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ABSTRACT: The nature of isolated tungsten oxide (WOx) sites in the dispersed phase
on the surface of a β-cristobalite (β-SiO2) support in undoped and Na- or Mn-doped
WOx/SiO2 model catalysts used for the oxidative coupling of methane (OCM) has not
been explored previously. This work provides a computational model for isolated surface
WOx sites (doped and undoped) supported on β-cristobalite (β-SiO2) and computation-
ally explores their molecular structure, degree of hydration, and energetics over a wide
range of OCM-relevant temperatures from 500 to 1300 K. Ab initio thermodynamic
analysis showed that the most stable molecular configuration of the surface sites in all
cases (WOx, Na-WOx, Mn-WOx) was the digrafted, dioxo pseudotetrahedral WO4. The
thermal stability of the surface WO4 sites was in the order Na-WO4 ≫WO4 > Mn-WO4 in
the OCM-relevant temperature range of 850−1300 K. A spin analysis of an Mn-WO4
isolated surface site indicates a paramagnetic high-spin Mn2+−O−W6+ electronic state, in
line with literature reports. The computed frequencies for isolated surface WO4 sites agree
well with the experimental in situ Raman spectra of the corresponding model catalysts,
proving their existence. Finally, steady-state OCM studies showed that the C2 selectivity was highest for Na-WO4 sites, followed by
Mn-WO4 and WO4, a trend mimicking the degree of distortion in the molecular geometry of each site. Na-WO4 exhibited the lowest
reactivity toward CH4 and the highest degree of WO bond elongation.

KEYWORDS: methane, oxidative coupling, tungsten oxide, cristoballite, isolated site, DFT, Raman

■ INTRODUCTION

Supported transition-metal oxides are among some of the most
important catalytic materials. Specifically, metal and metalloid
oxide supported tungsten oxide (WOx) catalysts have been
utilized in numerous catalytic processes of industrial and
environmental importance, including hydrocarbon and alcohol
upgrading,1,2,11,3−10 selective catalytic reduction (SCR),12

olefin metathesis,13 CO2 hydrogenation,14 and production of
sulfurous compounds.15 The ability to synthesize uniform
surface WOx catalytic sites on a support with the desired
functionality is of primary importance for obtaining control-
lable structure−function relationships. In particular, different
molecular geometries of the active WOx surface sites exhibit
different catalytic properties.16−19 The active surface sites
present on the support can be isolated, dimeric, oligomeric, or
polymeric, which ultimately influences the resulting activity/
selectivity and reaction mechanism.16,20−22 The structure of
the active site typically depends on its surface coverage with
the maximum amount that can be anchored in a two-
dimensional fashion on the support without forming a three-
dimensional crystalline phase, defined as the monolayer

coverage. The monolayer coverage is routinely used to assess
the overall catalyst activity/selectivity of well-defined surface
sites.16,23−25

One reaction of significance to the natural gas industry is the
oxidative coupling of methane (OCM), which converts
methane to ethane and ethylene over a heterogeneous
catalyst.26−28 Many supported transition metal oxide catalysts
have been tested for OCM with the goal of maximizing
ethylene yield and minimizing CH4 overoxidation to CO and
CO2.

28−33 The SiO2-supported manganese oxide and sodium
tungstate (MnxOy-Na2WO4/SiO2) promoted catalyst is one of
the most promising (and one of the most studied) catalysts for
OCM due to its thermal stability and ∼30% C2 yield.
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In one of the pioneering reports on this catalyst,36 it was
shown that CH4 conversion did not increase beyond the
catalyst loading of 4% Na2WO4/SiO2 by weight. It was
concluded, with the aid of XPS surface analysis, that Na2WO4
formed as a two-dimensional (2D) dispersed species at up to
4% loading that corresponded to monolayer coverage. At
higher loadings, Na2WO4 formed 3D crystalline particles,
which were proposed to be inactive toward OCM.36 It was
further argued that the active site of this catalyst was the 2D-
dispersed tungsten oxide (WOx) coordinated to Na+.37

Subsequent studies aimed to unravel the exact molecular
structure and the role of Na-coordinated surface sites via
Raman spectroscopy, XRD, and steady-state reactor studies.37

The Na2WO4/SiO2, WO3/SiO2, and Na-WO3/SiO2 catalysts,
however, were analyzed under ambient conditions, where the
catalysts were exposed to air and moisture, both before and
after the OCM reaction. It was found that, without Na+, the
supported WO3/SiO2 catalyst (prepared from the ammonium
para-tungstate precursor in water) was dominated by structures
containing an octahedral (Oh) molecular geometry (WO6)
such as those in crystalline WO3 (Raman bands at 807, 713,
and 271 cm−1).37 The Raman bands for Td WO4 from
crystalline Na2WO4 were found on SiO2 when Na2WO4 in
water was employed as the precursor (bands at 927, 811, 788,
416, and 311 cm−1). The addition of Na+ to the supported
WO3/SiO2 catalyst led to the disappearance of Raman bands
corresponding to Oh WO6 sites of crystalline WO3 and the
appearance of Raman bands corresponding to the Td WO4
sites of crystalline Na2WO4, suggesting that the role of Na

+ was
that of a structural promoter to retain the Td coordination of
the supported WOx sites.

