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a b s t r a c t

Varying the composition of Sr–Al oxides, mixed as well as single phase compounds were prepared and
characterized extensively by XRD, NMR, TEM, EPR, XPS, and TPD. Depending on synthesis method and
precursors, Sr/Al-based materials with different crystalline phases (e.g., Sr3Al4O9�2H2O, double perov-
skite, SrAl4O7, SrAl2O4, and SrCO3) were obtained. Apart from these crystalline phases, several other
species were present, as identified by solid state NMR and TG–MS. The ratio of tetrahedrally to
octahedrally coordinated Al (AlIV/AlVI) in the Sr/Al mixed oxides increased from 0.5 (pure alumina)
to 5.2 in Sr/Al = 1.25, as determined by solid state NMR. The performance of these catalysts in the oxida-
tive coupling of methane depended on the AlIV/AlVI ratio, both activity as well as C2+ selectivity increased
with increasing Sr-content. The catalyst with a Sr/Al ratio of 1.25 showed a performance comparable to
the well-known catalyst 1.9%Mn–4%Na2WO4/SiO2 under the conditions used (810 �C, CH4:O2 = 108:22,
GHSV � 26,000 L/kgcat h).

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Oxidative coupling of methane (OCM) with molecular oxygen to
produce higher hydrocarbons, especially ethylene and ethane has
been a topic of continuous interest during the past three decades.
A wide variety of metal oxides; mainly alkali, alkaline earth, and
rare earth oxides and to a minor extent transition metal oxide
based catalysts have been studied [1–10]. In addition, many cata-
lysts containing alkali metal or alkaline earth metal oxides as pro-
moters have been investigated. Among the great variety of oxides
explored for OCM, rare earth oxides, mainly M/La2O3 or Sm2O3

(M = Ca, Sr, Ba, etc.) belong to the most active, showing high ability
to convert methane to higher hydrocarbon [12–18]. A yield of 18%
or even slightly higher was reported over Sr and Ba doped La2O3

[14,15]. Fluorite oxides like M/ThO2 show also comparable activity
[19,20]. Other oxide systems like alkaline earth metal oxides, com-
bination of their mixed phases and alkali metal modified analogs
have also been studied [21–27]. Alkaline earth metal oxides are
more active with additives like Al2O3, SiO2 or other oxides of the
same series due to lowering of carbonate decomposition tempera-
ture [28–31]. However, these oxides are normally less active than
La2O3 based oxides, but show comparable selectivity. Among the
ll rights reserved.
various transition metal based oxides modified by alkali metal
oxides reported in the literature, Mn/Na2WO4/SiO2 stands out as
a potential OCM catalyst [32–35].

Methane coupling reaction initiated by two possible active
oxygen species were identified, namely: (i) molecular species such
as O�2 and O2�

2 for lanthanide oxides [36,37], and (ii) dissociated
oxygen species such as nucleophile ions O�� of the catalyst lattice
[22,38,39]. Different oxide systems have different structural feasi-
bility of oxygen radical generation at the oxide ion vacancy depend-
ing on p-type conductivity. The rare earth oxide based catalysts are
interesting due to their intrinsic ability to form active O�2 species
and they are highly movable in the hexagonal structure [40–44].
On the other hand, due to low ionic conductivity in the compact
perovskite structures, their activity is fairly low [45]. The origin of
activity in alkaline earth metal oxides is related to the basic proper-
ties increasing from BeO to BaO. More basic oxides like SrO and BaO
are more active at high temperature due to decomposition of sur-
face carbonates providing crystal defect and therefore, low coordi-
nation surface oxides [46]. Activity was further enhanced by
addition of alkali metal ions that promote formation of LiþO�� and
NaþO�� type of pair near the oxygen vacancy site in MgO and CaO
[25]. Several transition metal oxides modified with alkali metals
also show improved selectivity due to peroxide like intermediate
formation. Tetrahedral WO4 surface species with one W@O and
three WAOASi surface bonds where proposed as the OCM active
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sites in Mn/Na2WO4/SiO2 [32]. Later a clear correlation between
performance of this catalyst formulation and the support structure
in the final calcined material was evidenced [34].

SrCO3 decomposes at high temperature under OCM conditions,
where CO2 is present. Addition of additives like Al2O3 could lower
the decomposition temperature promoting formation of SrO [30].
Such type of modification has been reported earlier [30]. In a recent
study [47], 12SrO�7Al2O3 was found to promote the generation of
oxygen radicals, a characteristic which could be useful in OCM.
However, this oxide is metastable and decomposes into more sta-
ble Sr–Al compounds, Sr3Al2O6 and SrAl2O4, at elevated tempera-
tures [47,48]. Also, the catalytic properties of the oxide were
found to depend strongly on synthesis parameters, such as heating
rate, water content of the environment, and especially the Sr/Al ra-
tio in the precursor material [47]. Due to the fact that different Sr–
Al compounds have different kinetics of formation and tempera-
tures of decomposition [49], the properties of the product depend
on many synthesis parameters. Some examples of stable Sr–Al
phases which were obtained are hexaaluminate [50], spinel [51],
perovskite [52], and SrAl4O7 [53].

The aim of the present study was to investigate the effect of
synthesis method, Sr/Al ratio, and precursor materials on the struc-
tural properties of Sr–Al oxides and to explore the catalytic poten-
tial of these materials for the oxidative coupling of methane. The
materials were structurally characterized by a number of comple-
mentary techniques, such as XRD, solid state NMR, electron
microscopy, EPR, XPS, and thermogravimetry.
2. Experimental

2.1. Catalyst preparation

Sr–Al mixed oxides were prepared by co-precipitation of the
metal hydroxides. Al(NO3)3 and Sr(NO3)2 were dissolved in water
and the hydroxides were precipitated by addition of an excess
amount of ammonia solution (pH = 11), stirred vigorously and
heated to dryness. The dried material was calcined at 800 �C for
12 h and subsequently crushed and sieved to 60–100 micron grain
size. The mixed oxide samples are denoted as Sr/Al-x (where x rep-
resents the Sr/Al atomic ratio and varies between 0.25 and 1.5).

Single phase Sr–Al oxides were prepared by different methods.
SrAl2O4 was prepared by solution combustion of stoichiometric
amounts of Al(NO3)3 and Sr(NO3)2 using urea as fuel in a 300 ml
Pyrex glass dish [54]. The solution was placed in a pre-heated fur-
nace at 600 �C and after evaporation the combustion started. The
oxide product was obtained within one minute and kept at
800 �C for 12 h to remove carbonaceous residues. Sr3Al2O6 was
prepared by the citric acid gel method [52], in which stoichiome-
tric amounts of Al(NO3)3 and Sr(NO3)2 were dissolved in water
with excess amounts of citric acid and ethylene glycol. With con-
tinuous heating at �100 �C under constant stirring to evaporate
superfluous water, the volume of the solution decreased and the
solution viscosity increased continuously due to gradual polymer-
ization. The viscous mass was further heated at �150 �C which
accelerated esterification of citric acid and ethylene glycol and
eliminated the remaining water, producing an amorphous resin.
This resin was calcined in air at 800 �C for 12 h. SrAl4O7 was pre-
pared by taking stoichiometric amounts of nitrate precursors and
applying the same procedure as in the citric acid gel method
[53]. The dried gel was calcined in air at 950 �C for 12 h.

