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1  Introduction

Currently a large fraction of the available methane resources 
is utilized for power production through combustion [1]. 
Using methane as feedstock for the production of chemi-
cals is highly desirable as methane resources are vast [1]. 
Regarding the production of chemicals, methane is mostly 
used for generating syngas [1–3]. The direct oxidation of 
methane by molecular oxygen is very desirable. This con-
version has been studied extensively for metal oxides as 
catalysts [1, 4–8]. At high conversion rates, these systems 
generally show a rather low selectivity to the desired par-
tially oxidized product [1, 9, 10] because it is more difficult 
to break the first C–H bond of methane than any subsequent 
one. Therefore, reaction intermediates often are converted 
more easily [1, 10]. For instance, the yield of formaldehyde 
in a direct gas-phase oxidation of methane over a hetero-
geneous catalyst usually is about 3–4% [1]. Such a typical 
high temperature C–H bond abstraction is reported to be a 
radical reaction, yielding CH3 radicals [1, 6, 11]. The most 
successful heterogeneous approaches to methane oxidation 
are inspired by homogeneous catalytic systems and lead to 
methanol, e.g. a CuOx cluster that is embedded in a zeolite 
[1, 12].

The present work focuses on the partial oxidation of 
methane over vanadium phosphate (VPO); the reaction prod-
ucts were mainly COx and water [13]. The VPO catalyst 
consists of several phases; vanadium pyrophosphate (VPP) 
is the predominant one with vanadium in oxidation state 
4+. The VPP crystallites show a plate-like shape, where 
the basal surface corresponds to the (100) bulk termination 
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[14]. However, it is well-known that the ideal VPP (100) 
surface termination is not catalytically active. In a major 
effort, a dynamic structure of various interconverting VPO 
phases was demonstrated to exist on top of the VPP (100) 
surface [15–17].

In order to understand the selectivity limitations of this 
system, a detailed mechanistic insight is necessary. Density 
functional theory (DFT) calculations have proved to be a 
useful tool for obtaining such information [18–21], and we 
therefore carried out a DFT study in order to elucidate the 
mechanism of partial oxidation of methane on VPO.

Modeling the partial oxidation of methane is a highly 
complex task, as any of several aspects concerning the sur-
face, e.g., defects, reconstruction, hydrolysis, and re-oxida-
tion [15–17, 22, 23], may be decisive for the selectivity of 
the target reaction. However, before looking at details, one 
has to start with a baseline assumption, namely that one 
of the known surfaces is active and, in some fashion, uses 
lattice oxygen for the selective oxidation. Assuming that 
subsequent re-oxidation will replenish the lattice oxygen to 
reconstitute the catalyst, we decided to model experimen-
tally known features of anaerobic partial oxidation [24].

The dynamic character of the VPO surface and the poten-
tial presence of various interconverting phases was also 
confirmed in studies on the conversion of butane to maleic 
anhydride which takes place on the same kind of material 
[15–17]. This variability of the surface turns any modeling 
into a complex task.

To tackle this complexity in the nature of the actual sur-
face, we started by building models of idealized reference 
surfaces that may be present in the VPO catalyst. In addi-
tion to the ideal VPP (100) surface, we constructed models 
of the α-VOPO4 (100) and δ-VOPO4 (100) surfaces. These 
surfaces were chosen because they have been shown to form 
on the VPP crystallites under reactive conditions [25, 26]. 
We selected the (100) surfaces for VPP and α-VOPO4 as they 
can be created by formally cutting the bulk material between 
the layers. For δ-VOPO4, we chose the analogous cut, as we 
expect this phase to be formed in situ on the basal surface 
of a VPP material.

For each of these model surfaces, we explored the intrin-
sic reactivity in the partial oxidation of methane by examin-
ing elementary steps of the process. These steps are: (i) C–H 
cleavage, formation of (ii) water and (iii) methanol.

2 � Method and Models

We carried out density functional theory (DFT) calculations 
on periodic models, using the program VASP [27–30], and 
the PBE exchange–correlation functional [31, 32] in com-
bination with the DFT + U approach [33] and the D2 dis-
persion correction [34]. For the 3d orbitals of vanadium, 

we employed U = 2.3 eV, a value that has been shown to 
reproduce well thermochemical data of vanadium oxide in 
various oxidation states [35]. Spin polarization was admit-
ted in all calculations, and a Gaussian smearing technique 
was invoked with a broadening of 0.05 eV [36], eventually 
extrapolated to zero broadening. The core electrons were 
treated by the projector augmented-wave (PAW) method [37, 
38]. The valence electrons were represented in a plane-wave 
basis set with a kinetic-energy cut-off of 400 eV. For the 
most stable intermediates on each of the three surfaces stud-
ied, we verified stationary points by a normal-mode analysis. 
Given the numerous soft vibrational modes, we accepted 
structures with at most two imaginary frequencies of up to 
50i cm−1; with that scenario, test calculations showed total 
energies to be stable to 1–2 kJ mol−1. For calculating free 
energies according to standard procedures at 673 K, the tem-
perature typically used in industrial operations [39], we set 
vibrational frequencies of normal modes to 50 cm−1 or, if 
higher, to their calculated values [40, 41]. For molecules in 
the gas phase, we used the program Gaussian09 for calculat-
ing those correction terms to the energy that are not related 
to vibrational modes [40, 42].

Starting from the crystal structures of VPP [43], α-VOPO4 
[44], and δ-VOPO4 [45], the bulk geometry of each of these 
systems was optimized, keeping the cell parameters fixed 
at the experimental values. From these optimized bulk 
geometries, we constructed slab models by formally cut-
ting perpendicular to the [100] direction and adding 1.5 nm 
of “vacuum” space between slab replicas. For the layered 
structures, VPP and α-VOPO4, surfaces parallel to these lay-
ers were generated. To reduce artificial interactions between 
the slab images, a dipole correction pointing normal to the 
surfaces was added. The grids in k-space were chosen such 
that their density was similar for the three materials; see 
below. For the slab calculations, the number of k points in 
the directions parallel to the surfaces was the same as in the 
corresponding bulk calculations; in the perpendicular direc-
tion, we employed one k point.