37 Fixed-bed reactor studies of model
catalysts containing Oh WO6 vs Td WO4 species in OCM were
also conducted and showed that the catalysts with Td Na-WO4
sites had much higher C2 selectivity in comparison to those
without Na+ (i.e. Oh WO6 sites).37 Other reports have also
made similar claims regarding Td Na-WO4 sites being active
and selective for OCM.38,39 It is crucial to stress that all such
studies reported Oh and Td units present in the bulk crystalline
phases (i.e., WO3 and Na2WO4 nanoparticles, respectively)
and not the WOx surface sites, which are responsible for
catalysis and can be drastically different structurally and
chemically.40 In fact, the composition and structure of bulk
crystalline materials are known to differ significantly from those
of the surface.41−44 Moreover, the existence of long-speculated
crystalline phases is dubious. Recent studies utilizing operando
XRD-CT (X-ray diffraction computed tomography),45 in situ
Raman spectroscopy,46 and in situ XRD46 have reported that
under OCM reaction conditions (675−900 °C, CH4 + O2),
the 3D-crystalline Na2WO4 and Mn2O3 phases disappeared as
they melted or became reduced.47 For a more thorough
discussion on the molecular structure of active sites, structure−
function relationships, properties of the catalysts, the kinetics
of catalytic OCM, etc., the reader is referred to a recent in-
depth review paper on OCM catalysis.47

In contrast, operando and in situ Raman spectroscopic
studies24,48 of well-defined 2D-dispersed supported WOx/SiO2
model catalysts are also available in the literature.20,21,23,49,50

Such studies have shown that the SiO2 support surface
contains various thermally robust molecular geometries/
configurations of surface WOx sites.47 For example, the Td
WO4 ((O)2−W(O)2) with two double-bonded oxygens
(dioxo, digrafted), square-pyramidal WO5 ((O)4−WO)
with one double-bonded oxygen (mono-oxo, tetragrafted),

and oligomeric WOx chains with W−O−W bridges are just
some of the molecular geometries of surface WOx sites
observed on the SiO2 support.20,21,23,49,50 Moreover, studies
have shown that, under OCM conditions, SiO2 transforms to
the β-cristobalite phase and is not present as the α-cristobalite
phase.51,52 The α-cristobalite phase is only present below 493
K and transforms into the β-cristobalite phase above 493 K,
with a 5% volume change.51−54 Structural differences between
the crystalline α- and β-cristobalite supports may strongly
affect the distribution and molecular geometry of the active
surface site and monolayer coverage on the SiO2 support
catalyst. The α-cristobalite phase has a tetragonal Bravais
lattice and belongs to the D4 point group and P41212 space
group.55 On the other hand, the β-cristobalite phase is more
ordered, has a cubic Bravais lattice, and belongs to the Oh point
group and Fd3m space group.56 To date, all computational and
experimental work has largely ignored the absence of α-
cristobalite under OCM conditions since the reported
characterization studies were primarily conducted under
ambient conditions where the surface is hydrated and SiO2
support in its α-cristobalite phase. For example, a recent
computational report focusing on CH4 activation on Mn−W
oxide clusters supported on a α-cristobalite (111) support
found that H abstraction during CH4 activation was energeti-
cally more favorable on MnO than on WO.57 However,
an MnO bond has experimentally never been detected for
this catalyst, especially at OCM-relevant temperatures. More-
over, the authors assumed that the only role of Na+ was to
restructure the SiO2 support into the α-cristobalite phase
(which does not exist under OCM conditions51,52) and that
Na+ had no effect on the WOx active site in the catalyst.
Consequently, Na+ was not incorporated into the possible
active site structures in the computational models.57 Another
study (available only in the Chinese language) used molecular
dynamics simulations and ab initio DFT to investigate the
nature and structure of active sites in MnxOy-Na2WO4 on a α-
cristobalite (111) support. This study found an unusual WO4
cluster with three W−O−Si bonds and one WO bond to be
present in α-cristobalite (111).58 On the basis of the electronic
structure and molecular orbital information on this WO4 site, it
was further presumed that the OW(−O−Si)3 structure is
the active site for OCM. However, only Td WO4 sites
(digrafted. two W−O−Si bonds; dioxo, two WO bonds)
have been experimentally determined and the OW(−O−
Si)3 cluster

58 is not supported by experimental evidence.
Herein, we report computational and experimental results to

elucidate the possible molecular and electronic structure of the
SiO2-supported WOx surface sites on the relevant β-cristobalite
phase of the SiO2 support during OCM. In particular, this
study reports on the DFT modeling results of isolated surface
sites in uncoordinated, Na-coordinated, and Mn-coordinated
tungsten oxide supported on the β-cristobalite phase of SiO2,
WOx/β-SiO2, Na-WOx/β-SiO2, and Mn-WOx/β-SiO2, in
conjunction with ab initio thermodynamics insights into their
thermal stability. Vibrational frequencies were calculated and
compared with the experimental in situ Raman bands of the
well-defined model catalysts. Finally, the steady-state catalytic
performance of model bimetal oxide catalysts was tested to
understand the effect of the molecular geometry of the surface
sites on OCM. The insights regarding structure-function
relationships based on model catalysts provided herein shed
new light on the possible surface catalytic sites, which are often
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overlooked in the literature on MnxOy-Na2WO4/SiO2 catalysts
for OCM.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

DFT Calculations. The periodic calculations have been
performed with the Vienna Ab Initio Simulation Package
(VASP)59−62 using the Perdew and Wang (PW91) generalized
gradient approximation exchange-correlation functional.63 The
valence electrons are treated explicitly, and their interactions
with the ionic cores are described by the Projector Augmented-
Wave (PAW) method,15,59,64 which allows using a low-energy
cutoff equal to 400 eV for the plane-wave basis. A sampling of
the Brillouin zone with 2 × 2 × 1 mesh was applied for all
models in this work. The positions of the two topmost layer
atoms, as well as the active (un)coordinated WOx site, in the
supercell were relaxed until the total energy differences
decrease below 10−6 eV (forces acting on atoms fall below
0.005 eV/Å).
Vibrational spectra have been calculated for the selected

surface species within the harmonic approximation. Only the
tungsten center and its first and second neighbors (O−Si and
OH groups) were considered in the Hessian matrix. This
matrix was computed by the finite difference method followed
by a diagonalization procedure. The eigenvalues of the
resulting matrix led to frequency values. The assignment of
the vibrational modes was done by inspection of the
corresponding eigenvectors. The details of the model of the
hydroxylated β-cristobalite slab can be found elsewhere.64

