EH/catal and Ecatal are the energies of the catalyst with/without H adsorption. In prac-

tice, the chemical potentials µH2O and µO2 have been chosen according to the experimental

condition (pH2O = 0.05 atm and pO2 = 0.1 atm at 600 K) .68 Furthermore, we also plot the

calculated spin magnetic moment of the oxygen atom (red dots in Fig. 5) of the vanadyl

group derived through a charge partitioning scheme69,70 as an indication of its acidity.

In spite of the supposedly high reactivity of the dangling oxygen atom, it is rather in-

teresting to note that hydrogen adsorption is not energetically favorable with respect to the

water molecule on the considered stoichiometric V4O10/TiO2 and W2V2O11/TiO2 catalyst

structures shown in Fig. 5. In order to understand the trends in the hydrogen adsorption

energies and the electronic factors underlying the hydrogen interaction with the vanadyl

groups, we have determined the local d-band density of state (DOS) of the V and W atoms

neighboring the dangling oxygen of the vanadyl groups and the p-band density of states of

the dangling oxygen (see Fig. 6), both before and upon hydrogen adsorption.

As far as the non-stoichiometric W1V3O11 layer is concerned (see Fig. 6a), the partly
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Figure 6: Spin-resolved local d-band density of state of the V and W atoms neighboring
the dangling oxygen of the vanadyl groups, and p-band density of states of the dangling
oxygen on (a) W1V3O11/TiO2, and (b) W2V2O11 to the vacuum level, both before and upon
hydrogen adsorption. The filled areas highlight the occupied states.

filled p-orbitals lead to a non-vanishing spin magnetic moment of the vanadyl oxygen atom,

as demonstrated by the asymmetry in the spin-up and spin-down DOS. The same is in fact

true for the non-stoichiometric W3V1O12 layer. An analysis of the local charge distribution

indicates that the dominant part of the spin polarization is localized at the vanadyl oxygen

site, but it is also somewhat spread out to adjacent sites. We denote the acidity of the vanadyl

oxygen by V-Ox− with 0 < x < 1. After H adsorption, the oxygen p-orbitals accept electron

charge from the hydrogen, and the whole catalyst layer becomes non-magnetic demonstrated

by the symmetric spin-up and spin-down DOS in Fig. 6a. We assume that the electron

transfer to the catalyst layer saturates all oxygen p-states so that the vanadyl oxygen is in the

V-O2− state. In fact, upon hydrogen adsorption the catalyst layer becomes stoichiometric

with respect to water, tungsta and vanadia. Note that Figs. 3 and 4 demonstrate that

the stoichiometric surfaces are energetically much more favored than the non-stoichiometric

ones. Thus, the change from non-stoichiometric to stoichiometric configuration stabilizes the
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Figure 7: Surface formation energies of WxVyOz/TiO2 catalysts as a function of their WxVy

composition for pO2 = 0.1 atm at 600K corresponding to a chemical potential ∆µO = −0.73
eV.

catalyst layer significantly which contributes to the energy gain upon hydrogen adsorption.

In contrast, in the stoichiometric W2V2O11 catalyst layer the dangling oxygen atom can

not capture the electron from the adsorbed H atom as it is already fully saturated (see

Fig. 6b). Instead, the adsorbed hydrogen atom transfers a large portion of its electron

charge to the W and V atoms adjacent to the dangling oxygen. The transferred charge

fills the empty d states of the V and W atoms partially, thus leads to a reduction of the

V5+ and W6+ atoms. After hydrogen adsorption, we find spin magnetic moments of 0.19

and 0.10 µ
B
at the V and W sites, respectively. This indicates that both sites capture part

of the transferred charge and are reduced to Vn+ and Wm+ states with 4 < n < 5 and

5 < m < 6. These findings can also be alternatively expressed: hydrogen adsorption on the

stoichiometric W2V2O11 layer leads to a non-stoichiometric H/W2V2O11 layer with respect

to water, tungsta and vanadia which is unstable with respect to the associative desorption

of water.

The hydrogen adsorption energies on the stoichiometric and non-stoichiometric catalyst

layers shown in Fig. 5 thus directly reflect the electronic state of the terminal vanadyl group

and hence also their reactivity with respect to the SCR. On the non-stochiometric surfaces,
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the dangling oxygen atoms of the vanadyl group become Lewis acids, i.e., they can accept

electrons and thus make hydrogen adsorption favorable. On the other hand, on the stoichio-

metric surfaces, hydrogen adsorption is not favored, which suppresses the first step in the

SCR reaction, the dehydrogenation of ammonia.

From the H adsorption energies on stoichiometric and non-stoichiometric catalysts shown

in Fig. 5, we can identify the role of the terminal vanadyl group. When the chemical reactions

are related to electron charge transfer to the catalyst, an electron-deficient configuration of

the vanadyl group increases the reaction energy by recovering the stoichiometry after the

charge transfer. When the V and W atoms play as Lewis acid, the reaction becomes less

efficient because of the stoichiometry break. Thus, when the SCR by NH3 is considered,

the first step is activated more efficiently by the electron-deficient terminal vanadyl group

because the reaction accompanies the charge transfer to the catalyst.