For the optimization of bulk VPP (100), we used a 
2 × 1 × 2 Γ-centered grid in k-space (6 × 10−4, 6 × 10−4, 
5 × 10−4 pm−1). The corresponding slab thickness was 
~1.2 nm. In all subsequent optimizations, the atoms in the 
range of 270 pm from the “bottom” of the slab were kept 
fixed at their optimized bulk positions. Cutting the slab from 
the bulk generates dangling P–O bonds on both surfaces 
of the slab, of which those at the “bottom” were saturated 
with H atoms. During the initial optimization, these H atoms 
where allowed to relax together with the other atoms. In the 
subsequent calculations of VPP slab models, these H atoms 
were fixed at their optimized positions. For the slab models 
of VPP we used a Γ-centered 2 × 1 × 1 grid in k-space.

In the initial exploration of H adsorption sites, we noticed 
P=O bonds at the surface to be very reactive; hence, they 
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can be expected to be saturated quickly by H atoms, avail-
able in the experimental environment. Thus, for a more 
realistic model, the four outward pointing P=O moieties of 
the original “upper” surface were capped by H atoms, thus 
mimicking surface phosphoric acid groups in VPO catalysts 
(Fig. 1a, Fig. S1 of the ESM). Ultimately, the slab model of 
VPP (100) comprises 168 atoms per unit cell.

For optimizing bulk α-VOPO4, we used a 3 × 3 × 3 
Γ-centered k-point grid (4 × 10−4, 5 × 104, 6 × 10−4 pm−1). 
The slab model comprised three layers, amounting to an 
overall thickness of 1.1 nm and 42 atoms per unit cell. The 
atoms in the lower 60 pm range were kept fixed at their 
optimized bulk positions. The k-point grid of the slab model 
was 3 × 3 × 1.

For the bulk optimization of δ-VOPO4, the grid in k-space 
was 3 × 3 × 3 (4 × 10−4, 4 × 10−4, 4 × 10−4 pm−1), centered on 
the Γ point and reduced to 3 × 3 × 1 for the subsequent slab 
model calculations. That slab was ~1.4 nm thick, measured 
along the z direction from the highest- to the lowest-lying 
atoms of the slab. The V and O centers of the “lower” sur-
face, within 160 pm from the bottom, were kept fixed in their 

positions as optimized for the bulk. The dangling oxygen 
centers were capped with hydrogen atoms; their positions 
were determined as described above for the slab model of 
VPP. The resulting unit cell of the slab model of δ-VOPO4 
comprises 85 atoms. Every other V=O unit in the top layer is 
oriented approximately parallel to the surface and the bridg-
ing oxygen of that V center is pointing in the direction nor-
mal to the surface, e.g., see V=O site δ.6 of Fig. S5 of ESM. 
After cutting the surface, there would be a dangling bridging 
O center of this unit and another dangling oxygen atom of 
a phosphate unit nearby. To saturate the proper (“upper”) 
slab surface, we admitted a surface reconstruction where 
these surface V=O groups are rotated by ~90° such that 
the “dangling” oxygen centers of the V=O groups bind to 
the phosphorus centers, thus turning those dangling oxygen 
bonds into bridging V–O–P moieties.

During every turnover of this reaction, at least one 
hydrogen is transferred to the surface that is not necessar-
ily removed by oxidation. Hence, if we assume to model 
steady-state kinetics, we also have to include in our study 
hydrogenated models of the three surfaces under study, VPP 
(100), α-VOPO4 (100), and δ-VOPO4 (100). For VPP (100), 
this hydrogenation is in addition to the H atoms capping the 
P=O bonds, see above. Accordingly, for each of the three 
surfaces VPP, α-VOPO4, and δ-VOPO4, we constructed the 
corresponding “hydrogenated” model surfaces by placing 
one H atom on the surface vanadyl site that exhibits the 
highest H adsorption energy, v.1, α.1, and δ.1, respectively. 
Labels of sites and complexes will be explained below on 
their first occurrence; for a general description of the label-
ling scheme, see Sect. S1 of the ESM. Overall, we aimed at 
calculating hydrogen adsorption free energies at representa-
tive hydrogenated vanadyl units.

In this work, two types of energy quantities are of interest. 
We calculate the free energy change Gr of a process in which 
a chemical bond is being formed or broken,

from the corresponding total energies. Analogously, we 
determine the adsorption free energy, Gads of a hydrogen 
atom as the (formal) reaction free energy of the adsorption 
process H(g) → s.xH from the gas phase:

Here s.1H represents an H adsorption complex at the 
adsorption site 1 on one of the surfaces s, s = v, α, or δ. 
Similarly, we report physisorption energies for A = CH3, 
CH4, and H2O as such formal reaction energies Gads(s.A). 
The label s, used by itself, shall refer to a bare surface. In 
addition, for facilitating the comparison of adsorbate con-
figurations on various surfaces, we will be invoking models 
without intra-adsorbate interactions, i.e., with co-adsorb-
ates at formally “infinite” separation. To determine the 

(1)Gr(initial → final) = Gtot(final) − Gtot(initial)

(2)Gads(�.��) = Gtot(�.��) − Gtot(H(g)) − Gtot(�)

Fig. 1   Top view of a the VPP (100), b the α-VOPO4 (100) and c the 
δ-VOPO4 (100) surfaces with labels of the H adsorption sites. In a, 
the four outward pointing P=O moieties of the original surface are 
H-capped, i.e. P–OH groups. The bottom layers of the slab models 
not shown in the panels. V—dark gray polyhedra, P—light gray poly-
hedra, O—dark gray balls, H—light gray balls
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corresponding free energies, one has to calculate separately 
the adsorption free energies of either species, e.g., for the 
dissociative adsorption of CH4 on sites x and y, one obtains 
[46]:

3 � Results and Discussion

In the following we present our results for modeling impor-
tant elementary steps of the selective oxidation of meth-
ane, namely oxidative dehydrogenation (ODH) as well as 
the formation of methanol or water on the surfaces VPP 
(100), α-VOPO4 (100), and δ-VOPO4 (100). For each of the 
explored reactions we looked at several isomers of interme-
diate states to gain information about the variability among 
the sites of a surface. Details of the less stable alternative 
isomers are presented in Sects. S3, S4, and S5 of the ESM.