Briefly, the β-cristobalite surface was modeled by a slab,
constructed by cutting the bulk parallel to the (001) and (110)
crystallographic planes. The surface unit cell dimensions (Å)
are a = 15.21, b = 10.14, and c = 28.00 (including 20 Å of
vacuum) for the (001) plane.
Ab initio constructed phase diagrams (surface energy (γ) vs

temperature (T)) were generated according to details provided
elsewhere.64 Briefly, it was assumed that there was no variation
in the chemical potential of the surface upon the adsorption of
sites and that the gas phase is a perfect gas. In the proposed
scheme, the free energy of water (including the zero-point
energy, ZPE, correction) in the gas phase was calculated by eq
1

G E H T S T

RT P P

(H O) (H O) (( ( ))

ln( / ))

Temp.Corr.
Gaussian

2 2 G G

0

= + Δ − Δ

+ (1)

where E(H2O) is the electronic energy of water calculated at 0
K, ΔHG and ΔSG(T) are the enthalpy and entropy corrections
of gaseous water, respectively, calculated with Gaussian0365 in
the temperature range 500−1300 K. P is the partial pressure of
water vapor66 and P0 is the standard pressure (1 bar).
The area normalized Eads of the condensed phase was added

to the area normalized GTemp.Corr.
Gaussian (H2O) to calculate surface

energy in J mol−1 m−2 of a configuration, as shown in eq 2.
Note that only the GTemp.Corr.

Gaussian (H2O) value depends on T and P;
therefore, energies of the condensed phase will not depend on
the temperature.64 The final value is the sum of condensed and
vapor phases, with the vapor phase values corrected for
temperature. The surface energy (γ) calculations are
summarized in eqs 2−4.

E
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DFT

0
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Δ

= −
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(3)

n (m )
of H O exchanging with gas phase

area of slab (m )
2 2

2=
#−

(4)

Well-Defined Model Catalyst Site Synthesis and
Molecular Structural Characterization with In Situ
Raman Spectroscopy. The supported catalysts were
prepared by incipient-wetness impregnation of aqueous
ammonium metatungstate ((NH4)10W12O41·xH2O (Alfa
Aesar, Product #44792)), manganese nitrate (Mn(NO3)2
(Alfa Aesar, Product #10806-09), and sodium hydroxide
(NaOH (EMD MilliPore, Product #1064621000)) onto a
SiO2 support (Cabosil, EH-5). After impregnation, the samples
were initially dried at room temperature overnight and then at
393 K in flowing air (150 mL/min) in a calcination oven for 2
h and finally calcined in flowing air (150 mL/min) for 4 h at
500 °C. The silica-supported tungsten oxide catalysts were
prepared with 5% WOx, 0.4% Na/8% WOx, and 1% Mn/5%
WOx (metal basis). Specifically, the 5% WOx/SiO2 catalyst was
chosen as it corresponds to the highest achievable concen-
tration of surface WOx (x = 4, 5) sites in the dispersed phase
before the crystalline WO3 phase can form. The 8% WOx/0.4%
Na/SiO2 catalyst was prepared according to a recently
published report on Na-enhanced dispersion,16 such that the
molar ratio Na/W was ∼0.4, which ensures that crystalline
Na2WO4 does not form and the Na-WO4 sites are dispersed.
Finally, the 1% Mn/5% WOx/SiO2 catalyst was prepared to
mimic the undoped 5% WOx/SiO2 catalyst. Regardless of the
Mn loading, an MnWO4 crystalline phase coexisted with the
dispersed Mn-WO4 sites on the SiO2 surface.
The in situ Raman spectra of the catalysts were obtained

with a Horiba LabRam HR instrument equipped with a 442
nm laser and a liquid N2 cooled CCD detector (Horiba CCD-
3000 V). The spectral resolution was approximately 1 cm−1,
and the wavenumber calibration was checked using the silica
standard line at 520.7 cm−1. The laser was focused on the
catalyst samples with a confocal microscope using a 50×
objective (Olympus BX-30-LWD). Typically, the spectra were
collected with 15 s/scan with a total of six scans.
Approximately 5−25 mg of each catalyst in powder form was
loaded into an environmental cell (Harrick, HVC-DR2) that
was sealed with O-ring seals, which was kept cool by flowing
water. The in situ Raman spectra of the dehydrated catalysts
were collected at 673 K, after 673 K dehydration in 10% O2/Ar
for 60 min.
It is important to note that only the Na-containing sample

undergoes a transformation of amorphous SiO2 to crystalline
cristobalite, and the absence of Na in the supported WOx/SiO2
and Mn-WOx/SiO2 catalysts retains SiO2 in the amorphous
phase. Amorphous SiO2, in the absence of Na, does not
transition to the crystalline cristobalite phase until temper-
atures above 1743 K, but the transformation temperature is
decreased to ∼1273 K with Na, which is within the OCM
reaction temperature.51,52
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OCM Catalytic Testing. The OCM performance of the
model catalysts was tested under steady-state reaction
conditions in an Altamira Instruments temperature-program-
mable system (AMI-200) equipped with an online quadrupole
MS (Dycor Dymaxion, DME100MS). Typically, ∼30 mg of
the catalyst was loaded into a U-shaped quartz tube (4 mm
i.d.) and held in place by quartz wool plugs. The catalyst was
initially calcined at 673 K in a 10% O2/90% Ar mixture (Airgas
certified, 30 mL/min) for 60 min to remove adsorbed moisture
and any combustible impurities that might be present. Then,
the temperature was ramped up to 1173 K at 20 K/min. Upon
reaching 1173 K under 10% O2/90% Ar, the system was
flushed with Ar before the gas mixture was switched to 25 mL/
min of CH4 and 40 mL/min of air (Air Products, ultra zero
grade), and these conditions were maintained for 2 h. Next, the
temperature was decreased to 1103 K, and another gas matrix
(5 mL/min of CH4, 15 mL/min of 10% O2/90% Ar, 80 mL/
min of Ar; WSHV ∼200000 g−1 h−1) was introduced and the
conditions were maintained for 2 h, during which data were
collected. All data were collected using an online mass
spectrometer. The OCM reaction was conducted using low
oxygen concentration with CH4/O2 ≈ 3.3 to prevent oxidation
of the MS filament and to minimize heat and mass transfer
effects. The reactivity was calculated as