Other samples were prepared by impregnation of Al2O3 with Sr-
acetate, nitrate or hydroxide. These Sr precursors were dissolved in
water followed by addition of c-Al2O3 (Degussa, SSA = 180 m2/g)
and after evaporation the material was calcined at 800 �C in a
furnace for 12 h. These samples are denoted as Sr/Al-1.25A, Sr/Al-
1.25N, and Sr/Al-1.25H for the acetate, nitrate, and hydroxide pre-
cursors, respectively.

As a reference catalyst, 1.9%Mn–4%Na2WO4/SiO2 was synthe-
sized according to the procedure reported by Jiang et al. [55]. In
brief, the catalyst was prepared by mixing a slurry of Mn(NO3)2,
Na2WO4, and silica gel (amorphous, 60–100 lm mesh). After dry-
ing, the catalyst was calcined at 800 �C for 8 h.
2.2. Catalyst characterization

Nitrogen physisorption isotherms (adsorption–desorption
branches) were measured on a Micromeritics ASAP 2000 instru-
ment at 77 K. Samples were outgassed for 1 h under vacuum at
400 �C before measurement and the specific surface area (SSA)
was determined using the BET method. X-ray diffractograms were
recorded on a Siemens D5000 using Cu Ka1 (k = 1.54056 Å) radia-
tion in step mode between 20 and 80� 2h with a step-size of
0.02� and 8 s/step. For transmission electron microscopy (TEM),
the material was dispersed in ethanol and few drops were depos-
ited onto a perforated carbon foil supported on a copper grid.
TEM investigations were performed on a CM30ST microscope
(FEI; LaB6 cathode, operated at 300 kV, point resolution �2 Å).

27Al MAS NMR measurements were performed on a Bruker
Avance 700 spectrometer (Bruker, Karlsruhe, Germany) at a reso-
nance frequency of 182.4 MHz for 27Al nuclei. All 27Al shifts are ref-
erenced to a 0.1 M aqueous solution of Al(NO3)3. For the 1D
experiments in Figs. 5 and 6, the NMR spectra were recorded using
a 4 mm Bruker double resonance probe at a spinning frequency of
15.00 kHz. A single-pulse excitation with a flip angle of p/6 and a
repetition time of 0.5 s was used and a total of 200 scans were
accumulated for the mixed oxides, while 800 scans were used for
the spectra of the SrAl4O7, SrAl2O4, Sr3Al2O6 single phase com-
pounds. The data were processed using the XWINNMR software
(Bruker, Karlsruhe, Germany). The quantification of the AlIV/AlVI ra-
tio in Fig. 6 was calculated by numerical integration of the spectral
regions between ca. 100 and 40 ppm for Al(IV) and Al(VI) between
25 and �25 ppm. For the 1D and 2D experiments presented in
Fig. 7, a 2.5-mm Bruker double resonance probe was used at a spin-
ning frequency of 20.00 kHz. The 1D spectra were acquired using a
single-pulse excitation with a flip angle of approximately p/6, a re-
cycle delay of 1.0 s and 1024 scans. The 2D MQMAS experiments
were implemented using a shifted echo method with a selective
p pulse of 40 ls duration before acquisition of the full echo
[56,57]. The phase cycle selected the 3Q coherence during t1. The
hard pulses for excitation and conversion were experimentally
optimized and found to be 3.25 and 0.90 ls. A total of 256 incre-
ments with a dwell time of 10 ls in t1 were acquired with 1056
scans per increment for the experiments in Fig. 7a and c and 720
scans for the experiment in panel b. All used a recycle delay of
0.5 s. The 2D spectra were processed by zero filling once to 1024
points, performing a circular shift of the data points in t2 such that
the echo maximum coincided with the start of the FID and apodi-
sation with a 256 Hz Gauss function adapted to the full echo nature
of the signal. After the Fourier transform in the direct dimension,
the data was zero filled once to 256 points in t1. A complex Fourier
transform without apodisation in the indirect dimension produced
the 2D spectra. The scale in the indirect dimension follows the con-
vention by Amoureux and Fernandez [58,59]. The spectrum in
Fig. 7b was subsequently scaled by a factor of 22/15 to compensate
for the smaller number of scans and to bring all spectra to the same
absolute intensity scale. The contour levels in Fig. 7a–c are located
at the same absolute values with the lowest level set to ten times
the standard deviation of the noise in panels a and c, and to 8.25
times the standard deviation of the noise for the spectrum in
Fig. 7 b. The contour levels are spaced by a factor of 1.3. The
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MatNMR toolbox within the Matlab environment (www.
mathworks.com), was used to process the data [60].

X-ray photoelectron spectra of the Sr–Al-x oxides were recorded
on a Thermo Fisher Scientific Multilab 2000 (England) instrument
with Al Ka radiation (1486.6 eV). The binding energies reported
here are with reference to graphite at 284.5 eV or Ag(3d5/2) at
368.2 eV having an accuracy of (0.1 eV). Oxide samples were made
into thin pellets at room temperature, and XPS data were recorded.

Thermogravimetric (TG) experiments were performed on a Net-
zsch STA 449 C thermoanalyzer. The exhaust gas was analyzed by
an Omnistar (Pfeiffer Vacuum) mass spectrometer connected to
the thermoanalyzer by a heated stainless steel capillary. Tempera-
ture Programmed Desorption (TPD) was performed with a flow of
50 mL/min He and a heating rate of 10 K/min to 1150 �C.

Continuous-wave (CW) EPR spectra were acquired on a Bruker
Elexsys E500 X-band spectrometer (microwave frequency
9.48 GHz) at 130 K. The maximum incident microwave power for
this spectrometer was 200 mW (at 0 dB attenuation). The spec-
trometer was equipped with a super-high Q resonator (ER 4122
SHQ) and a He-flow cryostat (ESR 910, Oxford Instruments). Spec-
tral simulations of CW EPR powder patterns were done using the
Matlab package EasySpin [61].
Table 1
BET specific surface area (SSA) and mass loss upon heating in He up to 1150 �C.
Numbers in brackets indicate the values obtained for the fresh materials (i.e.,
characterized within 3 h after synthesis). The crystalline phases as observed by XRD
are; 0 = Al2O3, A = Sr3Al4O9�2H2O, B = double perovskite, C = SrAl4O7, D = SrAl2O4,
E = hydroxide Sr12AlxxO and F = SrCO3.