ODH comprises two steps [47–49]: (i) a C–H cleavage in 
which an H atom is transferred from a physisorbed methane 
molecule to a vacant surface O site, and (ii) a subsequent 
step where the radical adsorbs on the surface. After the first 
step, the H atom is strongly bound to a surface O site, and 
the methyl radical is close to the surface. The C–H cleav-
age (i) is the kinetically relevant step of all ODH reactions 
presented in this work [50–52]; it will be discussed in detail 
in Sect. 3.1 for the three surfaces under study.

When the methyl radical adsorbs on a surface vanadyl O 
site, a methoxy group emerges. Subsequently, a methanol 
may form through an H transfer from a nearby hydroxyl 
group. For the case of methoxy to methanol, this transfor-
mation is described in Sect. 3.2. Finally, in Sect. 3.3, we 
compare the reactivity of the three surfaces examined, using 
the results obtained thus far, by inspecting various model 
configuration of adsorption complexes and their transforma-
tions, e.g., the preference of 2V–OH vs. V = O + V–OH2.

3.1 � C–H Cleavage

The first step of ODH, the C–H cleavage, starts from a phys-
isorbed CH4 molecule and ends with an H atom adsorbed on 
an O site and a CH3 radical in the vicinity of the surface, but 
not bound to it. Thus the reactivity of the surface, to a large 
part, is determined by the adsorption free energy, Gads(H), 
of the site to which the H atom is transferred.

Therefore we calculated Gads(H) for a range of adsorption 
sites. We labelled the H adsorption structures as s.xH (s = v, 
α, δ) for the three surfaces VPP (100), α-VOPO4 (100), and 
δ-VOPO4 (100), respectively; for details of these adsorption 
complexes, see Fig. 1 as well as Figs. S1, S2, S3, S4, S5, and 
S6 of the ESM. The structures of physisorbed methane and 
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weakly coordinating methyl radicals are labeled s.CH4 and 
s.1 H.CH3, respectively (Fig. S7 of ESM). The complexes 
v.1H, α.1H, and δ.1H have been calculated as the most 
stable H adsorption structures on the bare surfaces studied 
(Tables S1, S4, S7 of the ESM); see Sect. S1 of the ESM for 
a general description of the labelling scheme.

A transfer of hydrogen to a previously hydrogenated 
vanadyl site, e.g., v.1H, α.1H, δ.1H, results in the formation 
of an adsorbed water molecule. At the reaction temperature 
of 673 K, the free energy of water desorption is -37.1 kJ 
mol−1 for VPP (100), −13.4 kJ mol−1 for α-VOPO4 (100), 
and 7.7 kJ mol−1 for δ-VOPO4 (100). Accordingly, at the 
assumed reaction conditions, water molecules are (weakly) 
bound on δ-VOPO4 (100) only.

For determining the free energies of a physisorbed 
adsorbate molecule (methane), we estimated the entropy 
Sads

0(T) by scaling the entropy Sgas
0(T) of the molecule in 

the gas phase, at T = 673 K, in the spirit of a previous study 
where this correlation was determined based on experimen-
tal values [53]:

The loss of about one-third of the entropy upon adsorp-
tion corresponds roughly to the loss of one translational 
and one rotational degree of freedom, representing motions 
normal to the surface. In all cases, this resulted in meth-
ane adsorption being strongly endergonic (Table 1; Fig. 2). 
Invoking the energy span model [54, 55], we therefore con-
sider methane in the gas phase as the kinetically relevant 
starting point of C–H cleavage.

We estimated the free energy Ga of C–H activation by 
adding the barrier Δ = 31.5 ± 10.5 kJ mol−1 of the backward 
reaction to the (endergonic) reaction free energy Gr [48, 49]:

We studied these processes on both the bare surfaces 
and their hydrogenated congeners, e.g., s = v and v.1H, 
respectively.

3.1.1 � The VPP (100) Surface

On the bare VPP (100) sur face,  H adsorp-
tion is notably stronger at the vanadyl O site v.1, 
Gads(v.1H) = −218.3 kJ mol−1, than at the bridging O sites 
where the highest affinity for an H atom is characterized by 
Gads(v.5H) = −87.5 kJ mol−1 (Table S1 of ESM). For the 
starting structure of C–H cleavage, physisorbed CH4, one 
calculates Gads(v.CH4) = 26.7 kJ mol−1 and Gr(CH4 → v.1H.
CH3) = 205.7 kJ mol−1, Table 1. Note that this reaction free 
energy is very endergonic because it includes the C–H 
bond cleavage, calculated at 356 kJ mol−1; see Table S3 of 
ESM. For C–H cleavage on the bare VPP (100) surface, 

(4)Sad
0(T) = 0.70Sgas

0(T) − 3.3R

(5)Ga(CH4 → �.��.���) = Δ + Gr(CH4 → �.��.���)
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the activation free energy is estimated at Ga(CH4 → v.1H.
CH3) = 237.1 kJ mol1, see Table 1 and Eq. (5).

For the hydrogenated variant of VPP (100), we calcu-
lated the adsorption free energy of a physisorbed methane 
molecule at Gads(v.1H.CH4) = 19.1 kJ mol−1. The corre-
sponding final structure, a water molecule at site v.1 and 

a physisorbed methyl species, is reached via the reaction 
free energy Gr(CH4 → v.1H.1H.CH3) = 213.9 kJ mol−1, 
Table  S3 of ESM. Thus, for the activation of meth-
ane on the hydrogenated surface VPP (100), one cal-
culates the activation free energy Ga(CH4 → v.1H.1H.
CH3) = 245.3 kJ mol−1, Table 1.

