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Mn/Na2WO4/SiO2 catalyst for the oxidative coupling of methane
has been investigated by using the L-edge and the K-edge XAFS
and XPS. The surface of the fresh catalyst is found to be dominated
by oxygen-enriched amorphous phases consisting of discretely dis-
tributed tetrahedral WO4 and octahedral MnO6 groups. The aver-
age bond lengths, which is 1.77 Å for W–O and 2.00 Å for Mn–O,
are fully identical to those in pure Na2WO4 and Mn2O3. However,
on the used catalyst after a 450 h run, almost no tungsten species is
detectable. Instead, tetrahedral manganese sites are observed. The
surface of the used catalyst is dominated by highly dispersed MnO4

groups consisting of tetrahedral and coordinatively unsaturated oc-
tahedral sites. The average Mn–O bond length increases to 2.09 Å
while the Mn 2p3/2 binding energy increases from 641.4 eV (Mn3+)
to 641.7 eV (Mn2+). These results suggest that the combination of
tetrahedral and octahedral metallic cores with different oxidation
states from each other is responsible for the catalysis in the oxidative
coupling of methane, and that the high activity of the manganese-
tungsten catalyst is due to the surface oxygen species, which are
pre-activated from lattice oxygens to “the nearest oxygens” by the
surface in an amorphous state. c© 1998 Academic Press

I. INTRODUCTION

Silica-supported manganese-tungsten catalyst, Mn/
Na2WO4/SiO2 has received increased attention as a cata-
lyst for the oxidative coupling of methane because of its
excellent catalytic performance (1–9). A C2+ selectivity of
65% at 37% methane conversion was firstly reported by
Li and his co-workers. Further studies using either XRD,
XPS and PASCA (positron annihilation spectroscopy for
chemical analysis) (3), or Raman and EPR (4) proposed
that W–O–Si species were responsible for the oxidative
coupling of methane via a redox mechanism. Recently, a
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C2+ selectivity in excess of 80% at a CH4 conversion of 20%
over this catalyst was repeatedly confirmed by Lunsford
group. By comparison with the catalytic behaviors over
Mn/Na2WO4/MgO and NaMnO4/MgO catalysts, the au-
thors suggested that Na–O–Mn species were the most
possible active sites (8). However, studies on Na2WO4/
CeO2 by the same group, which gave a C2 selectivity of
70% at a CH4 conversion of 22%, seemed to be at variance
with this suggestion (7).

Activation of lattice oxygen in the oxidative coupling of
methane has been extensively studied (10–16). Bulk lattice
oxygen ions (O2−) do not participate directly in the reaction
since the existence of the active sites is sustained only in the
presence of gas-phase O2 (7). Transport of gas-phase oxy-
gen molecules to lattice oxygen ions over surface catalytic
sites is the key step toward the formation of active oxygen
species, and is therefore of intense interest.

Recently, a 450 h stability test for the Mn/Na2WO4/SiO2

catalyst has been carried out in a 200 ml fluidized bed re-
actor under the conditions: 800–875◦C, CH4 : O2 : H2O=
6 : 1 : 3, and GHSVCH4 = 7000 h−1 (9). A consistent C2 yield
of 17.8–19.4% with a C2+ selectivity of 82.6–75.7% has
been obtained without exception even for the last day. The
fresh catalyst and the catalysts after a 100 h, and a 450 h
run, respectively, were collected. In this paper, the geomet-
ric and electronic structure of the three samples are studied
and compared with one another by using W LI,III-edge and
Mn K-edge XAFS (X-ray Absorption Fine Structure) and
XPS. The amorphous feature of the catalyst surface is rec-
ognized and a combination of tetrahedral tungsten sites and
octahedral manganese sites is proposed to be essential for
the formation of an active ensemble on the catalyst service.

II. EXPERIMENTAL

Three practical catalyst samples are studied. The catalyst
as prepared, the catalyst took out from the fluidized bed
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reactor after 100 h run, and the catalyst discharged from the
reactor after 450 h run are named as fresh catalyst, 100 h
catalyst, and 450 h catalyst, respectively, in this paper. Both
the used catalysts were obtained without protection from
air since the samples were known to be very stable in air. For
instance, for the samples studied here, no further oxidation
from Mn2+ to Mn3+ was observed even after one month.
All the samples as received were therefore simply kept in
a dryer before making the analyses.