Q

reactivity ( mol g h )

CH (L h )

catalyst (g) loadingL

1 1

4
1

24
mol tungsten

μ

χ
=

× [ ] ×
× ×

− −

−

■ RESULTS AND DISCUSSION
The Hydroxylated β-Cristobalite Model. A detailed

description of the hydroxylated β-cristobalite (001) surface
computational model used herein can be found elsewhere.67

Briefly, the Si−O and O−H bond lengths were 1.62 and 0.97
Å, respectively. The model used is shown in Figure 1 and can

be represented by the formula (SiO2)x·yH2O. Specifically, the
supercell of the model has the formula Si24O57H18, which can
be written as (SiO2)24(H2O)9. The slab had a surface area of
1.542 nm2.
WOx/β-SiO2: Molecular Structure and Thermal Stabil-

ity of the Isolated Surface Sites. Various configurations of
tungsten oxide molecular structures grafted onto the β-SiO2
(001) surface are possible, as shown in Figure S1. The β-SiO2-

supported WOx surface species can be obtained according to
the reaction given in eq 5

nH WO (SiO ) 9H O Si O H W H On n2 4 2 24 2 24 61 20 2 2+ · → +− −
(5)

where n is the number of water molecules exchanging with the
gas phase (−1 to +3). For example, configuration A represents
a surface site with one W−O−Si bond, five W−OH bonds, no
WO bond, and n = −1; therefore, eq 5 for configuration A
can be written as

H WO (SiO ) 9H O Si O H W H O2 4 2 24 2 24 62 22 2+ · → − (6)

All bond parameters, including their number and type as well
as the number of H2O molecules involved in the overall
formation reaction for each configuration, and the resulting
equations are summarized in Table S1. Since the exper-
imentally determined maximum loading of 2D-dispersed
surface WOx sites on amorphous SiO2 is 0.5 W atoms/
nm2,20,21,68 one WOx unit was anchored per entire slab,
resulting in ∼0.6 Watoms/nm

2 coverage.21 The varieties of the
adsorption configurations that were explored are due to the
number of adjacent silanol groups on the β-SiO2 (001) surface
involved in grafting, the number of oxo bonds (WO), and
the number of W−OH bonds. For example, configuration A
shows monografted tungsten oxide sites without oxo bonds.
Likewise, the configuration I shows tetragrafted, mono-oxo
tungsten oxide sites.
In order to understand the thermal stability of various β-

SiO2 (001) grafted molecular geometries possible for the WOx
species, ab initio thermodynamics were used to calculate the
corresponding surface energy for each binding configuration in
J molecule−1 m−2, which is the thermally corrected Gibbs
energy per molecule, normalized by the surface area of the β-
SiO2 (001) slab. Assuming that the surface is in thermody-
namic equilibrium with the gas phase, the chemical potential of
all species is related to temperature and pressure.64 The results
of the computed surface energies for the three most stable β-
SiO2 (001) grafted WOx geometries are shown in Figure 2. At
temperatures between 500 and 675 K, configuration E
(WO3(OH)2: digrafted, mono-oxo, two W−O−H bonds)
was the most stable and dominant site. At higher temperatures
(675−1300 K), however, the most stable and dominant
configurations were F (WO4: digrafted, dioxo) and I (WO5:
tetragrafted, mono-oxo). This is in agreement with the
experimental in situ Raman spectroscopy studies of SiO2-
supported WOx catalysts, where the existence of I (mono-oxo)
and F (dioxo) WOx configurations have been shown.17,21,48,69

The mono-oxo species, with a shorter WO bond length,
exhibits a Raman band at ∼1015 cm−1, while the dioxo species
with its slightly elongated WO bonds exhibits a Raman band
at ∼985 cm−1.17,21,48,69 It should also be noted that it is known
from in situ X-ray absorption near edge spectroscopy (XANES)
measurements that the configuration F is the dominant surface
tetragrafted tungsten oxide site on the amorphous SiO2
surface24 under dehydrated conditions.
The characteristic bond lengths of the thermally stable

configurations (E, F, and I) are summarized in Figure 2. The
bridging (W−O)−Si bond lengths in E, F, and I were 1.93,
1.89, and 1.92 Å, respectively. The terminal (WO) bond
lengths in E, F, and I were 1.72, 1.73, and 1.70 Å, respectively,
which fall within the reported WO length range.63 Finally,
only configuration E possessed the W−OH functionality, with
a bond length of 1.92 Å. Thus, all of the stable structures

Figure 1. Hydroxylated β-cristobalite (001) slab used in this study.
Monomeric species (such as WOx) were anchored on the (001)
surface plane. Color code: Si, green; O, yellow; H, red.
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exhibited similar bond lengths for the same functionality. At
temperatures above ∼850 K, the degree of hydration decreased
and W−OH bonds were not present in configurations F and I.
The temperature dependence of surface molecular geometry
(dioxo vs hydrated sites) was recently evidenced in an
experimental report and matches the trend observed in this
study that at higher temperatures the surface dioxo structure
becomes dominant.70