Table 1   Free energy values 
(kJ mol−1) pertaining to the 
C–H cleavage on bare and 
hydrogenated surfaces

a s = v, α, or δ
b The free energy change of the dissociative adsorption of methane also includes the free energy for cleav-
ing a C–H bond, calculated at 356.2 kJ mol−1 with the present method
c Estimated via Eq. (5)

Adsorbate configurationa VPP α-VOPO4 δ-VOPO4

Bare surfaces CH4 + surface 0.0 0.0 0.0
CH4, physisorbed s.CH4 26.7 34.6 24.6
TS(C–H) 237.1 245.5 249.6
Final stateb Gr s.1H.CH3 205.7 214.1 218.2
Ga

c 237.1 245.5 249.6
Hydrogenated CH4 + surface 0.0 0.0 0.0
Surfaces CH4, physisorbed s.1H.CH4 19.1 38.2 27.6

TS(C–H) 245.3 211.5 197.8
Final state Gr s.1H.1H.CH3 213.9 180.1 166.4
Ga

c 245.3 211.5 197.8

Fig. 2   Free energy profiles (kJ  mol−1) for the transformation of 
CH4 (in the gas phase) to methanol on bare (from the center to the 
right) and hydrogenated surfaces (from the center to the left). In each 
case, the free energies are referenced to a bare surface that carries an 
adsorbed water molecule at a vanadium center, at formally “infinite” 
separation; see configuration 2 of Table 2. Thus, on a hydrogenated 

surface we assume two non-interacting hydrogenated vanadyl groups 
as shown in configuration 3 of Table 2. For each structure, the energy 
values are given in a column (from top to bottom) in the order VPP, 
α-VOPO4, and δ-VOPO4, except in two cases where the surfaces are 
explicitly indicated
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3.1.2 � The α‑VOPO4 (100) Surface

Only the adsorption sites on the upper face of the top layer, 
α.1 and α.4, are available for a direct hydrogen transfer 
from methane, see Fig. 1b. The resulting adsorption free 
energies are determined at −190.9 and −152.9 kJ mol−1, 
respectively. For the encounter complex preceding C–H 
cleavage, physisorbed CH4, one determines Gads(α.
CH4) = 34.6 kJ mol−1 (Table 1); the pertinent final struc-
ture, with the CH3 radical in the gas phase, is reached via 
Gr(CH4 → α.1H.CH3) = 214.1 kJ mol−1 (Table 1). Thus, 
for C–H cleavage at the site α.1, one arrives at the activa-
tion free energy Ga(CH4 → α.1H.CH3) = 245.5 kJ mol−1, 
Table 1. C–H cleavage on the hydrogenated α-VOPO4 (100) 
surface starts from α.1H.CH4, Gads(α.1H.CH4) = 38.2 kJ 
mol−1, and ends at α.1H.1H.CH3, Gr(CH4 → α.1H.1H.
CH3) = 180.1  kJ  mol−1, with a free energy barrier 
Ga(CH4 → α.1H.1H.CH3) = 211.5 kJ mol−1, Table 1.

3.1.3 � The δ‑VOPO4 (100) Surface

Again, only sites located at the surface are available for 
splitting the C–H bond of a reacting methane molecule. 
Accordingly, we identified site δ.1 as the preferred site 
for H adsorption, with Gads (δ.1H) = −203.4 kJ mol−1 
(Fig. 1c and Table S7 of ESM). The corresponding state 
of physisorbed methane, δ.CH4, is characterized by Gads(δ.
CH4) = 24.6 kJ mol−1. For the energetics of C–H cleav-
age we obtained Gr(CH4 → δ.1H.CH3) = 218.2 kJ mol−1 
and Ga(CH4 → δ.1H.CH3) = 249.6 kJ mol−1, Table 1. 
On the hydrogenated δ-VOPO4 (100) surface we com-
puted the physisorption of CH4 at δ.1H, with Gads(δ.1H.
CH4) = 27.6 kJ mol−1. The final state of C–H cleavage 
exhibits Gr(CH4 → δ.1H.1H.CH3) = 166.4 kJ mol−1 and 
Ga(CH4 → δ.1H.1H.CH3) = 197.8 kJ mol−1, Table 1.

3.1.4 � Comparison of the Surfaces

Among the bare surfaces studied, VPP (100), α-VOPO4 
(100), and δ-VOPO4 (100), VPP (100) is slightly more 
reactive than α-VOPO4 (100) and δ-VOPO4 (100), as 
expressed by the corresponding free energy barriers 
Ga  =  237.1, 245.5, and 249.6  kJ mol−1, respectively. 
This trend is changed for reactions on hydrogenated 
surfaces. There, both V5+ phases with their activation 
free energies, Ga  =  211.5  kJ  mol−1 [α-VOPO4 (100)] 
and Ga  =  197.8  kJ  mol−1 [δ-VOPO4 (100)] are sig-
nificantly more reactive than the V4+ phase VPP, with 
Ga = 245.3 kJ mol−1. The high free energy activation bar-
riers are mainly caused by the loss of entropy upon CH4 
adsorption. At 673 K, the free energy correction of the 

s.1H.1H.CH3 and s.1H.CH3, s = v, α, δ, structures varies 
from 65 to 95 kJ mol−1.

C–H cleavage on the bare surfaces is accompanied by 
the hydrogenation of a vanadyl group, V=O. On a hydro-
genated surface, the analogous process occurs at an already 
hydrogenated vanadyl group, VOH, thus resulting in an 
adsorbed water molecule. For VPP, the oxidation state of 
the participating V centers changes from 4+ to 3+ on the 
bare surface and from 3+ to 2+ on the hydrogenated surface. 
For α-VOPO4 and δ-VOPO4, the V oxidation state changes 
from 5+ to 4+ on the bare surface and from 4+ to 3+ on the 
hydrogenated surface. Our results indicate oxidation state 
3+ to be preferred over 2+ and 4+.