XPS analysis of the catalysts was performed with VG
ESCALAB 210 spectrometer, in which the samples in the
form of pressed wafers could be heated in situ under UHV
to 620◦C. A Mg or Al target as the anode of X-ray source
with a power of 300 W was used. The pass energy of the
analyzer was 25 eV in a step increment of 0.05 eV. The dwell
time employed was 60 ms. The binding energy of all spectra
was calibrated with respect to the Si 2p line at 103.4 eV.

Infrared measurement was recorded on a Fourier trans-
form, high resolution IFS 120 (Bruker) spectrometer using
pressed disk for all the samples.

X-ray absorption data were obtained at the Photon
Factory (Tsukuba, Japan) on beamline BL-7C. A Si(111)
double-crystal monochromator with a positron beam en-
ergy of 2.5 GeV and an average stored current of 250 mA
was employed. Data for reference compounds were col-
lected in transmission mode while those for supported
catalysts were collected in fluorescence mode. Specimens
were made by directly applying the fine powders to Scotch
tape. The measurements were carried out at room temper-
ature.

The energy scale of the W L-edge and the Mn K-edge
XANES (X-ray Absorption Near Edge Structure) spectra
(both in 0.5 eV steps) was calibrated relative to Na2WO4,
and MnO2, respectively, using the first derivative of the
spectrum. The XANES spectra were normalized by fit-
ting a cubic spline µ0 to the EXAFS (Extended XAFS)
region of the data, and by fitting a linear function to the
pre-edge data. The spectra were then further normalized
to unit step height. The EXAFS oscillation was determined
by χ(k)= (µ−µ0)/µ0. The knχ(k) (n= 2 for the W edge
and n= 3 for the Mn edge) was Fourier transformed into r-
space by a Hanning window function in the range k= 1.5 to
14.0 for the LIII-edge and k= 1.5 to 12.0 for the K-edge. The
Fourier transform containing the peaks of interest was fil-
tered into k-space by a Hanning window function. A least-
squares curve-fitting was then performed to calculate the
structural parameters for each shell using the theoretical
components determined by FEFF3.25 code (17). The reduc-
tion factor used, S2

0 , was 0.75, which was determined by the
best fits to the filtered-EXAFS of the nearest coordination
shell of the reference compounds. The parameter error es-
timates were calculated by the recommended method (18).
The correlations between the variables were estimated by
the standard method (19).

III. RESULTS AND DISCUSSION

1. Amorphous Feature

Figure 1 shows the tungsten LI-edge XANES of the fresh
catalyst Mn/Na2WO4/SiO2 and the reference compound
Na2WO4. The pre-edge feature at the tungsten LI-edge
arises from 2s-5d transitions, which is dipole forbidden for
regular octahedral site-symmetry, partly allowed for a dis-
torted octahedral environment, and dipole allowed in the
absence of a center of inversion symmetry (20). WO4 group
in Na2WO4 has regular tetrahedral symmetry, a fairly in-
tense pre-edge peak as expected is observed. It can be seen
from Fig. 1 that the XANES features of the fresh catalyst is
virtually identical to those of Na2WO4, indicating a tetrahe-
drally coordinated environment for the supported tungsten
cores.

Tungsten LIII-edge EXAFS-derived Fourier transforms
of Na2WO4 and the fresh catalyst are shown in Fig. 2. Crys-
talline metal oxides generally show very intense metal-
metal contribution in the range of 2.5 to 3.5 Å in their
Fourier transforms due to the periodically appeared lat-
tices. The feature of crystalline Mn2O3 as a good example
will be discussed below. Tungstates having the general for-
mula M2WO4 (M= alkali metals), however, only contain
the discrete tetrahedral ions WO2−

4 (21). Following the in-
tense W–O shell centered at 1.4 Å (not corrected for phase
shift), it can be seen from Fig. 2 that Na2WO4 merely shows a
very weak nearest tungsten contribution at 2.5 Å due to lack
of long-range-order. However, even this very weak con-
tribution from the nearest tungsten has also disappeared
in the spectrum of the fresh catalyst while the W–O shell
shows no change, revealing an amorphous characteristic