Na-WOx/β-SiO2: Molecular Structure and Thermal
Stability of the Isolated Surface Sites. Various config-
urations of Na-WOx molecular structures grafted on the β-SiO2
(001) surface are possible and are shown in Figure S2. The
models of Na-WOx/β-SiO2 were constructed following eq 7

n

Na WO (SiO ) 9H O

Si O H WNa H On n

2 4 2 24 2

24 61 18 2 2 2

+ ·

→ +− − (7)

where n is the number of water molecules exchanged with the
gas phase (2 to −1) for isolated Na2WO4 grafts. For example,
configuration E-1 represents a surface site with two W−O−Si
bonds, two WO bonds, one W−OH bond, two Na−O−Si
bonds and n = +1; therefore, eq 6 can be written as Na2WO4 +
(SiO2)24·9H2O → Si24O60H16WNa2 + H2O. Bond structural
parameters and resulting reaction equations are summarized in
Table S2 for all Na-WOx configurations. The reason for the
configurational variety within the single W−O−Si bonding
configuration arises from the possible modes of Na
coordination: two Na atoms coordinated to W−O (W−O−
Na) with one Na atom coordinated to Si−O (Si−O−Na)
while the other Na atom is coordinated to W (W−O−Na) and
both Na atoms are coordinated to Si−O (Si−O−Na).
The ab initio thermodynamics surface energy as a function of

temperature was calculated to probe the thermal stability of the
possible molecular configurations, and the results for the three
most stable structures are shown in Figure 3. In the
temperature range 500−1300 K, the most stable configuration
was found to be F (digrafted, dioxo), followed by G-1
(digrafted, mono-oxo, one W−OH) and E-3 (digrafted, mono-
oxo). Note that in Figure 3 it is hard to differentiate between
G-1 and E-3, as the surface energy values are similar, but G-1 is
lower in surface energy at all temperatures. The surface
energies of G-1 and E-3 configurations were close to each
other at all temperatures, though G-1 was slightly more
thermally stable. The molecular structures and characteristic
bond lengths of the stable configurations (G-1, E-3, and F) are
summarized in Figure 3. The (W−O)−Si bond lengths in G-1,
E-3, and F configurations were 2.01, 2.13, and 1.88 Å,
respectively. The WO bond lengths in E-3 and F were 1.79,
1.74 Å, respectively. Only G-1 had a W−OH functional group
with a bond length of 1.93 Å. The (W−O)···Na bond lengths
in G-1, E-3, and F were 1.77, 1.78, and 1.75 Å, respectively.
Finally, the (Na−O)···Si bond lengths were 2.20, 2.42, and
2.30 Å for G-1, E-3, and F, respectively. From the characteristic
bond length comparison, it is interesting to note that
configuration F exhibited the shortest WO bond, the
shortest W−O−Si bond, and the shortest (W−O)···Na
interatomic distance. It is known that the strong interaction
of a base such as K+ or Na+ with the surface WOx site would
lead to elongation of the WO bonds, as seen by the red shift
of the WO Raman band from 985 to 963 cm−1 with
increasing K+ content, reported in recent studies on a K-doped
WOx/Al2O3 catalyst.15,18 Configuration F exhibited the
weakest interaction of Na+ with the surface WOx site, as it
had the shortest W−O and WO bonds. Interestingly, the
bridging (Na−O)−Si bond length for configuration F was
intermediate to those of G-1 and E-3, which hints at an
intermediate level of Na+ interaction with the surface Si−O.
Finally, in the presence of Na+, only one out of three thermally
stable configurations exhibited W−OH bonds (i.e. G-1) since
Na+ functions as a strong Lewis base18 to neutralize the

Figure 2. Ab initio thermodynamic phase diagram (surface energy vs
T) of the most stable surface WOx molecular geometries. Thermally
stable, optimized molecular structures with characteristic bond
lengths in Å are also shown.
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hydrogen in the Si−OH groups to form the bridging (Si−
O)−Na+ bond.

Mn-WOx/β-SiO2: Molecular Structure and Thermal
Stability of the Isolated Surface Sites. Multiple config-
urations of Mn-WOx molecular structures are possible, as
shown in Figure S3. The structural models were constructed
following eq 8

MnWO (SiO ) (H O)

Si O H WMn n H O
4 2 24 2 9

24 (61 n) (18 2n) 2

+ ·

→ + ·‐ − (8)

where n is the number of water molecules exchanged with the
gas phase (2 to −1) to graft the surface sites. For example,
configuration C-1 represents surface site with one W−O−Si
bond, two WO bonds, one W−OH bond, two Mn−O−Si
bonds, and n = +1, so eq 7 becomes MnWO4 + (SiO2)24·
(H2O)9 → Si24O60H16WMn+H2O. Parameters and resulting
equations for all configurations are summarized in Table S3.
The ab initio thermodynamics-based surface energy as a

function of temperature was calculated for each configuration,
and the results of the three most stable configurations are
presented in Figure 4. At temperatures between 500 and 1300
K, the most thermally stable configuration was F (Mn-WO4:
digrafted, dioxo). The second most stable configuration in the
temperature range 500−550 K was the digrafted DX-3, and
above 550 K configuration G-1 (digrafted, mono-oxo) became
the second most stable. The characteristic bond lengths of the
most stable configurations (D-3, F, G-1) are summarized in
Figure 4. The (W−O)−Si bond lengths in configurations D-3,
F, and G-1 were 2.03, 1.87, and 1.94 Å, respectively. The W
O bond length in F was 1.72 Å, while in D-3 and G-1 the W−
OH functional group was present with W−O bond lengths of
1.96 and 1.91 Å, respectively. Moreover, the (W−O)···Mn
bond lengths were 2.01, 1.79, 1.81 Å, for D-3, F, and G-1,
respectively. Finally, the Mn−O···Si bond lengths were 2.27,
1.90, and 1.84 Å, respectively. The characteristic bond length
comparison among the stable configurations shows that the
most thermally stable configuration F, which represents Mn-
WO4, had the shortest (W−O)···Mn bond (i.e., Mn2+

interacted weakly with the WO4 unit in this case). Moreover,
configuration F also exhibited the shortest (W−O)−Si bonds,
indicating strong grafting of the species to the silica support.
The Mn−O−Si bond length in configuration F was
intermediate to that in configurations D-3 and G-1, suggesting
an intermediate degree of the Mn2+ interaction with the surface
Si−OH groups. It should be noted that, in the presence of Mn,
two out of the three thermally stable configurations, namely D-
3 and G-1, exhibited W−OH bond(s), indicating that, unlike
Na+, Mn2+ did not function as a strong Lewis base.