3.2 � Adsorption of Methyl and Formation of Methanol

As outlined at the start of Sect. 3, the second step of the 
ODH is an adsorption of a methyl radical on a vacant site. To 
identify the resulting structures, we follow the general label-
ling scheme (Sect. S1 of ESM) by indicating the adsorption 
site of methyl as y, e.g., s.xH.yCH3. As adsorption site x 
for hydrogen, we chose the most stable accessible sites, as 
determined in Sect. 3.1, v.1 for VPP, α.1 for α-VOPO4, and 
δ.1 for δ-VOPO4, see Fig. 1.

Methyl adsorption on a vanadyl oxygen results in the for-
mation of a methoxy structure. This adsorption mode turned 
out to be most favorable for VPP and α-VOPO4 surfaces 
while δ-VOPO4 showed a comparable stability for methyl 
adsorption on vanadyl O sites and bridging O sites, see 
Sects. S3 to S6 of ESM. Starting from the methoxy struc-
ture, a methanol molecule may form through a hydrogen 
transfer from a nearby hydroxyl group. Despite the high pro-
pensity for methanol desorption from the surface at 673 K 
[VPP (100): −61.5 kJ mol−1, α-VOPO4 (100): −12.5 kJ 
mol−1, δ-VOPO4 (100): 7.9 kJ mol−1], we chose to compare 
free energies of structures where a methanol molecule is 
adsorbed on the surface, in analogy to the situation where a 
water molecule is formed; see Sect. 3.1.

As on the corresponding bare surfaces, we also studied 
for hydrogenated surfaces the formation of methoxy spe-
cies, followed by a subsequent transformation to methanol 
on the same sites. Yet, the hydrogen atom to be transferred 
originates from an adsorbed water molecule at the initial 
vanadyl site. Recall that only a water molecule at these sites 
is an unstable intermediate, except on δ-VOPO4 (Sect. 3.1).

3.2.1 � The VPP (100) Surface

A methyl radical adsorbs in considerably less ender-
gonic fashion on vanadyl oxygen at site v.2, Gr(CH4 → 
v.1H.2CH3) = 63.9 kJ mol−1 than on a bridging oxygen 
center v.13, e.g. Gr(CH4 → v.1H.13CH3) = 232.4 kJ mol−1 
(Table S3, Fig. 1a and Fig. S2 of ESM). If methyl adsorbs 
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on the same vanadyl site as the H atom, an adsorbed 
methanol molecule is formed, e.g., at the site v.1, Gr(CH4 
→ v.1H.1CH3) = 87.1  kJ  mol−1, or v.2, Gr(CH4 → 
v.2H.2CH3) = 80.9 kJ mol−1, Table S3 of ESM. Thus, the 
transformation of a methoxy species (v.1H.2CH3) to metha-
nol (v.2H.2CH3) is only slightly endergonic, Gr(v.1H.2CH3 
→ v.2H.2CH3) = 17.0 kJ mol−1.

When one aims at describing the formation of a meth-
oxy species on the hydrogenated VPP (100) surface, one 
has to deal with a situation that comprises three adsorbates. 
For instance, one starts from the adsorbate configuration 
v.1H.1H.2CH3 where a water molecule is adsorbed at v.1, 
see Fig. 1a. This complex can be viewed as having originated 
from two-fold hydrogenation of vanadyl site v.1. On the 
hydrogenated VPP (100) surface, we determined a value for 
the corresponding formation free energy, Gr(CH4 → v.1H.
1H.2CH3) = 82.4 kJ mol1, that is slightly larger than on the 
bare surface, Gr(CH4 → v.1H.2CH3) = 63.9 kJ mol−1. Meth-
anol may form via H transfer from an adsorbed water mol-
ecule, v.1H.1H, to the methoxy moiety at vanadyl site v.2, 
in an essentially thermoneutral process, Gr(v.1H.1H.2CH3 
→ v.1H.2H.2CH3) = 4.7 kJ mol−1, Table S3 of ESM.

3.2.2 � The α‑VOPO4 (100) Surface

The adsorption of methyl and H on the same vanadyl 
oxygen site α.1 (Fig. 1b) results in an adsorbed metha-
nol, α.1H.1CH3, Gr(CH4 → α.1H.1CH3) = 61.6  kJ 
mol−1. Adsorbing methyl and H on two isolated sites α.1, 
α.1H + α.1CH3, at formally “infinite” separation, is more 
endergonic, Gr(CH4 → α.1H + α.1CH3) = 91.6 kJ mol−1. 
This allows an alternative pathway to methanol, 
α.1H + α.1CH3 →  α.1H.1CH3, that is analogous to the 
situation on VPP where we discussed two vanadyl oxy-
gen sites in one unit cell. The formation of methanol on 
α-VOPO4 (100) is exergonic, Gr(α.1H + α.1CH3 → 
α.1H.1CH3) = −30.0 kJ mol−1, in contrast to VPP (100) 
where the formation of methanol is endergonic. This con-
trasting behavior is related to the formation of the stable oxi-
dation state V3+ for α-VOPO4 at variance with VPP, where 
this reaction results in the formation of a V2+ species.

For the hydrogenated α-VOPO4 (100) surface, one cal-
culates a reaction free energy Gr(CH4 + α.1H + α → α.1H.
1H + α.1CH3) = 52.5 kJ mol−1 for converting methane into 
adsorbed methoxy and an adsorbed water molecule at sepa-
rated, non-interacting vanadyl sites. We used this adsorp-
tion at formally “infinite” separation as the unit cell for the 
α-VOPO4 (100) surface does not contain a second surface 
vanadyl oxygen, i.e., the preferred binding site for both 
adsorbates. Keeping the subsequent formation of methanol 
as analogous as possible to the corresponding process on the 
bare surface, methanol may easily be formed via H transfer 
from a water molecule to a methoxy species, α.1H.1H + 

α.1CH3 → α.1H + α.1H.1CH3, as the associated reaction 
energy is calculated at 9.0 kJ mol−1. Note that this process 
is much more facile that when it occurs in a direct fashion, 
from methane in the gas phase where Gr(CH4 + α.1H + α 
→ α.1H.1CH3 + α.1H) = 61.6 kJ mol−1, Table S6 of ESM. 
Here, the final adsorbate structure, α.1H.1CH3 + α.1H 
(methanol + OH), involves non-interacting sites, i.e. in two 
unit cells at formally “infinite” separation.