FIG. 1. The tungsten LI-edge XANES spectra for the fresh catalyst
and the reference compound Na2WO4.
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FIG. 2. The tungsten LIII-edge EXAFS-derived Fourier transforms
for the fresh catalyst and the reference compound Na2WO4 (dashed line).

for the supported tungsten species. Further amplitude anal-
ysis and testing fits to the EXAFS oscillations filtered from
the weak peaks above 2.5 Å in the transform of the fresh
catalyst (solid line in Fig. 2) suggest that these peaks proba-
bly contain contributions from at least two different neigh-
bors, that is, 1–2 manganese atom(s) at about 3.5 Å and
2–3 tungsten atoms at about 3.4 Å. It can be seen from Fig. 3
that testing fit to the peaks in the range of 2.8–3.2 Å (solid
line in Fig. 2, the peaks included were filtered to k-space
and then fitted by FEFF-derived components) by single
Mn shell gives the maximum of the envelop at k= 7.4 Å−1

(Fig. 3A, solid line) while the maximum of the EXAFS-
derived curve is at k= 9.4 Å−1, implying that some heavier
elements are probably involved. Test fit to the same oscilla-
tion by single W shell (Fig. 3B) is however unsuccessful. By
slightly expending the filtered range to 2.8–3.6 Å, testing
fit by a mixture of manganese-tungsten neighbors (Fig. 3C)
finally recover all the spectral features especially for the
maxima of the envelop.

Mn K-edge EXAFS-derived Fourier transforms of crys-
talline reference compound Mn2O3 and the fresh catalyst
Mn/Na2WO4/SiO2 are compared in Fig. 4. Following an in-
tense M–O shell, a more intense peak is observed at 2.7 Å
in the transform of the Mn2O3. This peak arising from the
nearest manganese neighbors and the second nearest oxy-
gen reflects the periodic feature of the lattices. It can be
found from the transform of the catalyst that the peak at
2.7 Å is significantly diminished. In comparison with the
peak area of Mn2O3, only about 2/5 is left for the fresh
Mn/Na2WO4/SiO2, indicating that most of the supported
manganese units (about 3/5) lost its long-range-ordered
character to form an amorphous phase on the surface. Inter-
estingly, in comparison with that of Mn2O3, the Mn–O shell
exhibits no change. This situation is very similar to the case

observed for W–O shell when changed from the bulk to the
surface, demonstrating that the WO4 and MnO6 groups in
fact show no structural difference from the pure reference
compounds. It means that the discrete distributions of the
groups will play a key role for the catalysis.

2. Oxygen-Enriched Surface

The binding energy and near-surface compositions of the
catalysts observed by XPS are summarized in Tables 1 and 2,

FIG. 3. Testing fit (solid lines) to the EXAFS oscillation filtered from
the Fourier transform shown in Fig. 2 in the range (not corrected for phase
shilt): (A) 2.87–3.23 Å using single Mn shell; (B) 2.87–3.23 Å using single
W shell; and (C) 2.87–3.56 Å using Mn and W shells.
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FIG. 4. The manganese K-edge EXAFS-derived Fourier transforms
for the fresh catalyst and the reference compound Mn2O3 (dashed line).

respectively. Similar results for the fresh catalyst have been
recently reported, but the peak at 290± 1 eV in the C 1s
region was attributed to CO=3 (8). XPS spectra for the fresh
catalyst Mn/Na2WO4/SiO2 in the C 1s region by using Mg,
and Al anode, respectively, are compared in Fig. 5. The peak
at 290 eV is absent altogether by changing the anode from
Mg to Al, indicating that the peak is originated from the Na
Auger contribution but not CO=3 . A CO=3 surface species,
which produces a C 1s peak at 288.2 eV, has been observed
over a 2% Mn/MgO sample (8).