Catalyst BET SSA (m2/g) Mass loss (wt.%) Phases

Al2O3 123 8.6 0
Sr/Al-0.25 73 8.1 A
Sr/Al-0.33 62 5.4 A + B
Sr/Al-0.50 25 5.4 A + B
Sr/Al-0.75 8 6.0 A + B
Sr/Al-0.86 3 – A + B
Sr/Al-1.0 1.2 8.9 (4.6) A + B
Sr/Al-1.25 0.5 4.5 (2.9) B
Sr/Al-1.5 0.5 2.7 B
SrAl4O7 10 – C
SrAl2O4 1.4 1.0 D
Sr3Al2O6 7 – B
Sr/Al-1.25H* 0.4 – B + E
Sr/Al-1.25 N* 1.3 – B
Sr/Al-1.25A* 4.5 – B + F

* Samples where Sr salt was impregnated on Al2O3.
2.3. Catalytic tests

The reactor set-up was a conventional gas flow system where
methane (99.5% PanGas) and oxygen (99.999%, PanGas) were co-
fed over the catalyst. The catalyst was placed in a quartz U-tube
reactor (ID 4.5 mm) which itself was placed inside a temperature
controlled furnace. Typically, 300 mg of catalyst (60–100 lm
mesh) was diluted with 200 mg of quartz sand and kept in place
between two quartz wool plugs. Gas flows were regulated by mass
flow controllers (Brooks Instruments B.V., model 5850E), and were
fixed at 108 mL/min CH4 and 22 mL/min O2, yielding a total flow of
130 mL/min and a CH4/O2 ratio of 5. This resulted in a gas hourly
space velocity of 26,000 L/kgcat h. Due to the fact that the SrAl2O4,
SrAl4O7 as well as the Al2O3-derived oxides did not form stable pel-
lets after pressing, these materials were tested with a reduced cat-
alyst mass (125 mg instead of 300 mg) to prevent blocking of the
reactor. For the sake of comparison, the Sr3Al2O6 single phase oxide
was tested at both 125 and 300 mg, keeping the gas flows the
same. This resulted roughly in a twice as high rate of reaction
(see both entries for Sr3Al2O6 in Table 2).

The temperature was measured by a thermocouple well on the
outer surface of the quartz reactor at the middle of the catalyst bed.
Reactions were performed at a fixed temperature of 810 �C. The ex-
haust gas was analyzed using an on-line gas chromatograph
(6890N, Agilent Technologies, CarbonPLOT column and fitted with
TCD and FID) connected to the reactor with heated stainless steel
lines. The GC was able to fully separate exhaust gas components
such as O2, CO, CO2, CH4, C2H2, C2H4, C2H6, C3H6, and C3H8. Each
of the products was calibrated against a calibration gas mixture.
A blank run (quartz tube filled with only quartz wool and quartz
sand) showed no conversion at the reaction conditions used. Initial
experiments in which catalyst mass and temperature were varied
were used to optimize experimental settings for Sr/Al-1.25 (based
on complete conversion of oxygen). The freshly prepared Sr-rich
oxide, exposed to air at room temperature for at least 3 h, is desig-
nated as stored catalyst.

Methane conversion was defined as: XCH4 (%) = (moles of CH4

equivalent of carbon products � 100)/moles of CH4 in feed. Selec-
tivity toward Cn products (ethylene + ethane + propane + propyl-
ene) was defined as: S (%) = R((n �moles of Cn products) � 100)/
(moles of CH4 equivalent of carbon products), where n corresponds
to the number of carbon atoms, generally 2 and 3 here. The carbon
balance varied depending on the catalyst material but was always
better than 90%.
3. Results

3.1. Textural and structural properties

The catalysts were characterized with regard to their textural
and structural properties. The specific surface areas (SSAs) of the
Sr–Al oxides are listed in Table 1. The surface areas consistently de-
creased with increasing Sr/Al ratio (Sr/Al-0.25 to 1.25) from 73 to
0.5 m2/g. Single phase Sr–Al oxides (SrAl4O7, Sr3Al2O6, and SrAl2O4)
had surface areas ranging from 1.5 to 10 m2/g. The Sr–Al samples
(Sr/Al ratio 1.25) derived from alumina and strontium hydroxide,
nitrate, and acetate precursors afforded specific surface areas of
0.4, 1.3, and 4.5 m2/g, respectively. The reference catalyst
1.9%Mn–4%Na2WO4/SiO2 had a surface area of 0.5 m2/g, compara-
ble to the value reported for the catalyst used in [33], but lower
compared to that of Ref. [55].

Fig. 1 presents the XRD patterns of Sr–Al mixed oxides with a
Sr/Al ratio from 0.25 to 1.5 and shows the presence of several crys-
talline phases in the mixed oxides. Phases identified in the
different samples are listed in Table 1. XRD patterns of single phase
compounds such as SrAl4O7, SrAl2O4, Sr3Al2O6, and SrCO3 are dis-
played in Fig. 2a. The reflections related to the single phase Sr–Al
oxides fit to their respective JCPDS patterns (1-070-1479, 10-
0061, and 24-1187 for SrAl4O7, SrAl2O4, Sr3Al2O6, respectively).
Analysis of the mixed phase oxide patterns indicated the presence
of multiple crystalline phases. Predominately reflections of
Sr3Al2O6 were found, which relative intensity increased with
increasing Sr/Al ratio. Its reflections were narrow, indicating a
relatively large crystallite size. Other reflections, observed at low
Sr loading (marked by asterisk in Fig. 1) gradually vanished with
increasing Sr/Al ratio until the Sr/Al ratio reached 1.5. These reflec-
tions were sharp and fitted well to Sr3Al4O9

.2H2O (JCPDS 32-1221),
a hydrated Sr–Al phase. However, their relative intensity was low
compared to Sr3Al2O6.

Fig. 2b shows the XRD patterns of the Sr–Al oxides prepared by
reaction of different Sr–salts with Al2O3. As emerges from Fig. 2b,
the formation of the crystalline phase highly depended on the type
of precursor. With the acetate precursor, a mixture of SrCO3 and
Sr3Al2O6 was formed, whereas nitrate salt produced Sr3Al2O6 as
only detectable phase. The hydroxide precursor tended to form a
mixture of Sr3Al2O6 and Sr12Al14O33 (JCPDS 40-0025) phases (latter
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Table 2
Catalytic results. Standard reaction conditions were: 300 mg catalyst with 200 mg SiO2 diluent (both 60–100 lm mesh size) a total flow of 130 mL/min (CH4 = 108 mL/min,
O2 = 22 mL/min), temperature = 810 �C. For the entries marked by the asterisk (�), 125 mg catalyst was used instead of the standard 300 mg, for reasons specified in the text
(Section 2). This 125 mg catalyst was mixed with 375 mg SiO2 to obtain a similar bed volume. Otherwise all parameters were similar.