The main results of our work are summarized and showcased in Fig. 7 where the surface

energies and the structure of representative WxVyOz/TiO2 catalysts are plotted as a func-

tion of increasing vanadium content and characterized with regard to their stoichiometry.

It becomes obvious that in general, first, the flat configurations are energetically favorable

with respect to the more open chain-like structure, and second, that the stoichiometric con-

figurations are more stable than the non-stoichiometric ones. However, for certain local

combinations of the tungsten, vanadium and oxygen content, no stoichiometric surface con-

figurations can form. At these non-stoichiometric surfaces with an oxygen excess, namely

the W3V1O12 and W1V3O11 surface terminations, unsaturated terminal vanadyl groups can

form which act as Lewis acid sites and can thus activate ammonia dehydrogenation. This

conclusion is also consistent with the experimental observation of an increased SCR activity

under higher oxygen partial pressure.71 The occurence of these active sites can be hence

controlled by tungsten doping.

In addition to the pure reactivity of the dangling oxygen atoms of the terminal vanadyl

groups with respect to hydrogen adsorption, one also has to consider the particular ge-
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ometry of the environment of the active vanadyl groups. Note that according to previous

DFT calculations addressing the SCR reaction on small supported vanadium oxide clusters

with monomeric33,41 and dimeric41 vanadyl groups, the non-dangling oxygen atoms in the

clusters or adjacent Ti sites were instrumental in the adsorption of the NH2NO reaction in-

termediates. However, in the flat W1V3Oz and W3V1Oz layers, the neighboring metal sites

are rather far away from the dangling oxygen, and the neighboring non-dangling oxygen

atoms are highly coordinated and therefore also inactive. Therefore we suppose that the flat

WxVyOz/TiO2 structures are probably less efficient with regard to the SCR reaction. The

chain-like W1V3O11/u(1×3)TiO2 surface termination in fact exhibits structural features simi-

lar to those considered in the DFT studies of supported vanadium clusters.33,41 Note also that

at this higher vanadium content, the flat and the open chain-like W1V3O11 configurations

are energetically almost degenerate. Hence we consider the open W1V3O11/u(1×3)TiO2 sur-

face termination to be a promising candidate for the active phase of tungsten-doped vanadia

SCR catalysts supported on anatase TiO2. Calculations addressing the explicit SCR reaction

mechanism on this catalyst are under preparation.

Surface phase diagram for WO3-V2O5/TiO2 catalyst

After having built a large dataset of energetic information about tungsten-doped vanadia

monolayer on TiO2 and identified potential active SCR sites, it is essential to analyze the

stability of the competing structures with respect to their tungsten and vanadium loading.

One could construct the promising structures by just exposing the TiO2 substrate to the

“right” amount of tungsten and vanadium atoms. Still, it is also instructive to determine

the thermodynamically most stable phases as a function of the chemical potentials of vana-

dium and tungsten using Eq. 1. The resulting phase diagram for the oxygen-rich limit at a

temperature of 600K is shown in Fig. 8. Within the wide considered range of tungsten and

vanadium chemical potentials, only three surface terminations are thermodynamically stable,

the flat stoichiometric WO3 and W2V2O11 and the non-stoichiometric W1V3O11 surface ter-
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minations. At high tungsten chemical potentials, only SCR inactive stoichiometric surfaces

appear in the phase diagrams. Only at low tungsten chemical potentials and high vanadium

chemical potentials, there is a stability pocket for the non-stoichiometric W1V3O11 surface

terminations. Note that the flat and the active chain-like W1V3O11 surface configuration

are energetically almost degenerate (see Fig. 7). Hence both terminations should be present

under these stability conditions which we therefore assume to be favorable for a high SCR

activity.

Conclusions

In this first-principles computational study, we have addressed the catalytic activity of

tungsten-doped vanadia catalyst monolayers supported on titania with respect to the se-

lective catalytic reduction. We have been guided by the notion that in a theoretical study

aimed at obtaining fundamental and conceptual insights into catalytic phenomena, it is

critical to first assess the thermodynamic stability of the considered catalytically active
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structures. Thus we considered the stability of tungsten vanadium oxide layers supported

on titania for varying concentrations of the components using a grand-canonical approach.

We find that tungsten doping of the vanadia layers has a twofold role, it improves their

stability and allows to tailor the electronic structure to achieve a higher catalytic activity.

We showed that the stoichiometric tungsta-vanadia monolayers display a particularly high

thermal stability. Using hydrogen adsorption energies as a descriptor for the Lewis acidity,

we assessed the potential catalytic activity of the overlayers. It turns out that the stoichio-

metric tungsta-vanadia monolayers exhibit rather low hydrogen adsorption energies. Instead,

non-stoichiometric oxygen-excess surface terminations bind hydrogen more strongly due to

the presence of electron-deficient non-saturated terminal vanadyl groups. We also identified

an oxygen-excess overlayer structure with low tungsten content that is sufficiently stable to

be present under operating conditions and exhibits structural and electronic features that

are rather favorable for a high SCR activity. Thus this study provides the basis for a more

detailed investigation of the SCR reaction mechanism on tungsten-doped supported vanadia

catalysts.
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