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Abstract

Some pure silica materials, such as amorphous silica and mesoporous silica (MCM-41, FSM-16), were examined as photocatalysts for nonox-
idative direct methane coupling around room temperature. It was confirmed that these materials exhibited photoactivity for the reaction around
room temperature to produce mainly ethane and hydrogen, and that mesoporous silica, FSM-16, exhibited the highest activity among them. The
photoactive sites on these pure silica materials were formed through dehydroxylation of the surface hydroxyl groups at high temperature (e.g.,
1073 K) before the photoreaction. The linear relationship was obtained between the area intensity of the nonbridging oxygen hole center (NBOHC)
band in diffuse–reflectance UV–visible spectra and the photoactivities in the nonoxidative direct methane coupling, showing that the NBOHCs,
which would be generated together with the E′ center, were the photoactive sites for this reaction.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Because methane is still abundant as natural gas and methane
hydrate, methane is widely used in the production of energy and
chemicals, and various methods of improving the efficiency of
its use have been examined. Among these, the production of
higher hydrocarbons from the methane remains a leading chal-
lenge [1–4]. Steam reforming of methane, currently the major
route for methane conversion, can be represented as follows:
CH4 + H2O → CO + 3H2. This process produces synthesis gas
that can be further processed into methanol, ammonia, higher
hydrocarbons, and so on. But this is an indirect route through
an oxidation process followed by a reduction process, and the
direct conversion of methane is desired to obtain higher hydro-
carbons. Although the oxidative coupling of methane (OCM) in
the presence of oxygen has attracted much interest as a method
of direct methane conversion, it tends to produce COx mole-
cules as well as the expected hydrocarbons. Another route is
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direct methane coupling under nonoxidative conditions,

2CH4 → C2H6 + H2, �G(298 K) = 68.6 kJ/mol.

Unfortunately, this reaction occurs only at high temperature, be-
cause high energy is necessary to overcome the thermodynamic
barriers.

We have reported that the use of photoenergy through a pho-
tocatalyst is a plausible method for letting the reaction occur at
room temperature [5–13]. To date, several varieties of silica-
based photocatalysts have been developed, including silica–
alumina [5–7], silica-supported zirconia [8,9], silica-supported
magnesia [10], silica–alumina–titania [11,12], and also zeolites
[13], which exhibit activity under UV irradiation at room tem-
perature.

It is well known that silica is basically inert for many reac-
tions. However, silica exhibits measurable activities for some
catalytic [14–23] and photocatalytic [5–12,24–31] reactions,
albeit at a lower level than most of other catalysts and photo-
catalysts. Recently, pure silica has become of interest in pro-
moting photocatalytic reactions under UV irradiation, includ-
ing photometathesis of propene [24–27], photoepoxidation of
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propene [28–30], and photooxidation of CO [31], as well as in
the nonoxidative direct coupling of methane [5–12].

In the present study, we investigated the photoactivity of
pure silica materials, such as amorphous silica and mesoporous
silica materials (MCM-41 [32,33] and FSM-16 [34,35]), for
nonoxidative direct methane coupling and discussed the active
sites on the pure silica materials.

2. Experimental

2.1. Materials

The amorphous silica sample was prepared by the sol–
gel method [28]. The mesoporous silica samples (MCM-41
and FSM-16) were prepared as described previously [24],
using hexadecyltrimethylammonium bromide [C16H33(CH3)3-
N+Br−] (Kishida) as a template and highly pure silicate soda
(SiO2/Na2O ca. 2.59, Al 0.6 ppm, Fe 0.4 ppm, donated from
Fuji Silysia) as a silica source.

2.2. Characterization of catalysts

BET specific surface area of the amorphous silica sample
was calculated from the amount of desorbed nitrogen that ad-
sorbed in a flow of He–N2 (70–30%) at 77 K. Before the mea-
surement, the sample was heated at 673 K for 30 min in a flow
of He. On the other hand, the adsorption/desorption isotherms
of nitrogen for the mesoporous silica samples were recorded on
an automatic gas adsorption apparatus BELSORP 28SA after
evacuation threatment of the sample at 673 K for 1 h. The pore
size distribution of the mesoporous silica samples was calcu-
lated by the Dollimore–Heal (DH) method from the adsorption
isotherm.

Powder X-ray diffraction (XRD) patterns were recorded at
room temperature on a RINT 1200 diffractometer using Ni-
filtered Cu-Kα radiation (40 kV, 20 mA). Diffuse–reflectance
UV–visible spectra were recorded at room temperature on a
JASCO V-550 equipped with an integrating sphere covered
with BaSO4 using a specially designed in situ cell. BaSO4 was
used as a reference sample. Before the UV–visible spectrum
was recorded, the sample was heated in air up to 1073 K, then
evacuated. Subsequently, the sample was treated in 13.3 kPa of
oxygen atmosphere at 1073 K for 1 h to clean up the surface,
followed by evacuation at 1073 K for 1 h to remove the mole-
cules and complete the surface dehydration. Then the sample
was transferred to the optical part of the cell without being ex-
posed to the atmosphere.