XPS spectra in the Mn 2p region of the fresh catalyst and
the same sample “in situ” heated to 620◦C are shown in
Fig. 6. The Mn 2p3/2 binding energy of 641.4 eV is observed
for the fresh catalyst, indicating a predominantly Mn3+

phase on the surface. The XANES and EXAFS-derived
parameters described below indicate that these Mn3+ ions
are in the form of Mn2O3. By heating to 620◦C, a shoulder
centered at 646.7 eV is added to the feature. The shoulder
is attributed to Mn2+. These Mn2+ signals are stable and do
not disappear when returning to room temperature unless
the sample is further exposed to air for 36 h.

TABLE 1

Observed XPS Binding Energies (eV) of Catalyst Components

O 1s

Catalyst Mn 2p Na 1s W 4f Si 2p SiO2 MOx C 1s

Fresh catalyst 641.4 1071.8 35.3 103.4 532.8 530.6 284.9
in situ at 620◦C 641.4 1072.2 35.3 103.4 532.8 530.6 285.0
100 h catalyst 641.9 1071.8 35.5 103.4 532.7 530.6 285.1a

450 h catalyst 641.7 1072.4 35.4 103.4 532.8 530.8 284.9
in situ at 620◦C 641.9 1072.5 35.5 103.4 532.7 530.7 284.6

a A C 1s peak at 289.1 eV attributed to the adsorbed CO was observed.

TABLE 2

Near-Surface Compositions (Mol%) of Catalyst Components

O 1s

Catalyst Mn 2p Na 1s W 4f Si 2p SiO2 MOx C 1s

Fresh catalyst 1.8 9.2 3.0 18.1 40.3 18.8 8.8
in situ at 620◦C 1.8 10.3 3.6 19.3 40.1 19.4 5.4
100 h catalyst 2.0 13.0 1.9 8.3 30.6 21.3 18.4a

450 h catalyst 1.3 2.5 0.2 23.5 51.9 10.4 10.1
in situ at 620◦C 2.4 4.5 0.2 24.9 50.8 11.5 5.6

a 2.7% C 1s at 289.1 eV was not included.

The near-surface compositions of the fresh catalyst is en-
riched not only in Na and W (8), but also in oxygen. The
observed oxygen composition is 18.8% for the sample in-
vestigated at room temperature. The stoichiometrically es-
timated percentage for these oxygens is 2.7% for 1.8% Mn,
12% for 3.0% W, and 1.6% for 3.2% Na (the other 6% Na is
attributed to Na2WO4), giving a percentage of only 16.3%
in total. Similar situation in fact could be found from the re-
cent literature (8) if correcting the assignment of 290± 1 eV
to Na contribution. By heating to 620◦C, desorption of sur-
face oxygens is expected. In that case, the oxygen compo-
sition observed is 19.3%. Among them, 2.7% is for 1.8%
Mn, 14.4% for 3.6% W, and 1.5% for 3.1% Na, giving a
total percentage of 18.6%, which apparently comes close
to the observed value. However, the formation of Mn2+

as demonstrated by the shoulder at 646.7 eV has not been

FIG. 5. XPS spectra in the C 1s region of the fresh catalyst by using
Mg (upper) or Al (lower) as the anode.
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FIG. 6. XPS spectra in the Mn 2p region of (from lower to upper)
the fresh catalyst, the fresh catalyst in situ heated to 620◦C, and the 450 h
catalyst at 620◦C.

taken into the estimation, confirming that the surface of
the catalyst heated to 620◦C is still enriched in oxygen. It
is the unique feature of the manganese-tungsten catalyst
since it is well known that the transport of gas-phase oxy-
gens to lattice oxygens and then to activated oxygen in-
termediates are the key steps for the oxidative coupling of
methane.

3. Detailed Structural Parameters

The amplitude analysis and the testing fits (Fig. 3) to
the peaks above 2.5 Å in the W LIII-edge EXAFS-derived
Fourier transform of the fresh catalyst have shown that
the peaks are probably contributed by a mixture of W and
Mn neighbors. The best fits listed in Table 3 reveal 4 oxy-
gen neighbors at 1.77 Å, 1.5 tungsten neighbors at 3.38 Å,
and 2.1 manganese neighbors at 3.48 Å for the tungsten

TABLE 3

W LIII-Edge EXAFS-Derived Structural Parameters for the W
Local Environment in Fresh Catalyst Mn/Na2WO4/SiO2