3.2.3 � The δ‑VOPO4 (100) Surface

The formation of methanol is endergonic at the vana-
dyl site δ.1 (Fig. 1c), Gr(CH4 → δ.1H.1CH3) = 29.1 kJ 
mol−1, and even more so at the vanadyl site δ.2, 
G r(CH4  →   δ.2H.2CH3)  = 48.9  kJ mol−1.  The 
strongest adsorption with hydrogen and methyl 
adsorbed at different sites is even more endergonic, 
Gr(CH4 → δ.1H.2CH3) = 62.1 kJ mol−1. In consequence, 
the formation of methanol from the latter intermediate 
δ.1 H.2CH3 on δ-VOPO4 (100) is exergonic, Gr(δ.1 H.2C
H3 → δ.2 H.2CH3) = −13.2 kJ mol−1.

For the corresponding hydrogenated surface δ-VOPO4 
(100), we identified the structures δ.1H.1H.2CH3 and 
δ.1H.1H.9CH3 as least unstable, formed from CH4 + δ.1 
with reaction free energies of 45.0 kJ mol−1 and 52.8 kJ 
mol−1, respectively. The former adsorption complex is 
analogous to the structure δ.1H.2CH3 on the bare δ-VOPO4 
surface. The process where methanol forms via H transfer 
from a water molecule to a methoxy structure, is ender-
gonic by 30.4 kJ mol−1, yielding δ.1H.2H.2CH3. As on 
the surface α-VOPO4 (100), this transformation among 
surface species is again much more facile than when the 
reaction occurs directly for methane from the gas phase, 
CH4 + δ.1 → δ.1H.2H.2CH3 where the reaction free energy 
is 75.4 kJ mol−1, Table S9 of ESM.

3.2.4 � Comparison of the Surfaces

For VPP, the formation of methanol from the methoxy 
species is endergonic for the bare surface (17.0 kJ mol−1) 
and essentially thermoneutral for the hydrogenated surface 
(4.7 kJ mol−1). For α-VOPO4 and δ-VOPO4, the situation 
is reversed with the methanol formation being exergonic 
on the bare surfaces, −30.0 and −13.2 kJ mol−1, respec-
tively, and endergonic on the hydrogenated surfaces, 9.0 and 
30.4 kJ mol−1, respectively. One may rationalize this trend 
with the presence of V3+ species being associated with a sta-
ble structure. The oxidation states of the different structures 
are shown schematically in Table 2.

Comparing the surfaces for the case that both species, 
H and CH3, adsorb at the same site u, we determined the 
reaction energy Gr(CH4 → s.uH.uCH3) at 80.9 kJ mol−1 
for VPP (u = 2), 61.6 kJ mol−1 for α-VOPO4 (u = 1), and 
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29.1 kJ mol−1 for δ-VOPO4 (u = 1), see Fig. 1. Hence we 
note a stronger propensity for forming methanol on the 
surfaces α-VOPO4 and δ-VOPO4 (both with V5+ centers). 
This is another example for the preference of forming V3+ 
species, e.g., when methanol is formed on the bare sur-
faces α-VOPO4 and δ-VOPO4.

3.3 � Transformations of Model Adsorbate 
Configurations

In the following, we will assume three typical model con-
figurations of adsorbates, n = 1–3 (Table 2), and discuss 
the energetics of the transformations 1 → 2, 1 → 3, and 
2 → 3 between these surface “states”. The model con-
figurations comprise the adsorbates methanol, water, or 
methoxy, formally without direct intra-adsorbate interac-
tions (at “infinite” separations) to allow a direct compari-
son of the three surfaces s under study [s = VPP (100), 
α-VOPO4 (100), or δ-VOPO4 (100)]; note that our model 
of α-VOPO4 exhibits only one surface vanadyl group per 
unit cell.

3.3.1 � Formation of a Water Molecule from Isolated VOH 
Groups

One may determine the formation free energy of a water 
molecule on the surface as free energy difference Gr(s.
xH + s.xH → s + s.xH.xH) = Gads(s.xH.xH)  −  Gads(s.
xH) between hydrogen desorption from a site s.xH, 
and hydrogen adsorption to form s.xH.xH. For the two 
hydrogen adsorption events on the VPP surface, we cal-
culated Gads(v.1H)  =  −218.3  kJ mol−1 and Gads(H → 
v.1H.1H) =  -202.4 kJ mol−1, hence Gr(v.1H + v.1H → 
v.1H.1H) = 15.9 kJ mol−1; see Reaction 2 → 3 on VPP, 
Table 2. For the surfaces α-VOPO4 (100) and δ-VOPO4 
(100), one obtains in similar fashion Gr(α.1H + α.1H → α
.1H.1H) = −39.1 kJ mol−1 and Gr(δ.1 + δ.1 → δ.1H.1H) 
= −47.3 kJ mol−1, Table 2. Thus, forming water molecules 
in this way is exergonic for α-VOPO4 (100) and δ-VOPO4 
(100), in contrast to VPP (100).