Catalyst XCH4 (%) STotal (%) C2H4/C2H6 C2+ yield Rate (mol m�2 h�1)

Al2O3 14 16 1.3 2 0.001
Sr/Al-0.25 20 37 1.7 7 0.002
Sr/Al-0.33 21 46 1.9 10 0.003
Sr/Al-0.50 23 57 2.0 13 0.008
Sr/Al-0.75 26 61 1.9 16 0.029
Sr/Al-0.86 26 61 1.8 16 0.078
Sr/Al-1.0 27 63 1.7 17 0.202
Sr/Al-1.25 28 63 1.7 18 0.503
Sr/Al-1.5 6 64 0.6 4 0.108
SrCO3 6 61 0.7 4 –
SrAl4O7* 9 54 1.2 5 0.019
SrAl2O4* 27 59 2.1 16 0.416
Sr3Al2O6 27 54 2.9 15 0.035
Sr3Al2O6* 22 51 – 11 0.068
Sr/Al-1.25H* 10 54 0.9 5 0.539
Sr/Al-1.25N* 18 58 1.5 10 0.298
Sr/Al-1.25A* 29 62 1.7 18 0.139
Mn–Na2WO4/SiO2 18 68 1.9 12 0.323
5%Sr/La2O3

a 25 63 0.4 16 0.3

a Data taken from Ref. [20].
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marked by +) in Fig. 2b. The latter phase is the same as reported in
[47,48].

Fig. 3 shows selected TEM images (a, b) and electron diffraction
(ED) patterns (a0, b’) of Sr3Al2O6 (a) and Sr/Al-1.0 (b). Single phase
Sr3Al2O6 showed clear lattice fringes and at three different posi-
tions similar ED patterns were observed. A constant Sr/Al ratio
was found by EDX mapping at four different positions of a few
microns in diameter (see Fig. 4a). On the other hand, the mixed
phase Sr–Al oxides did not possess clear fringes and EDX mapping
showed a non-constant Sr/Al ratio at four different positions in the
sample (see Fig. 4b). Additionally, ED showed only reflections at
certain positions, and this electron diffraction pattern was consis-
tent with that of the pure Sr3Al2O6 sample. These observations
indicate a non-homogeneous distribution of the crystalline phase
(Sr3Al2O6) in the mixed phase oxides and the presence of poorly
crystalline material. Similar results were obtained for Sr/Al-0.5,
indicating a certain universality of this behavior.
Fig. 1. XRD pattern of the mixed phase oxides with Sr/Al ratio varying from 0.0 to
1.5.
27Al MAS NMR uncovered the presence of differently coordi-
nated Al in the Sr/Al-x oxides, as shown in Fig. 5. In these mixed
phase oxides, signals at �65 and 10 ppm were observed indicating
the presence of both tetrahedrally (65 ppm) as well as octahedrally
(10 ppm) coordinated Al species [62,63]. Pure Al2O3 (Sr/Al-0)
showed two broad peaks at �65 and 10 ppm, respectively. Upon
increasing the Sr-content of the material, the intensity of the broad
peak at �10 ppm was reduced and a sharp peak was superimposed
at a Sr/Al ratio of 0.75 and above. This broad feature slowly van-
ished at higher Sr-contents. The peak visible at ca. 65 ppm showed
a more complex behavior, and upon increasing the Sr-content its
relative intensity increased and sharper features were observed.

In order to assign the differently coordinated Al species in the
mixed phase systems, single phase oxide spectra were analyzed
as well. Fig. 6 shows the 27Al MAS NMR spectra of the single phase
Sr–Al oxides (SrAl2O4, Sr3Al2O6, and SrAl4O7). SrAl2O4 and Sr3Al2O6

showed rather sharp peaks at �65 and �10 ppm, respectively.
SrAl4O7 contained some octahedrally coordinated Al, and based
on the peak around 65 ppm, several AlIV species with a rather
well-ordered local environment were present. In general, the peaks
obtained for the single phase oxides were sharper compared to
those obtained for the mixed phase oxides.

Due to their high specific activity (vide infra), Sr/Al-1.25 and Sr/
Al-1.25H were analyzed in-depth by 2D MQMAS, the results of
which are presented in Fig. 7. The 2D spectra show the spectral re-
gion characteristic for tetrahedrally coordinated Al species [62,63].
The spectrum of as-prepared Sr/Al-1.25 (Fig. 7a) showed a number
of species to be present. Two narrow ‘‘ridges’’ belonging to two
well-ordered AlIV species with a significant quadrupolar coupling
constant, as testified by the width of these two lines in the direct
dimension were observed, along with a much less ordered AlIV spe-
cies around 70 ppm. A weak shoulder superimposed on this peak
toward higher ppm values is also visible. The 1D spectrum (panel
d, bottom) shows that very little octrahedral Al is present in this
sample. The same material calcined at 1000 �C (Fig. 7b) basically
shows the same features except that the shoulder is now clearly re-
solved into a separate signal with a maximum at 76 ppm. In addi-
tion, the relative intensity of the less ordered peak has decreased
significantly compared to the two signals corresponding to the
two highly ordered sites. The width of this signal also seems to
be decreased compared to the one in panel a, possibly indicating
a higher amount of order. No AlVI could be detected in this sample.



Fig. 2. (a) XRD pattern of the single phase oxides (SrAl4O7, SrAl2O4, and Sr3Al2O6). (b) XRD pattern of the Sr impregnated Al2O3 samples with various Sr precursors.

Fig. 3. TEM and ED of single phase Sr3Al2O6 and mixed phase Sr/Al-1.0.
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The Sr/Al-1.25H had a significant signal around 10 ppm, demon-
strating the presence of AlVI. Several AlIV species were present, with
features resembling those of the as-prepared Sr/Al-1.25. Clear
similarities were observed in two ridge like features extending be-
tween 40 and 70 ppm in the direct dimension. These, we
tentatively assign to the AlIV species in the Sr3Al2O6 double perov-
skite, the presence of the two signals in the 2D spectra being con-
sistent with the two inequivalent Al sites in the crystal structure. In
addition, a third line with a significant quadrupole coupling con-
stant is observed parallel to the two signals originating from the
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Fig. 5. 27Al NMR spectra of Sr–Al mixed oxides with varying Sr/Al ratio from 0.0 to
1.5. The AlIV/AlVI ratio is shown on the right-hand side.

Fig. 6. 27Al NMR spectra of the SrAl4O7, SrAl2O4, and Sr3Al2O6 single phase reference
compounds.
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double perovskite. This third line however is broader in the indi-
rect dimension indicating less order, or possibly an overlap of sev-
eral sites. The final feature has a shift of 70 ppm (equal to the
feature around 70 ppm of the as-prepared Sr/Al-1.25 sample in pa-
nel a). It is however shifted in the indirect dimension and has a
smaller line width and a more symmetric shape. Both factors taken
together indicate a smaller distribution of the quadrupolar cou-
pling constant. The 1D spectrum of Sr/Al-1.25H displays a strong
peak for AlVI around 10 ppm.