Shell R (Å) CN DW (Å−1) R-factor

W–O 1.77 4.2 0.0007 0.17
W–W 3.38 1.5 0.0058
W–Mn 3.48 2.1 0.0033

Note. Filtered range in r-space: 0.7–2.6 Å. Abbreviations: R, shell radius;
CN, coordination number; DW, Debye-Waller fact.

core on the fresh catalyst, fully supporting the XANES re-
sults that the tungsten is still in a 4-coordinated tetrahe-
dral site. However, two different neighbors like Mn and W
having a difference in shell radius less than 1.5 Å in fact
are theoretically not possible to be exactly distinguished
from each other. Correlation analysis to the parameters is
in good agreement with this view. In summary, the best
fits indicate that the supported tungsten ions are located
into tetrahedral sites on the surface. Within 4 Å, there are
some nearest tungsten and manganese neighbors surround-
ing the sites, but because of the limitation of the EXAFS
technique, the fitting parameters for these two shells are not
reliable.

The features of the Mn K-edge EXAFS-derived Fourier
transform of the fresh catalyst shown in Fig. 4 have been
briefly discussed. The most intense peak is contributed by
the nearest oxygen neighbors. The second intense peak
labeled Mn is caused by manganese neighbors while its
broad shoulders labeled W are caused by tungsten neigh-
bors. The Fourier-filtered EXAFS oscillations for the peak,
and the shoulder, respectively, are compared with one an-
other as shown in Fig. 7. It can be seen from the comparison
that the envelop of the EXAFS oscillation filtered from the
peak labeled Mn in the transform, Fig. 7B, shows exactly
the same feature as that obtained from the manganese con-
tribution in Mn2O3 (the strongest peak in the dashed line
spectrum shown in Fig. 4), Fig. 7A, but that filtered from the
shoulders, Fig. 7C, is completely different. The maximum of
the envelop shifts from 6.6 Å−1 in Figs. 7A and B to 9.4 Å−1

in Fig. 7C, indicating a much heavier metallic neighbor for
the central manganese ion.

The best fits summarized in Table 4 and Fig. 8 reveal that,
(i) each manganese ion on average has 6 oxygen neighbors
at 2.00 Å, indicating a six-coordinated, approximately octa-
hedral site for the manganese center. Similar site-geometry
for the supported FeO6 groups has been described else-
where (22–24). It appears that the presence of MnWO4

species on the surface (8) is not possible, at least its forma-
tion is not significant since each of the manganese ions is

TABLE 4

Mn K-Edge EXAFS-Derived Structural Parameters for the Mn
Local Environment in Fresh and Used Catalysts Mn/Na2WO4/SiO2

Sample Shell R (Å) CN DW (Å−1) R-factor

Fresh Mn–O 2.00 6.2 0.0098 0.13
Mn–Mn 3.14 2.3 0.0058
Mn–W 3.57 2.0 0.0055
Mn–W 4.22 1.2 0.0143

Used Mn–O 2.09 4.3 0.0057 0.13
Mn2O3 Mn–O 2.00 6.1 0.0073 0.07

Mn–Mn 3.13 9.1 0.0101

Note. Filtered range in r-space: 0.7–3.4 Å. Abbreviations: R, shell ra-
dius; CN, coordination number; DW, Debye-Waller fact.
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FIG. 7. Amplitude analysis of Mn K-edge EXAFS oscillation: (A)
filtered from the manganese contribution in the Fourier transform of
Mn2O3; (B) filtered from the peak labeled Mn in Fig. 4; and (C) filtered
from the peaks labeled W in Fig. 4.

completely coordinatively saturated by 6 oxygens. (ii) each
manganese in addition has about 2 manganese neighbors
at 3.14 Å, which is almost identical to the Mn–Mn distance
(3.13 Å) in the reference oxide Mn2O3. (iii) each manganese
has about 3 tungsten neighbors at 3.6, and 4.2 Å, respec-
tively. In a geometrical consideration, the former Mn–W
distance of 3.6 Å can be achieved by sharing the same oxy-
gen neighbor, i.e., by the formation of Mn–O–W bonds, but
the latter seems too long to fit the geometry.