Effect of Dopant on the Thermal Stability and the Td
Geometry of WO4 Surface Sites. Configuration F
representing the Td WO4 (digrafted, dioxo) molecular
geometry was the most thermally stable in each case: i.e.,
WO4, Na-WO4, and Mn-WO4. It is worthwhile to compare the
structures and properties of such WO4 sites in each case, as
different dopants interact with and alter the WO4 geometry to
varying extents, which can affect the activity of such isolated
surface sites toward OCM.37,71 To probe the relative thermal
stability of configuration F among the different catalysts
studied herein, the differences in surface energy of uncoordi-
nated WO4 and M-coordinated WO4 (M = Na, Mn) were
computed as a function of temperature. Positive difference
values imply greater thermal stability, and negative difference
values imply lower thermal stability in comparison to the
uncoordinated WO4 sites. At all temperatures between 500 and

Figure 3. Ab initio thermodynamics phase diagram (surface energy vs
T), showing thermal stability of Na-WOx grafted molecular
geometries. Thermally stable, optimized molecular structures with
characteristic bond lengths in Å are also shown. Note: it is challenging
to differentiate between G-1 and E-3, as the surface energy values are
similar, but G-1 is slightly lower in surface energy at all temperatures.
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1300 K, the Na-WO4 site is thermally more stable than the
uncoordinated WO4 site, as depicted in Figure 5a. The Mn-
WO4 site was thermally more stable than uncoordinated WO4
between 500 and 850 K, but it becomes less stable above 850

K. Finally, the Na-WO4 site is thermally more stable than the
Mn-WO4 and WO4 sites at all temperatures (500−1300 K).
The surface WO4 geometry has been suggested to be a key

parameter toward making the surface WOx site-selective
toward C2 products during OCM,37,38 and thus it is
worthwhile to compare how the surface WO4 units differed
geometrically for each case. The dotted line in Figure 5b
represents the ideal 109.47° angle expected for a perfect Td
structure. However, crystalline Na2WO4 possesses irregular,
distorted WO4 units, as discussed at length in a literature
report.72 The average tetrahedral angles for surface WO4, Na-
WO4 ,and Mn-WO4 sites on the β-SiO2 (001) support were
108.6, 110.4, and 108.4°, respectively. The variance in angles in
each case is shown as an error bar in Figure 5b. In all three
cases, the average angle was close to 109.5°; therefore, the
WO4 site in each case can be regarded as pseudotetrahedral
since it is slightly distorted from the ideal Td geometry. The
variance and the distortion are large in the case of surface WO4
and Mn-WO4 (variance ±4.35°) and smaller for Na-WO4
(±1.35°). The weak interaction between Mn2+ and W6+ makes
the presence of the bridging Mn−O−W bond less probable. In
the presence of both Na+ and Mn2+ (not modeled herein),
extrapolation suggests that the surface WO4 site will most
likely be Na coordinated and not Mn coordinated.

Electronic Structure of the Most Thermodynamically
Stable, Isolated Mn-WO4 Surface Site F. Recent in situ
Raman measurements have shown that Mn3+ reduction is
much easier than W6+ reduction and Mn-related paramagnetic
species might be present during OCM.46,73 During electronic
structure calculations, the spin was allowed to relax and
converged to five unpaired electrons: 4.53 e− on Mn, 0.14 e−

on W, and the rest on the neighboring O sites, according to a
Bader spin density analysis.74−76 This indicates the Mn2+-W6+

electronic state, where Mn carries most of the unpaired
electrons (shown in the inset of Figure 6a). However, small
contamination of the Mn3+-W5+ electronic state cannot be
ruled out. Figure 6a shows the total and the atom-projected
densities of states (DOSs). The atom-projected DOS plots
show that the valence band minimum is composed of localized
Mn 3d states, while the conduction band minimum of the
empty W 5d states and the calculated band gap is ∼4.5 eV. In
the literature, a DOS analysis of crystalline phase MnWO4
(octahedral MnO6 and WO6 units, wolframite structure)
showed that the valence band minimum was populated by the
highly localized Mn 3d states, while the conduction band
minimum by empty W 5d; with a band gap of ∼2.7−3.0 eV.77

Given the localized transition-metal d states at both the
valence and conduction bands, the formation of holes (Mn3+ at
a Mn2+ site) and electron polarons (W5+ at the W6+ site) is
expected in these systems77more so in the crystalline phase
MnWO4. The key difference is the larger band gap of ∼4.5 eV
of the dispersed phase Mn-WO4 site owing to its
pseudotetrahedral, isolated nature in contrast to the highly
coordinated, octahedral WO6 sites in crystalline MnWO4. It is
expected that these dispersed phase isolated sites will differ in
catalytic properties from the crystalline MnWO4 owing to their
unique molecular and electronic structures. Charge density
difference plots of WO4 and Mn-WO4 structures are shown in
Figure 6b,c, respectively. It can be seen that there is a
significant charge transfer to the terminal WO moiety,
shown in yellow in the WO4 structure, as opposed to that in
Mn-WO4. The charge transferred away from the terminal W

Figure 4. Ab initio thermodynamics phase diagram (surface energy vs
T), showing the stability of stable Mn-WOx configurations. Thermally
stable, optimized molecular structures with characteristic bond
lengths in Å are also shown.
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Figure 5. (a) Surface energy difference (δγ = γ(WO4) − γ(M-WO4)) as a function of temperature between uncoordinated WO4 and M-WO4 (M =
Na (green), Mn (pink)). The blue dotted line at the origin is used as a reference and represents the surface energy difference between two
uncoordinated WO4 sites (γ(WO4) − γ(WO4)). Positive values of δγ signify greater thermal stability. (b) Comparison of Td angles in configuration
F for WO4, Na-WO4, and Mn-WO4, with reference to crystalline Na2WO4.