Fig. 8 shows the O(1s) XPS core level spectra of Sr–Al mixed
oxides with different Sr/Al ratio. Clearly, the signal becomes
non-symmetrical toward higher binding energy with increasing
Sr/Al ratio. Deconvolution of the spectra shows the presence of
two peaks at �529.7 eV and �531.5 eV, attributed to O2� and car-
bonate oxygen species, respectively. The higher binding energy
peak position and FWHM match with pure carbonate signal. Sim-
ilar spectra were also reported for MgO and BaCO3 systems [64].
The relative intensity of carbonate oxygen species increases with
the Sr/Al ratio. The concentration of Sr on the surface indicated
slight segregation.

Temperature programmed desorption (TPD) was performed on
the Sr–Al mixed phase materials and on selected single phase oxi-
des. The weight loss due to decomposition/desorption up to
1150 �C is listed in Table 1. By mass spectrometry (MS), the evolu-
tion of four species was observed: H2O, NO, O2, and CO2 (m/z = 18,
30, 32, and 44, respectively). Fig. 9a shows the MS-traces of H2O,
NO, and CO2 recorded during TPD of Sr/Al-0.33, 1, and 1.25.

Water evolved from the sample in two distinctly different man-
ners: for low Sr/Al ratios (0.25–0.5), a rather broad desorption pro-
file was observed between 50 and 450 �C. This was attributed to
desorption of physisorbed water and recombination of terminating
surface hydroxyl groups. At higher Sr/Al ratios, occasional sharp in-
creases in the m/z = 18 signal were observed between 50 and
530 �C, along with sharp decreases in the TG signal (see Fig. 9b).
Similar behavior was observed for the evolution of CO2: at lower
Sr/Al ratios a broad profile was observed. For Sr/Al ratios of 0.75
and above, the broad profile dominating at lower temperature
was lacking almost entirely, and sharper high temperature features
evolved instead. These consisted of a main signal with the maximal
rate of desorption centered at 810 �C and a smaller centered at
960 �C. Simultaneous with the feature around 960 �C, a sharp
increase in the m/z = 30 and 32 signals was observed as well. The
m/z = 30 signal, indicative of NO, is plotted in Fig. 9a for three rep-
resentative samples.



Fig. 7. 27Al 2D MQMAS NMR spectra (a–c) and corresponding 27Al 1D MAS NMR spectra (d) of three Sr–Al–O compounds. Sr–Al mixed oxide with Sr/Al = 1.25 (a) and (d,
bottom). Sr/Al mixed oxide with Sr/Al = 1.25 after calcination at 1000 �C (b) and (d, middle). Sr–Al mixed oxide with Sr/Al = 1.25 prepared from Sr-hydroxide precursor (c) and
(d, top).
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Fig. 9b shows the TG traces of TPD experiments on fresh and
stored (see Section 2) Sr/Al-1 and 1.25. The stored material dis-
played more features, especially in the lower temperature range
(below 800 �C). These differences were highlighted by representing
the data in its differential form (DTG, Fig. 9c). The negative peaks in
Fig. 9c corresponded to a concurrent increase of the MS signals of
H2O (minima at 75, 250, and ca. 400 �C), CO2 (minimum at ca.
830 �C) and CO2 with NO and O2 (minimum at ca. 1000 �C).

EPR measurements revealed a qualitative difference between
the single phase and the mixed phase oxides. In the Sr3Al2O6 pure
phase sample, no EPR signals were detected in the as-prepared and
O2 treated sample. In the EPR spectrum of the Sr/Al-1.25 mixed
phase oxide system, we observed three types of signals. In the
low field region, several EPR lines were detected with most intense
absorption at around g = 4.2 (spectra not shown). The shape and
the intensity of this part of the spectrum did not change upon
any treatment of the sample, thus we consider this signal not to
be related to the chemical activity of the oxide. We attribute this
signal to paramagnetic impurities in the Sr–Al mixed phase oxide.

In the field range at around g = 2.0, two other EPR signals were
observed (Fig. 10). The first signal has relatively short relaxation
times. At 130 K, this signal is not saturated up to an incident micro-
wave power of 3.2 mW (18 dB attenuation). The corresponding EPR
spectrum can be simulated as an isolated electron spin ½ with nearly
axial g-tensor (gx = 2.0012, gy = 2.0072, gz = 2.0856) (Fig. 10a). These
g-values are close to those reported for the O�2 species formed in the
12CaO�7Al2O3 system, g = [2.002, 2.008, 2.074] [65].

The second paramagnetic species observed at this field range
had significantly different relaxation properties. At 130 K, the
intensity of the corresponding EPR signal was in the linear regime
with respect to the square root of the incident microwave power
only below 12 lW (attenuation of 42 dB). This type of EPR spec-
trum could be simulated with an assumption of one electron spin
½ coupled to a nuclear spin of 1 (Fig. 10b). The only nucleus with
nuclear spin 1 that can be present in the studied system was 14N,
originating from incomplete conversion of the parent nitrate (see
TPD results above, and discussion furtheron in the text). Therefore,
we assigned the spectrum to a nitrogen containing species
appearing from thermal decomposition of remaining nitrate
precursor.

The EPR spectra appearing from nitrogen containing inorganic
radical species were reported for different oxide supports [44].
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The main types of paramagnetic species discussed so far are NO
[66–71], NO2 [68], NO2�

2 [67,71] and N2O�2 [72].
An EPR spectrum very similar to the spectrum of the second

type of species reported here was observed for NO molecules ad-
sorbed on magnesium oxide [67]. In the cited reference, the men-
tioned EPR spectrum was assigned to an NO2�

2 species formed on
the surface of MgO from NO molecules and surface O2� ions. For
NO adsorbed at lower temperatures, a different EPR spectrum
has been observed and attributed to an NO molecule in a strong
crystalline field where the splitting of the doublet p-antibonding
level is large and the unpaired electron is mainly confined to one
level. In such a situation, a stronger g-anisotropy was observed in
agreement with the expectations for a system with a low lying ex-
cited state. In the NO2�

2 species, the degeneracy of the ground elec-
tronic state is removed which leads to weaker g-anisotropy [67].

We can exclude formation of paramagnetic species containing
two nitrogen atoms like N2O�2 in our system because no hyperfine
splitting due to the second nitrogen is experimentally observed.
Thus, the assignment of the species under discussion is restricted
to either neutral or doubly charged NO2.

Following the argumentation of Lunsford [67], we rather attri-
bute the discussed EPR spectrum to NO2�

2 , resulting from the
decomposition products of residual entrapped nitrate precursor.
As we simultaneously observe the formation of O�2 , it is feasible
to assume that these are NO2�

2 species formed after homolysis of
NO�3 from an NO molecule and an O2� ion from the oxide phase
with one free coordination position. Such a formation should be
possible on the surface of the amorphous phase. Exposure to meth-
ane (vide infra) strongly reduced the intensity of both O�2 and NO2�

2

EPR signals (see Fig. 11 spectra d), providing further evidence of
the presence of these species on the surface.