4. About the Used Catalyst

The used catalyst Mn/Na2WO4/SiO2 was also investi-
gated by XPS and XAFS techniques. The 100 h catalyst
shows no obvious difference from the fresh one based on
W LI,III-edge and Mn K-edge XAFS analyses. The K-edge
XANES spectrum as a part of the 100 h catalyst results
has been included in Fig. 11. XPS results of the 100 h cata-
lyst summarized in Tables 1 and 2 indicate that, in com-
parison with the fresh catalyst, about 1/3 surface tungsten
species have disappeared. The Mn 2p binding energy shifts
to 641.9 eV while an intense shoulder at 646.7 eV is ob-
served, indicating that the formation of Mn2+ species is sig-
nificant. The observed oxygen composition is 21.3%. The
stoichiometrically estimated percentage for these oxygens
is about 17% in total, indicating the surface is also oxygen-
enriched.

However, studies on the 450 h catalyst reveals that 97%
of the tungsten species observed on the fresh catalyst by
XPS disappeared, and the W LIII-edge was not detectable

FIG. 8. The best fits (dashed lines) to the Mn K-edge EXAFS and the
Fourier transform of the fresh catalyst.
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FIG. 9. Comparison of the Mn K-edge EXAFS-derived Fourier trans-
form of the used catalyst (solid line) with that of the fresh sample.

in the XAFS measurement. Mn K-edge EXAFS-derived
Fourier transform of the 450 h catalyst is shown in Fig. 9.
In comparison with that of the fresh catalyst, the most in-
tense peak originating from the nearest oxygens shifts to
higher r-space significantly, suggesting a lengthened Mn–O
bond. Correspondingly, the area of the peak decreases, in-
dicating a lower coordination number for the shell. Above
the Mn–O shell, a fairly intense, broad peak is observed in
the range of 2.2–4.0 Å. The peak containing broad shoul-
ders significantly deviates from Gaussian distribution, im-
plying a complicated environment for the manganese ions.
Thus, only the most intense peak in the transform is Fourier-
filtered and fitted in k-space. The structural parameters
therefrom is summarized in Table 4. 4.3 nearest oxygens
at a longer distance of 2.09 Å are obtained. Meanwhile, a
predominant Mn 2p3/2 peak at 641.9 eV with a Mn2+ shake-
up shoulder is well observed by XPS, as shown in Fig. 6. The
peak consists of two contributions, one is at 641.4 eV (Mn3+)
while the other is at 641.9 eV. According to its correlation
to the Mn2+ shake-up shoulder at 646.7 eV, the binding en-
ergy of 641.7–641.9 eV is attributed to Mn2+ by referring
to the Mn2+ in MnSO4. The relative ratio of Mn3+/Mn2+

on the 450 h catalyst determined by the best fit is about
1 : 3.4.

In order to better understand what was happened for
the manganese species on the surface, Mn K-edge XANES
spectra were recorded. The features in the Mn K-edge
XANES region have not been clearly interpreted in the lit-
erature (25, 26). However, extensive studies on the XANES
of 3d-metal complexes have considerably improved our un-
derstanding (27–40). It can be seen, for example, from the
Mn K-edge XANES of the reference compounds MnO2,
Mn2O3, and KMnO4 shown in Fig. 10 that there are three

major features labeled A, B, and C in the edge region. The
pre-edge peak A reflects the transitions of 1s to empty 3d
orbitals. It is dipole forbidden (but quadrupole allowed)
for regular octahedral site-symmetry, a very weak peak is
thus generally observed for MnO2 and Mn2O3. However,
1s→ 3d transition is dipole-allowed for a tetrahedral sym-
metry. In this case, the more empty the 3d orbitals, the more
intense the pre-edge peak is expected. In comparison with
the half-filled Fe3+ in iron-containing silicate glass (40), the
Mn7+ in KMnO4 is a very special example. Both are in tetra-
hedral coordination, however, the relative intensity of the
pre-edge peak is only 0.08 for the half-filled Fe3+ but is
0.69 for the fully empty Mn7+. The rapidly growing edge is
a sensitive indicator of the ionization threshold. Since the
feature C is originated from the transitions of 1s to 4p final
states, the possible transitions from 1s to the orbitals below
4p are expected to be observed at the edge. For example,
a shoulder added to the onset of the raising edge is fre-
quently but empirically assigned to 1s→ 4pz transitions for
3d-metal complexes (35–38).