Figure 6. (a) Total (black) and atom-projected densities of states (DOS) (blue and red, respectively) around the Fermi level (0 eV, dashed line)
for the thermally stable F site model in the silica-supported Mn-WO4 catalyst. The positive and negative values of DOS represent up and down
spins, respectively. Inset: spin density isosurface (yellow), showing that the unpaired electrons are mainly localized on the Mn site. (b, c) cCharge
density difference plots of WO4 and Mn-WO4 structures, respectively. The isodensity value was set to 0.001. Positive values (electron density
gained) are shown in yellow, while negative values (electron density lost) are shown in green.
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O bond in Mn-WO4 appears to be distributed predominantly
on the Mn−O−W junction and results in its elongation.
Calculated and Experimental Frequency Comparison

for Surface WO4 Sites on β-SiO2 (001). The computed
frequencies of the tungsten−oxo (WO) bond for SiO2-
supported WOx, Na-WOx, and Mn-WOx catalysts were
compared to the corresponding experimental Raman frequen-
cies, as shown in Figure 7. The experimental data used herein

were acquired at 673 K under dehydrated conditions with 10%
O2/90% Ar. For supported WOx,/SiO2, Raman bands at 1015
and 985 cm−1, corresponding to WO5 and WO4 species,
respectively, were observed. The corresponding computed
frequency of the WO bonds in the WO4 (F) unit was 950
cm−1, shown with a blue bar in Figure 7. In the case of Na-
WOx/SiO2, the experimental Raman band for Na-WO4 was
observed at ∼950 cm−1, but higher Na+ concentrations further
shifted the band toward even lower wavenumbers (i.e., toward
the 927 cm−1 Raman band of the crystalline Na2WO4).

78 The
computed Na-WO4 (F) stretching frequency was 945 cm−1

and matches well with the experimental Raman frequency.
Finally, Mn-WOx/SiO2 exhibited a weak and broad exper-
imental Raman band at ∼966 cm−1, while the computed Mn-
WO4 vibrational frequency was 981 cm

−1. The DFT calculated

fundamental vibrational frequency values for the surface WO4
sites are in good agreement with the high-temperature in situ
Raman frequencies. Moreover, the calculated frequencies and
the in situ Raman spectra corroborate that uncoordinated
versus Na-coordinated versus Mn-coordinated isolated WO4
surface sites exhibit observably different molecular geometries.
The WO bond elongates as Na or Mn coordination occurs,
as evidenced by the red shift of the WO experimental
Raman band. It is important to note that, in the case of the
surface Na-WOx catalyst, the only band present is 964 cm−1.
However, in the case of the surface Mn-WOx catalyst, a broad,
ill-defined band with shoulders at 966, 993, and 1015 cm−1 is
observed, which implies weaker coordination and the
coexistence of uncoordinated surface WOx and Mn-coordi-
nated WOx sites. In the case of the Mn-WOx catalyst, a sharp
and intense band at 885 cm−1 corresponding to crystalline
MnWO4 was also observed (not shown in the figure to
highlight the surface Mn-WOx species). The in situ Raman
spectra also corroborate the ab initio thermodynamics
calculations and show that surface WO4, Na-WO4, Mn-WO4
sites do exist and are stable at 673 K.

Steady-State OCM Reactivity Tests. The steady-state
catalytic OCM results of the model SiO2-supported WOx, Na-
WOx, and Mn-WOx catalysts are summarized in Figure 8 and
Table S4. The C2 selectivity of the Na-WOx catalyst was the
highest (80.4%), followed by Mn-WOx (67.5%) and WOx
(66.5%). Reactivities (based on CH4 conversion) for WOx,
Na-WOx, and Mn-WOx catalysts were 0.185, 0.110, and 0.168
μmolCH4 h−1 gW

−1, respectively. The C2 yields for the silica-

Figure 7. Comparison of experimental Raman spectra (dehydrated
samples, 673 K, 10% O2 in Ar), with computed frequencies (arbitrary
intensity, no scaling). Colored bars (blue, 951 cm−1; green: 945 cm−1;
pink, 981 cm−1) are the computed frequencies for the WO
stretching in WO4 units in each case. Full spectra are shown in Figure
S4.

Figure 8. (a) C2 selectivity and (b) reactivity during steady-state
OCM of model catalysts. These steady-state reaction results were
acquired at 830 °C, after 2 h of OCM at 1173 K with 15 mL/min of
10%O2/90% Ar, 5 mL/min of CH4, and 80 mL/min of Ar flow in a
U-shaped quartz tube reactor. Each run utilized 30 mg of catalyst.
Data are summarized in Table S4.
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supported WOx, Na-WOx, and Mn-WOx catalysts were 29.5,
34.2, and 27.3%, respectively. Interestingly, all catalysts
produced more CO than CO2, with total COx production
being the lowest for the Na-WOx catalyst and highest for the
WOx catalyst.
The selectivity of the catalyst was correlated to its molecular