The homogeneous line width of the observed EPR spectrum
attributed to NO2�

2 can be estimated to be less than 0.15 mT. For
such a narrow line any dipolar field from neighboring paramag-
netic centers down to 0.1–0.2 mT should be visible in the spec-
trum. One can therefore estimate that the surface concentration
of paramagnetic centers is rather low such that the mean distance
to the next neighbor is not less then approximately 1.5–2 nm (as
calculated from the magnetic dipolar field of an unpaired electron
with g � 2.0 [73]) for the majority of these species. The homoge-
neous line width of the EPR signal of O�2 is hidden in the line shape
that is mainly dominated by the distribution of the g-tensor eigen
values. Therefore, the same argumentation does not apply to these
species. Still no evidence of exchange coupling between different
species is observed which implies mean distances of at least
1 nm. Such relatively low density of paramagnetic centers can be
determined by the concentration of active adsorption centers
on the surface. On the other hand, it could also result from
dimerization of nitrogen containing species which would lead to
a formation of diamagnetic molecules.



Fig. 10. Experimental and simulated EPR spectra of NO2�
2 and O�2 species formed in

the mixed phase oxide: (a, top) experimental EPR spectrum attributed to the
surface NO2�

2 species measured with modulation amplitude of 0.1 mT and m.w.
attenuation of 48 dB; (a, bottom) simulation of the spectrum of NO2�

2 with
g = [2.0048, 2.0048, 1.9995] and A = [101.1, 101.1, 191.5] MHz; (b, top) experimen-
tal EPR spectrum attributed to the surface O2 species measured with modulation
amplitude of 0.3 mT and m.w. attenuation of 18 dB. The EPR signal of O2�

2 species is
strongly saturated at these conditions. The EPR lines marked with asterisks are
artefacts originating from liquid air condensed in the colder parts of the cryostat. (b,
bottom) simulation of the spectrum of O�2 with g = [2.0012, 2.0072, 2.0856] and
strain of g-tensor eigen values of [0.001, 0.0018, 0.004].
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Fig. 11 shows both O�2 and NO2�
2 EPR signals at various experi-

mental conditions (in a and b, respectively). Both O�2 and NO2�
2

EPR signals grow in the same way upon annealing in vacuum or
in O2 atmosphere. The freshly prepared sample already contains
some small amount of both species. By annealing in low vacuum
(approximately 5 � 10�3 mbar), the amplitudes of the two EPR sig-
nals grow. If annealing is performed at 800 �C, the increase of the
amplitude of the EPR signals is lower as compared to the annealing
at 820 �C. This follows the rising part of the TPD pattern of NO
(Fig. 9a). Heat treatment of the sample in O2 atmosphere at
820 �C did not lead to a higher intensity of O�2 or NO2�

2 signal as
compared to the analogous treatment in vacuum.

Exposure to methane (p � 100 mbar) resulted in a significant
reduction of both the O�2 and NO2�

2 signals. The intensities of the
two signals recovered to approximately the same level after an
additional treatment in vacuum at 820 �C. Annealing in vacuum
at ca. 990 �C, corresponding to complete removal of NO according
to TPD, resulted in the disappearance of EPR signals of both NO2�

2

and O�2 .

3.2. Catalytic results

Table 2 presents the catalytic performance of the Sr–Al single
phase and mixed phase oxides along with that of the 1.9%Mn–
4%Na2WO4/SiO2 reference catalyst for comparison. The mixed
phase oxides were more active than Al2O3 or SrCO3 which showed
only 14% and 6% conversion, respectively, at 16% and 61% selectiv-
ity to C2 products. However, both Al2O3 and SrCO3 were outper-
formed by SrAl4O7, SrAl2O4, and Sr3Al2O6 which afforded 9%, 27%,
and 22% conversion at 54%, 59%, and 51% selectivity, respectively.
Further improvement in performance could be observed with the
mixed phase oxides with increasing Sr/Al ratio. Plotting the con-
version against the Sr/Al ratio (Fig. 12a) shows that activity consis-
tently increased with increasing Sr loading, reaching a plateau
around Sr/Al-1.25, possibly due to depletion of O2 in the feed.
The conversion and selectivity increased from 20% and 37% over
Sr/Al-0.25 to a maximum of 28% and 63% over Sr/Al-1.25. There-
fore, C2+ yield increased from 4% to 18% over these catalysts. The
highest yield over Sr/Al-1.25 is comparable to that in the literature
reports on Sr, Ba doped La2O3 [11,14]. The ethylene/ethane ratio re-
mained about 1.5–2 over the Sr–Al oxides. Since the surface area
decreased drastically with increased Sr-content (Fig. 12a), we have
compared the activity per unit surface area.

The rate of methane conversion per unit surface area
(mol m�2 h�1) against the Sr/Al ratio is shown in Fig. 12b for the
mixed phase oxide catalysts. It increased almost exponentially
with increasing Sr-content up to a Sr/Al ratio of 1.25, reaching a
maximum rate of 0.50 mol m�2 h�1. At a Sr/Al ratio of 1.5
(Sr/Al-1.5) however, a rate of 0.11 mol m�2 h�1 was obtained.
Selectivity increased to 63% at a Sr/Al ratio of 0.75 and above
(Fig. 12c). SrAl4O7, SrAl2O4, and Sr3Al2O6 showed no clear depen-
dence of the reaction rate on the Sr-content, and rates of 0.02,
0.42 and 0.07 mol m�2 h�1 were obtained over these catalysts,
respectively. The stability of the optimal catalytic system (Sr/Al-
1.25) was tested in a 48 h run at 810 �C. The activity and selectivity
of the catalyst proved to be stable for the duration of this long term
run corroborating the good stability of the catalyst. The catalyst
maintained its white color indicating that no significant carbon
deposition occurred during the 48 h on stream.

To understand the effect of the Sr precursor on the catalytic per-
formance, Sr/Al-1.25 catalysts from different Sr precursors (nitrate,
hydroxide, and acetate) were additionally investigated. Catalytic
data for these catalysts are included in Table 2. Evidently, the cat-
alyst derived from Sr-acetate was the most active per unit weight,
with 29% conversion, whereas the catalysts from hydroxide and ni-
trate precursors yielded 10% and 18% conversion, respectively. The
corresponding reaction rates referred to unit surface area were
0.54, 0.30, and 0.14 mol m�2 h�1 over the hydroxide, nitrate, and
acetate derived catalysts, respectively.