A surface with V=O and V–OH2 groups likely has 
similar C–H cleavage capabilities as a bare surface. In 
the following, we therefore use the energetics of the pro-
cess s.1H + s.1H → s.1H.1H as an estimate of the relative 

Table 2   Initial and final states 
of adsorption complexes on the 
surfaces VPP (100), α-VOPO4 
(100), and δ-VOPO4 (100), 
as well as the corresponding 
reaction energies Gr (kJ mol1): 
1 → 2—formation of a methoxy 
species from methanol, 
1 → 3—formation of a water 
molecule from methanol on a 
hydrogenated surface

n Surface statea Surface Sitesa Gr

b

1 

V4+    V3+      V2+ VPP v + v....1H + v.2H.2CH
3

–

V5+    V4+      V3+ α- αααα + αααα.1H + αααα.1H.1CH3
– 

δ-VOPO4
δδδδ + δδδδ.1H + δδδδ.2H.2CH3

– 

2

   V3+   V3+    V3+ VPP 2×v.1H + v.2CH3
−28.9 

   V4+   V4+    V4+ α-VOPO4 2×αααα.1H + αααα.1CH3
30.0

δ-VOPO4 2×δδδδ.1H + δδδ δ....2CH3
1.0

3 

V4+    V2+    V3+ VPP v + v.1H.1H + v.2CH3
−13.0

V5+    V3+    V4+ α-VOPO4
αααα + αααα.1H.1H + αααα.1CH3

−9.0

δ-VOPO
4

δδδδ + δδδδ.1H.1H + δδδδ.2CH
3

−46.3

V
O

V

O

V
O

V

O

V
O

V

O
H CH

CH

V

O

V

O

V

O
CH

3

3

3

H

HH

H H

VOPO4

a Reactant and product species adsorbed at the sites listed (depicted from left to right) on the various sur-
faces at formally infinite separation
b Reaction free energies Gr for reactions 1 → 2 and 1 → 3
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stability of a hydrogenated and a bare surface; see Reaction 
2 → 3, Table 2.

3.3.2 � From Methane to Methanol

Next, we combine the discussed processes into a complete 
reaction profile for the transformation of methane to the cor-
responding alcohol, Fig. 2. Note we will be comparing the 
surface states 2 and 3 as just introduced, Table 2. Based on 
the energy span model [54, 55], we note that the stability 
of the surfaces affects the overall C–H cleavage reactivity. 
Comparing the reactivity of hydrogenated and bare surfaces, 
we see that for all three surfaces, the reactivity trend is some-
what compensated by the surface stability.

For the bare surfaces, the lower stability of VPP (100) 
results in a similar reactivity of VPP, α-VOPO4 and 
δ-VOPO4, the largest difference being just 7.5 kJ mol−1. For 
the hydrogenated surfaces, the difference in surface stability 
causes the reactivity to differ at most 5.3 kJ mol−1. In con-
clusion, all surfaces show similar activation free energies for 
C-H cleavage both in the bare and the hydrogenated states. 
Furthermore, we note that for the final state, i.e. adsorbed 
methanol, the oxidized surfaces α-VOPO4 and δ-VOPO4 are 
by 39 and 74 kJ mol−1 more stable in the bare state than in 
the hydrogenated state, Fig. 2. The opposite holds for VPP; 
in the bare state, adsorbed methanol is by 10 kJ mol−1 less 
stable than in the hydrogenated state. We rationalize this 
trend as described in the previous section, by reference to the 
free energy preference between 2V–OH vs. V = O + V-OH2.

3.3.3 � Stability of Methoxy and Methanol Adsorbates

Finally, we address the stability of surface methoxy moieties 
from the respective most favorable adsorption complexes, 
again without direct interaction (Table 2).

For VPP, the conversion of methanol to methoxy and 
hydroxyl, reaction 1 → 2, is thermodynamically preferred, 
Gr = −28.9 kJ mol−1, over the conversion to methoxy and 
water, reaction 1 → 3, Gr = −13.0 kJ mol−1, Table 2. For 
α-VOPO4, the formation of water from methanol, reaction 
1 → 3, is favored, Gr = −9.0 kJ mol−1, over the formation of 
methoxy and hydroxyl, reaction 1 → 2, Gr = 30.0 kJ mol−1. 
For δ-VOPO4, the trends are the same, but more pronounced; 
the formation of water and methoxy, reaction 1 → 3, is 
strongly exergonic, Gr = −46.3 kJ mol−1, whereas the forma-
tion of methoxy and hydroxyl, reaction 1 → 3, is essentially 
thermoneutral, Gr = 1.0 kJ mol−1.

As done several times before, one can rationalize the 
energetics of the reactions 1 → 2 and 1 → 3 by the stability 
preference for the oxidation state 3+ of the V centers. In sur-
face state 2 of VPP, all three V centers are in oxidation state 
3+ whereas surface state 3 features only one such center. 
Thus, one concludes that state 2 is preferred over state 3. In 

surface state 2 of α-VOPO4 and δ-VOPO4, all three V cent-
ers in oxidation state 4+ whereas in state 3 one center is in 
oxidation state 3+. Therefore, state 3 should be favored over 
state 2 in this case.

Above, we concluded that methoxy species are favored on 
a reduced surface (VPP). For the oxidized surfaces α-VOPO4 
and δ-VOPO4, we noted the opposite situation: methoxy spe-
cies are significantly less stable than alcohol species. Yet, 
methoxy species are preferred by at least 9 kJ mol−1 also for 
oxidized surfaces when co-adsorbed hydrogen forms water 
molecules instead of hydroxyls on the surface; see reaction 
1 → 3, Table 2. The formation of methoxy species was cal-
culated exergonic for all surfaces; see reactions 1 → 2 and 
1 → 3 in Table 2.