FIG. 10. The manganese K-edge XANES spectra of the reference
compounds.
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FIG. 11. The Mn K-edge XANES spectra for the fresh catalyst (F),
the quenched catalyst after a 100 h run (Q) and the used catalyst (S).

The Mn K-edge XANES spectra of the fresh catalyst
Mn/Na2WO4/SiO2 (F), the 100 h catalyst (Q), and the 450 h
catalyst (S) are compared in Fig. 11. The XANES features
of the supported oxides are generally somewhat complex
probably because of mixing of various symmetries. It can
be seen however that the features of F are closely similar
to those of Mn2O3 but not MnO2, indicating the formation
of Mn2O3 phase on the surface. It has been found from F
to Q, and to S that (i) the intensity of the pre-edge feature
is consistently increased from 0.04, 0.06 to 0.09, indicating
the gradual formation of tetrahedral sites. Noticing that the
Mn2+ determined by XPS has the same d-orbitals as that of
Fe3+; (ii) the shoulder at the onset of the edge, feature B,
which is not clear enough in the XANES of Mn2O3, is well

resolvable in that of the fresh catalyst and more intense in
that of the used catalysts, indicating the consistent increase
of empty axial ligand sites for the originally coordinatively
saturated octahedral manganese cores; (iii) as the Mn–O
bond length increases from F (2.00 Å) to S (2.09 Å), the
energy difference between the pre-edge feature, peak A,
and the 1s-4p feature, peak C, decreases significantly. It is
20.2 eV for F, 18.2 eV for Q, but only 17.2 eV for S. Similar
phenomenon has been interpreted by Bianconi (40).

5. Understanding of the Surface

For the formation of an electronically neutral surface,
WO4 group does not need to connect with the silica sur-
face very tightly, for example, in a triply bridged mode (4).
In this sense, the study on silica-supported Re2O7 is very
informative (41). The reaction of Re2O7 with the siloxane
bridges leads to the formation of surface perrhenates. For
our system, two tungsten ions (W6+) share one bridging
oxygen and each binds to silica surface via a single oxy-
gen is enough to maintain their electro-neutrality. Such a
group of tungsten species is easier to be enriched and to
move on the surface, and finally completely disappeared
from the surface under fluidized bed conditions. Infrared
analysis seems in good agreement with this estimation. A
broad band at 2020.7 cm−1 is observed for the fresh cata-
lyst, but is completely absent for the 450 h catalyst. In ac-
cordance with the XPS results that 97% tungsten species
are not observable on the 450 h catalyst, this broad band is
thought to correspond to the WO4 groups, which may show
the bands similar to the Re2O7/SiO2. The bands observed
for Re2O7/SiO2 are 1989, and 1850 cm−1, respectively, while
the calculated value is 2030 cm−1 (41).

However, when the formation of a neutral surface is con-
sidered, the manganese ions have a different story. As indi-
cated by the best fits (Table 4), each of the manganese ions
on the fresh catalyst is coordinatively saturated by 6 oxygen
neighbors, that is, a single Mn3+ cannot exist on the surface
unless it is contained in a group of manganese ions or in a
system of manganese-tungsten mixture. In both cases, the
silica-support must be closely involved since the surface
is not enriched in Mn as determined by XPS. For exam-
ple, when the geometric understanding of Fe3(µ3-CO)CO6

(23) is applied here, it can be estimated that three Mn3+

ions could form a cluster having a formula of either
Mn3(µ2-O)3O3 or Mn3(µ3-O)O6. If each of the manganese
were located in a triply bridged site on surface, it would have
a 6-coordinated, octahedral site-symmetry. Even so, how-
ever, they would be stoichiometrically in the form of Mn3O6

or Mn3O7 with extremely high electro-negativity (−3 or
−5), participation of the sodium cations and/or the for-
mation of Mn20O30 ensembles (24) must still be extremely
necessary. It is the reason why a significant amount of man-
ganese ions (about 2/5) has to be retained in a small crys-
talline form although their loading (<2 wt%) is not high,
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and why the surface of the fresh catalyst is not possible to
be enriched in Mn. The other 3/5 manganese ions kept in
an amorphous state have to disperse themselves into WO4

groups and/or silica substrate by the formation of W–O–Mn
bonds or Mn–O–Si bonds. The former is demonstrated by
2 tungsten neighbors at 3.6 Å from the Mn K-edge EXAFS
results, the latter, however, unfortunately, is not techni-
cally available by EXAFS analysis since the Mn–Si distance
would be expected to have a similar value of 3.6 Å.