The activity of the Sr–Al-based catalysts was compared to that
of 1.9%Mn–4%Na2WO4/SiO2, a well-known catalyst for this reaction
[33,35,74]. The reference catalyst showed 18% methane conversion
at 68% selectivity, and a reaction rate of 0.32 mol m�2 h�1, signifi-
cantly lower than the optimal Sr–Al material (0.50 mol m�2 h�1 for
Sr/Al-1.25). Furthermore, the C2+ yield was also significantly lower.
Note that the catalytic performance of the reference catalyst was
higher than the values reported in literature [35] (0.32 vs.
0.07 mol m�2 h�1), which might be due to the different experimen-
tal conditions, such as the CH4/O2 ratio (7.5 in [35] vs. 5 in this
work) and temperature (785 �C in [35] vs. 810 �C). Finally, it may
also be worthwhile to compare the performance of Sr/Al-1.25 with
that of another well-known reference catalyst for OCM, 5%Sr/
La2O3. In an earlier study [20], we observed a methane conversion
rate of 0.3 mol m�2 h�1 and a slightly lower C2+ yield of 16% for this
catalyst under almost similar conditions (total O2 conversion at
730 �C). Thus, we can conclude that Sr/Al-1.25 shows a catalytic
performance in OCM which is at least comparable to these well-
known and active OCM catalysts.

3.3. Discussion

The main objective of this study was to investigate the potential
of Sr–Al–O based catalysts for oxidative coupling of methane. The
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2 (b, right) species upon sample treatment for the mixed phase oxide sample: (a) freshly prepared sample; (b) sample
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structural dependence of the catalytic behavior was investigated
by varying the elemental composition of Sr–Al oxides as well as
their phase composition, ranging from single phase oxides and
mixed phase oxides derived via different synthesis procedures.
The catalytic studies indicate that for the oxidative coupling of
methane, the mixed phase oxides are more active and selective
than the single phase oxides. The rate of methane conversion per
unit surface area over the mixed phase oxides increased almost
exponentially with increasing Sr/Al ratio, from 0.001 for Al2O3 to
0.50 mol m�2 h�1 for Sr/Al-1.25 (Fig. 12b). The activity improved
with increasing AlIV/AlVI ratio, which reflects the increase of the
fraction of tetrahedrally coordinated Al in the materials. The in-
crease in the rate of methane conversion referred to the unit sur-
face is attributed to an increase in the density and/or activity of
the sites responsible for oxide radical formation. However, a possi-
ble influence of the greatly different surface area of the various cat-
alysts (Fig. 12a) on the radical coupling and trapping, as well as
chain termination cannot be ruled out. Note that selectivity
showed a different dependence on the Sr/Al ratio (Fig. 12c).

The specific surface area of the Sr/Al oxides decreased strongly
with increasing Sr-content (Fig. 12a). Clearly, the synthesis proce-
dure results in rather large particles. Based on the TG–MS and EPR
results, the as-prepared catalysts contain a certain fraction of
residual nitrates. Unreacted precursor salts (either Al- or Sr-based)
are the only likely source of these nitrates, and based on their
rather high temperature of decomposition, these are probably
trapped inside larger particles. High temperature treatment
(>860 �C) causes these nitrates to decompose and diffuse to the
surface where their remnants adsorb as NO2�

2 and O�2 species, as
evidenced by EPR. Their potential contribution to the OCM reaction
is discussed below.

From XRD, the Sr3Al2O6 double perovskite phase was found to be
the dominating crystalline phase in the catalysts, its relative inten-
sity increasing at higher Sr/Al ratios (Figs. 1 and 2). Also, by NMR
evidence of this phase was found, in the form of AlIV species
[48,75] at 65 ppm in the 1D (Fig. 5) and by two ridges in the 2D
experiments (Fig. 7). These well-ordered AlIV species were revealed
to be present in the as-prepared Sr/Al-1.25, and undoubtedly be-
long to the double perovskite crystal phase. Diffraction also pro-
vided evidence of a hydrated Sr–Al compound (Sr3Al4O9�2H2O).
Corroborating data was obtained by 27Al NMR, where a substantial
signal due to octahedrally coordinated Al species was observed.
This narrow signal had an increasing intensity with increasing Sr/
Al ratio and could indicate the presence of a Sr3Al2(OH)12 hydrogar-
net phase [76]. The reaction of Sr3Al2O6 with water is known to pro-
ceed at mild conditions [75], and has probably occurred by reaction
of ambient water with the perovskite phase in the as-prepared
material. The presence of bulk-like hydrated species or hydroxides
was implied as well by TG–MS analysis (Fig. 9b and c) of catalysts
stored under ambient conditions. The temperature of decomposi-
tion shows these compounds not to be stable at reaction conditions
(i.e., 810 �C). This was supported by 2D NMR, where calcination of
Sr/Al-1.25 at 1000 �C resulted in disappearance of the AlVI species
and led to more ordered AlIV species (Fig. 7a and b).

Although the hydroxides or hydrogarnet phases are thermally
unstable under reaction conditions, a significant difference in
activity was observed between fresh (i.e., used within 3 h after
synthesis) and stored catalysts (9 instead of 28% conversion). By
TG–MS, two differences between fresh and stored catalysts were
observed: stored catalysts showed sharp weight loss features due
to decomposition of hydroxides or hydrated species below
800 �C, whereas above this temperature stored catalysts showed
a higher weight loss due to decomposition of carbonate species.
These differences are highlighted by the DTG traces in Fig. 9c.

Although the origin of the loss of activity is unclear, it seems to
indicate that the species formed during storage do not completely
revert to their starting compound upon decomposition. Differences
in the thermal stability of these new species might result in local
deviations of the bulk Sr/Al ratio, a parameter known to be crucial
in the genesis Sr/Al oxides [47,48]. Depending on the (local) con-
centration of the elements, very different (meta)stable phases
can be obtained [47,48]. At any rate, care must be taken to avoid
exposure of the catalysts to ambient water or carbon dioxide when
applying these catalytic materials.
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The above shows that in the Sr/Al series of oxides, two crystal-
line phases coexist, and based on the broad line shapes in the 2D
MQMAS spectra, a significant portion of the Al is in a less ordered
environment, and as a consequence poorly characterizable by XRD
and NMR. Additionally, TG–MS showed the presence of nitrate and
carbonate containing compounds. Since such a situation does not
facilitate the identification of the compounds active in OCM, a
number of model systems were synthesized for means of compar-
ison. Three single phase oxides, SrAl4O7, SrAl2O4, and Sr3Al2O6 were
tested and characterized in order to provide clues on the activity of
Sr-poor to Sr-rich single crystalline phases. Note that the as-pre-
pared Sr3Al2O6 double perovskite contained a fraction of
Sr3Al2(OH)12 hydrogarnet, which at the temperature at which
OCM was conducted would have decomposed into the correspond-
ing double perovskite phase [76]. Therefore, we consider the
activity of this material to be representative for Sr3Al2O6 double
perovskite phase.
The reaction rates observed for these oxides (Table 2), did not
show a trend with increasing Sr-content as opposed to the Sr/Al
materials. Comparing the reaction rates of these single phase oxi-
des with the Sr/Al series, it becomes evident that for the double
perovskite very similar reaction rates are observed compared to
the Sr/Al-material of the same composition, indicating a similarity
in the active phases present. Apparently, the double perovskite is
not extremely active in OCM. When SrAl4O7 and SrAl2O4 are com-
pared with the Sr/Al materials of the same composition, it shows
that these single phase oxides are more active per unit surface
area, and the more Sr-rich material displays a higher reaction rate.
As follows from XRD and NMR analysis, the Sr/Al-0.25 and 0.5
mixed phase oxides contained Sr3Al4O9�2H2O along with a signifi-
cant fraction of Al2O3 (and Sr3Al2O6 for Sr/Al-0.5), which appar-
ently possess a lower density in active sites as the single phase
oxides.