structure, as shown in Figure 8a. The addition of Na to create
Na-WO4 surface sites made the WOx surface sites in the
catalyst significantly more selective toward C2 products. To
highlight the structural promotion effect due to the Na, the
DFT-calculated Td angles (with variance shown as error bars)
of the molecular structures are also plotted in Figure 8a. It can
be seen that, when the surface WO4 site exhibited a higher
degree of Td symmetry and less distortion (i.e. smaller
variance), the C2 selectivity was higher. When this is correlated
with the DFT and in situ Raman spectroscopy data, it can be
inferred that the Na-WOx catalyst, which contains isolated Na-
coordinated pseudotetrahedral WO4 surface sites, exhibits
higher selectivity toward C2 products. As discussed, the surface
Na-WO4 sites are expected to be more symmetric than those of
WOx and Mn-WO4 alone.
The catalyst reactivity was also correlated to its molecular

structure, as shown in Figure 8b. The SiO2-supported WO4
catalyst exhibited the highest reactivity, followed by SiO2-
supported Mn-WOx and Na-WO4. Since the WO bond is
believed to participate in abstracting a proton from a CH4
molecule,27,47 the DFT-calculated WO bond lengths were
also plotted on the same graph. A qualitative trend can be seen
where WO bond lengths are 1.73, 1.74, and 1.72 Å for SiO2-
supported WO4, Na-WO4, and Mn-WO4, respectively. The
WO bond length increase and the electron density decrease
can be correlated with a decrease in reactivity of the surface
sites. Notably, the Mn-WOx/SiO2 catalyst exhibited multiple
Raman bands for the WO vibration, signifying different
environments for the WO4 sites, which makes an exact
contribution of such sites toward activating CH4 difficult to
deconvolute.
Overall, the results herein provide computational and

experimental evidence that dispersed WO4 sites exist on the
SiO2 surface and they exhibit distinct chemical properties that
depend on their molecular and electronic structure. Na and
Mn affect the molecular geometry of WO4 surface sites,
resulting in different reactivities and selectivities during OCM.
Previously, K-coordinated WOx/Al2O3 catalysts were shown to
exhibit isolated surface WOx sites with elongated WO
bonds. K was shown to prevent the formation of oligomeric
surface sites with W−O−W, bridges as evidenced by the
increase in UV−vis edge energy value reflecting a smaller
domain size.17,18 Provided that K+ and Na+ exhibit similar
chemical and electronic properties, it can be proposed that Na
coordination to the surface WO4 creates isolated, pseudote-
trahedral sites with higher edge energy in comparison to the
uncoordinated surface WO4 sites. Such Na-WO4 surface sites
more selectively activate CH4 to form a CH3* radical but do so
with a penalty toward the reactivity. Importantly, such an
isolated Td site with high edge energy will most likely be absent
in WOx and Mn-WOx catalysts, since oligomerization leads to
a decrease in Eg.
Future studies on these model catalysts will be focused on in

silico, in situ, and operando characterization of the molecular
structure of the surface sites under OCM reaction conditions
to relate their OCM performance to their structure. It is
important to note that in the presence of Mn under O2-lean

(reducing) conditions, crystalline MnWO4 forms, which
contains MnO6 and WO6 sites even if the starting catalyst
exhibited surface WO4 sites.46,79,80 If the same catalysts are
oxidized again, however, the MnWO4 structure disappears.

46,80

Consequentially, correlating the molecular site structure with
OCM reactivity is only valid if the structures are present under
OCM reaction conditions.

■ CONCLUSIONS

The DFT modeling results of isolated surface sites in
uncoordinated, Na-coordinated, and Mn-coordinated tungsten
oxide supported on the β-cristobalite phase of SiO2-supported
catalysts for OCM (WOx/β-SiO2, Na-WOx/β-SiO2, and Mn-
WOx/β-SiO2) in conjunction with ab initio thermodynamic
studies of these surface sites and experimental OCM
selectivity/reactivity for the respective model catalysts were
reported. In all β-SiO2-supported catalysts modeled herein, the
isolated WO4 site (WO4, Na-WO4, Mn-WO4) was found to be
the most thermally stable in the OCM-relevant temperature
range of 500−1300 K, with the isolated surface Na-WO4 site
being more stable than the uncoordinated WO4 site and the
Mn-coordinated WO4 sites. Above 850 K, the Mn-WO4 site
was even less stable than the uncoordinated WO4 site. A
comparison of angles among the WO4 units in each isolated
site (WO4, Na-WO4, Mn-WO4) showed that Na+ interacted
strongly with the WO4 unit and functioned as a structural
promoter, decreasing the geometric distortion in the WO4 unit.
An electronic and spin property analysis of the Mn-WO4
system showed that the system was in the Mn2+-W6+ electronic
state, where Mn carried most of the unpaired electrons, with a
small contamination of Mn3+-W5+ also possible. The projected
DOS showed that the valence band was composed of Mn 3d
states, whereas the lowest part of the conduction band
corresponded to W 5d states. In all cases, the DFT-calculated
fundamental frequency values were in good agreement with the
experimental in situ Raman bands under dehydrated conditions
corresponding to the surface WO4 site present in each catalyst.
The steady-state OCM catalytic results in conjunction with the
DFT and in situ Raman spectroscopy results show that the
dispersed phase surface Na-WO4 sites in the Na-WOx catalysts
exhibit lower reactivity toward CH4 activation but significantly
higher (∼15%) selectivity toward C2 products in comparison
to the WOx and Mn-WOx catalysts, due to the molecular
geometry effects discussed in the relevant sections.
The results herein provide experimental and computational

evidence for the existence of dispersed-phase isolated sites on
the surface of model OCM catalysts, which previous reports
have proposed on bulk crystalline phase catalysts.40 Moreover,
steady-state catalytic tests provided in this study also suggest
that these isolated surface WO4 sites exhibit tunable reactivity
and selectivity toward OCM. Future work will be directed
toward in silico and in situ characterization (Raman, XAS, UV−
vis DR, XRD) of the model OCM catalysts during OCM
(∼900 °C, CH4 + O2) to further advance the understanding of
this dynamic catalytic system.
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