The amorphous feature of the Mn/Na2WO4/SiO2 catalyst
has been well recognized by the characterization results.
Structural studies on crystalline Mn2O3 have suggested
that the manganese ions tend to maintain a 4-coordinated,
square planer geometry (D4h) by making two axial oxygen
sites empty (42), implying that Mn2O3 will be a good oxy-
gen releaser. On the other hand, studies on Na2WO4/SiO2,
Na2WO4/CeO2, and NaMnO4/SiO2 seem to suggest that
tetrahedral transition metal sites (Td) are necessary for the
activation of methane. Thus, an active Td site accompanied
with a good oxygen-releaser must be an effective catalytic
ensemble for the oxidative coupling of methane. For the
case of this study, we have

Td-W6+ ↔ D4h-Mn3+ ↔ Oh-Mn3+

Two tentative structural models involving the possible
formation of active oxygen species are considered for the
surface ensembles, as shown in Fig. 12.

FIG. 12. Two tentative models involving the possible formation of ac-
tive oxygen species (O∗). Notice: Unlike that of WO4 groups, mononuclear
MnO6 species CANNOT exist alone on surface as stated in the discussion.
The Mn center shown in the scheme must be stoichiometrically bounded
into an ensemble of either Mn2O3 (for example, Fe20O30/Al2O3, Ref. (24))
and/or WO4–Mn2O3–SiO2 complexes. The situation, however, is not shown
for the sake of clarity.

IV. CONCLUSION

In conclusion, this work encourages us to propose that
the combination of two cationic centers with different ox-
idation states and site-symmetries from each other would
be expected without exception to present a certain cata-
lytic activity for the oxidative coupling of methane. In the
case of the manganese-tungsten catalyst, for example, the
tungsten in a Td-center is responsible for the activation
of methane while the manganese in an Oh-center is re-
sponsible mainly for the transformation and transporta-
tion of oxygens. The combination of the two centers can
therefore transfer electrons and oxygens simultaneously.
It has to state in this view that it is the nearest oxygens
but not the lattice oxygens which are to be responsible
for the high performance of Mn/Na2WO4/SiO2 in the re-
action, i.e., it is the amorphous feature of the catalyst to
effectively activate the lattice oxygens to the nearest oxy-
gens before the catalysis occurs. This conclusion is fully
supported by the results obtained from the used catalysts.
As the WO4 groups gradually disappear from the surface,
tetrahedrally coordinated Mn2+ sites are formed on the
surface probably through the formation of square-planer
Mn3+/Mn2+ sites. Thus, Td-Mn2+↔D4h-Mn2+/Mn3+↔Oh-
Mn3+ begins to perform the catalysis continuously. The
coordination number of the nearest oxygens observed is
thus significantly decreased to only about 4 after a 450 h
run. The reaction data revealed that the amount of CO2 in
the products decreased significantly for the last 200 h. On
the other hand, the amount of CO increased, and finally
reached the initial level of CO2 (9). These results suggest
that the manganese species as a good oxygen-releaser is
not as good as an oxygen-catcher. It is therefore hopeful
from this study that a more effective and stable catalyst
than the Mn/Na2WO4/SiO2 will be available in the future if
the Td-center is more tightly bound to the surface and if the
Oh-center is a much better oxygen-carrier good at catching
as well as releasing oxygens simultaneously.

In addition, regarding to the disappearance of the surface
tungsten species, we tend to note here that the operation
in a fluidized bed mode and the superheated steam envi-
ronment in the reactor in deed significantly aggravate the
loss of the tungsten species since the tungstens are weakly
bound to and are enriched on the surface.
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