Since from the Sr/Al series, the highest activity was obtained
for the composition with a Sr/Al ratio of 1.25, three catalysts with
the same composition were prepared via a different synthesis
route and from different Sr precursors (see Section 2). The lowest
reaction rate was obtained for Sr/Al-1.25A, which contained a
large fraction of SrCO3 with some Sr3Al2O6. Apparently, the pres-
ence of the carbonate is detrimental for the catalytic activity, a
conclusion which could also be drawn from the comparison be-
tween the fresh and stored catalysts. The highest activity, ex-
pressed as rate per unit surface area, was observed for the
impregnated Al2O3 supported catalyst Sr/Al-1.25H, which had an
activity roughly comparable to that of Sr/Al-1.25. Interestingly,
the Sr/Al-1.25H catalyst consisted of a mixture of Sr3Al2O6 and
Sr12Al14O33 crystalline phases, the latter has been shown to be
able to form oxygen radicals [47]. By 2D NMR, an additional
well-ordered AlIV site was observed for this material (Fig. 7c),
slightly above the ridges belonging to Sr3Al2O6. Since no other
crystalline phases were observed, we tentatively attribute this
feature to the Sr12Al14O33 crystalline phase.

The 2D NMR experiments revealed that the Sr/Al-1.25 and Sr/
Al-1.25H materials shared a number of similarities. The two clear
ridges, tentatively ascribed to the double perovskite phase, are
found in both materials, corroborating the analysis of the diffracto-
grams. Additional features, indicating a well-ordered AlIV species
were found in Sr/Al-1.25H, located between the double ridges
and the symmetrical feature at 70 ppm. The area of the latter fea-
ture falls in the area of the less ordered species in Sr/Al-1.25.
Although position and shape are different, it shows that both
materials possess a certain fraction of Al species with rather similar
(tetrahedral) environments. The similarities in these AlIV environ-
ments could suggest that formation of radicals can occur, as re-
ported for Sr12Al14O33 [47]. On the other hand, Sr could also be
substituted in the non-crystalline alumina phase producing oxide
ion vacancies and due to the increase in surface basicity, the forma-
tion of oxygen radical species may be enhanced. The increase in
basicity of the surface was indicated by XPS showing formation
of carbonate with increasing Sr/Al ratio.

It has been proposed that O�2 radicals initiate the OCM reaction
[36]. Therefore, the presence of O�2 radicals on the catalyst surface
is of particular significance, since they could constitute the active
species. Although the O�2 radicals observed by EPR are likely a
decomposition product of trapped nitrates, the results obtained
by EPR indicate that the surface is able to stabilize O�2 radicals.
The loss in signal intensity after exposure to methane demon-
strates that these radicals are able to react, and can therefore in-
deed play a role in the OCM reaction. For in-depth mechanistic
insight, however, more research would be needed.

As the observed radicals were being formed from a finite nitrate
reservoir in these catalytic systems, the question arises whether
the activity of these materials is indeed catalytic in nature, or



252 T. Baidya et al. / Journal of Catalysis 281 (2011) 241–253
whether the decomposition products are directly responsible for
the activity instead. There are a couple of strong arguments against
the latter scenario. Firstly, the catalytic activity remained constant
during long term experiments of 48 h. In this time period, about
4 mol of methane was converted, which is several orders of magni-
tude larger than the amount of nitrate in the catalyst (0.0005 mol,
if we very conservatively assume all Sr to be in the form of
Sr(NO3)2). Secondly, Sr/Al-1.25 materials prepared from other pre-
cursor materials such as hydroxide and acetate (see Table 2 for cat-
alytic results, and Section 2 for description of synthesis) exhibited
comparable activity and selectivity, clearly demonstrating that the
nitrate impurities are not contribution significantly to the activity
observed.

4. Conclusions

Sr–Al mixed oxides proved to be a promising class of catalysts
for the oxidative coupling of methane. The Sr–Al mixed oxides pre-
pared by co-precipitation were mainly made up of two phases:
Sr3Al2O6 as a major and Sr3Al4O9�2H2O as a minor crystalline
phase. However, beside these two crystalline phases, solid state
NMR and TG–MS studies revealed the presence of several other,
non-crystalline species. Materials prepared via other preparation
route and precursors yielded Sr3Al2O6 as major crystalline phase
as well, along with Sr-carbonate from acetate and Sr12Al14O33 from
Sr-hydroxide precursors.

Although above a relatively low Sr/Al ratio (0.5), almost only
Sr3Al2O6 was observed by XRD, solid state NMR showed that the
AlIV/AlVI ratio increased with increasing Sr-content up to Sr/Al-
1.25. It further revealed the presence of a less ordered phase in
the Sr–Al mixed oxides. This phase could be a Sr substituted c-
Al2O3 in non-crystalline phase and therefore, presence of oxygen
ion vacancies could be possible due to charge balance producing
four coordinated Al species. Increase in the AlIV/AlVI ratio was par-
alleled by an increase in conversion and less prominently in selec-
tivity of these Sr–Al oxide materials, albeit the specific surface area
decreased strongly. Methane conversion rate per unit surface area
increased steeply at higher Sr/Al ratio in the mixed phase oxides.
Most probably oxygen ion vacancies in the non-crystalline phase
promote oxygen radical formation at higher basicity.

Above a Sr/Al ratio of 1.25, poorly active mixed oxides were ob-
tained, probably due to formation of a thicker layer of hydroxide or
carbonate species on the surface. The facile formation of a carbon-
ate and hydroxide layer also likely contributed to the lower activity
of materials stored under ambient conditions. Under the test con-
ditions used, the optimal Sr/Al catalyst outperformed a 1.9%Mn–
4%Na2WO4/SiO2 reference catalyst in terms of activity and C2+

yield, which hints toward a significant catalytic potential of this
class of materials for the oxidative coupling of methane. However,
a final assessment of this potential requires further testing where a
broader variation of the experimental conditions (temperature,
space velocity, methane/oxygen ratio, etc.) is applied.
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