3.3.4 � Comments on the Calculated Free Energy Barriers

The free energy barriers as determined in this study 
using a PBE + U approach are relatively high, from 219 
to 281 kJ mol−1, deserving some comments. Free energy 
barriers on oxidative dehydrogenation reactions have to be 
higher than the corresponding activation energies because 
the entropy of the gas-phase hydrocarbon species is lost 
exactly in this step. Even the mildly exothermic formation 
of an encounter complex does not help in this regard as the 
associated free energy change will be notably endergonic, 
Table 1, due to the associated significant loss of the entropy 
contributions of translational and rotational degrees of free-
dom. Regarding the absolute values of these barriers, it is 
informative to compare to values calculated for C–H acti-
vation of methane or other hydrocarbons by other vanadyl 
species. Using the hybrid B3LYP DFT approach to account 
for possible self-interaction artifact (instead of the PBE + U 
method applied here), free energy barriers of 259 and 
280 kJ mol−1 have been determined for the C–H activation 
of CH4 (at 800 K) over a silsesquioxane bound V=O moiety 
and a O=V(OH)3 species [4]. Furthermore, a free energy 
barrier for ODH of propene at 600 K on a silsesquioxane, 
where two Si–H were substituted by V=O moieties, was 
calculated at 224 kJ mol−1, using the same computational 
method [56]. These calculated free energy barriers of ODH 
at V=O units in various environments are quite comparable 
to those obtained in the present work (at 673 K). Another 
B3LYP study [57], using a V4O10 cluster as a model for 
vanadium pentoxide, V2O5, determined for methane ODH 
an energy barrier of 143 kJ mol−1, quite similar to the energy 
barriers of 121–169 kJ mol−1 calculated in the present work 
for methane ODH over vanadium phosphate. In addition, 
the C–H activation energies of a secondary carbon center 
of propane over all previously mentioned models, V=O 
substituted into a silsesquioxane, O=V(OH)3, V4O10, and 
even on V3O7

+ (using B3LYP calculations) as well as on a 
periodic V2O5 model (using PBE calculations) were also in 
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this range, 100–143 kJ mol−1 [4, 47, 57, 58]. Only for the 
hydrogenation of the uncapped P = O unit on the extremely 
reactive X1 surface of VOPO4 notably lower energy barriers, 
57–59 kJ mol−1, have been reported from PBE calculations 
for ODH of butane [49]. Note, however, that the semi-local 
PBE functional may be prone to self-interaction artifacts.

4 � Conclusion

Using DFT model calculations, we probed various surfaces 
of the vanadium phosphate catalyst for the oxidation of 
methane. In particular, we examined the reactivity for C–H 
cleavage and methanol formation on the (100) surfaces of 
vanadyl pyrophosphate VPP, as well as on the (100) sur-
faces of the two phases α-VOPO4 and δ-VOPO4 of vanadyl 
orthophosphate. For the C–H cleavage on hydrogenated 
model surfaces, we calculated lower free energy barriers 
by 34 kJ mol−1 (α-VOPO4) and 48 kJ mol−1 (δ-VOPO4) for 
the oxidized surfaces compared to the reduced surface VPP. 
This trend of the free energy values is essentially cancelled 
out when the stability of the surfaces is taken into account. 
Then the energy span for the barrier of C–H cleavage for 
VPP is by no more than 5.3 kJ mol−1 lower than for the 
oxidized surfaces, Fig. 2 [54, 55]. Among the bare surfaces, 
VPP (100) is slightly more active for the C–H cleavage than 
the oxidized surfaces α-VOPO4 and δ-VOPO4 if one neglects 
the stability of the surfaces; the barriers on the latter two 
surfaces are by 8.4 and 12.5 kJ mol−1 higher. When the sta-
bility of the surfaces is accounted for, VPP is by at least 
3.4 kJ mol−1 less reactive (as measured by the energy span) 
than the oxidized surfaces. To rationalize these findings, one 
may, again, refer to the calculated high stability of vanadium 
in oxidation state 3+ and the low stability of vanadium in 
oxidation state 2+.

This stability trend can also be used for rationalizing the 
formation of methoxy and methanol species on the three 
surfaces examined. Methanol formation on VPP (100) 
requires the reduction to V2+ and therefore methoxy forma-
tion is favored, by −28.9 kJ mol−1. For α-VOPO4 (100) and 
δ-VOPO4 (100), intermediate adsorption complexes com-
prising V3+ species were calculated significantly more sta-
ble than complexes with vanadium in other oxidation states. 
Among the V3+ species, methoxy adsorption complexes 
were calculated to be by at least 9.0 kJ mol−1 more stable 
than complexes of methanol, when the leaving hydrogen is 
adsorbed at a hydroxyl group, forming water.

The above discussion shows that most trends of the pre-
sent results can be rationalized by a preference for V centers 
to reduce to oxidation state 3+. Experimentally, the oxida-
tion state of vanadium centers has been determined by X-ray 
photoelectron spectroscopy (XPS) [59, 60]. XPS studies on 
VPO catalysts under ultra-high vacuum conditions indicated 

a mixture of oxidation states 4+ and 5+ for the surface V 
centers [61]. Low pressure increases the propensity for elim-
inating O atoms from the surface, thus reducing the ratio 
V5+/V4+. In an in situ XPS study on two VPO catalysts [62], 
Kleimenov et al. fed n-butane in the presence of O2, and 
determined the oxidation state of surface V centers to be 4+ 
for both catalysts. The lower reaction rate in the absence of 
O2 was rationalized by the limited oxygen transport from 
the bulk to the surface. In these studies, no reduction of V 
centers beyond V4+ was observed [62].

To the best of our knowledge, V3+ centers have not been 
identified in VPO materials under catalytic conditions. This 
discrepancy to our computational results can be rationalized 
by assuming that any re-oxidation of V3+ centers by bulk 
oxygen atoms or O2 from air is a rather fast process. Note 
also that in the present work, we only described the reduc-
tion of vanadium, bypassing any re-oxidation processes.

To conclude, some comments seem appropriate regard-
ing C–H activation in general over the VPO catalyst. In 
particular, this catalyst is used for the conversion of butane 
to maleic anhydride as indicated above [63–66]. This reac-
tion is also assumed to proceed via an initial radicalic ODH 
step, analogous to the first step explored in the present study 
[47], followed by the adsorption of a hydrocarbon radical 
at the surface of the catalyst. The results obtained here are 
also relevant to the radicalic initial activation of butane as 
the enthalpy of C–H bond activation of n-butane is experi-
mentally only by ~28 kJ mol−1 (or ~7%) lower than that of 
methane, ~439 kJ mol−1 [67].

The results of the present mechanistic model study hope-
fully laid the foundation for further experimental and com-
putational work directed at improving the selectivity of the 
VPO system through rational catalyst design.
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