2.3. Photocatalytic reaction

The reaction tests were carried out in a closed quartz reaction
vessel in the similar way to the previous studies [5–13]. The cat-
alyst sample (0.2 g) was spreaded over the flat bottom (14 cm2)
of the reactor (30 cm3) and pretreated under 13.3 kPa of oxygen
atmosphere for 1 h at 773 or 1073 K, followed by evacuation
for 1 h at 773 or 1073 K. After the sample was cooled to room
temperature, 200 µmol of methane was introduced to the reac-
tor. The photoreaction was carried out on photoirradiation from
beneath by a 300 W Xe lamp for 3 h (at 17.5 A, 15 V, inten-
sity of light measured at the reactor in the range of 220–300 nm
of 10 mW/cm2). The products in the gas phase were analyzed
by gas chromatography, then evacuated. The adsorbed products
on the catalyst were thermally desorbed by heating at 573 K
for 15 min and collected for analysis by gas chromatography.
After another evacuation, the sample was heated at 773 K for
1 h in the presence of oxygen in order to check the existence of
strongly adsorbed products that would be detected as CO2. Two
types of detectors were used to analyze the products: a thermal
conductivity detector with an Ar carrier to detect hydrogen and
CO2, and a flame ionization detector to detect hydrocarbons.

3. Results

3.1. Characterization

The synthesized mesoporous silica samples MCM-41 and
FSM-16 demonstrated type IV isotherms of the IUPAC classifi-
cation. In terms of pore size distribution, both samples exhibited
uniform pore diameter, 2.7 nm for MCM-41 and 2.5 nm for
FSM-16. Table 1 gives the BET surface area of the silica sam-
ples along with the pore diameter. As reported previously [24,
25,32–35], MCM-41 and FSM-16 exhibited high surface areas.

In the XRD patterns, MCM-41 and FSM-16 exhibited three
well-resolved diffraction lines in the low range 2θ region
(1.5◦–6◦) indexed as (100), (110), and (200) diffraction lines
of two-dimensional hexagonal unit cells, suggesting that these
samples have a highly ordered hexagonal structure, in good
agreement with previous studies [24,32–35]. From the charac-
terization results mentioned above, it is clear that the MCM-41
and FSM-16 samples have been successfully synthesized as
mesoporous silica materials.

3.2. UV absorption spectra

Fig. 1 shows the diffuse–reflectance UV–visible spectra of
the amorphous silica, MCM-41, and FSM-16 samples. All of
the samples showed a broad and weak absorption band at
around 200–300 nm that has been assigned to the surface de-
fects on silica materials [25,36–45]. The intensities of the spec-
tra varied, implying that the number of surface defects would
be different among the samples. The area intensity of the en-
tire band was in the following order: FSM-16 > MCM-41 >

amorphous silica.
The broad absorption band seems to consist of some bands

that can be simulated by using some Gaussian curves. The

Table 1
BET specific surface area and pore diameter of the silica samples

Sample BET specific surface area
(m2/g)

Pore diameter
(nm)

Amorphous silica 554 –a

MCM-41 915 2.7
FSM-16 994 2.5

a Not recorded.



216 L. Yuliati et al. / Journal of Catalysis 238 (2006) 214–220
Fig. 1. Diffuse–reflectance UV–visible spectra of the pure silica samples:
(a) amorphous silica, (b) MCM-41, and (c) FSM-16. The samples were pre-
treated at 1073 K before recording the spectra.

Table 2
The best parameters for the curve fitting of diffuse reflectance UV–visible spec-
tra by using Gaussian functionsa

Parameter Sample Gaussian

G1 G2 G3 G4

Center position (eV) 4.1b 4.8 5.05 5.55c

FWHM (eV) 1.3 1.05 1.0 0.8

Maximum height Amorphous silica 0.79 0.14 0.89 0.88
(10−2) MCM-41 0.54 0.88 0.64 0.99

FSM-16 0.22 1.21 1.64 1.88

Area (arb.u.) Amorphous silica 1.63 0.18 0.94 0.60
MCM-41 1.17 1.08 0.67 0.72
FSM-16 0.47 1.49 1.73 1.27

a The samples were pretreated at 1073 K before recording the diffuse–
reflectance UV–visible spectra.

b The energy position for G1 employed was 4.2 for the spectrum of the amor-
phous silica sample.

c The energy position for G4 employed was 5.4 for the spectrum of the
MCM-41 sample.

Gaussian function for curve-fitting of diffuse–reflectance UV–
visible spectra can be expressed as follows:

Gn(x) = he
− 4 ln 2(x−En)2

w2 ,

where x represents energy of the light (eV), h is maximum
height, En is the center position of each band (eV), and w is
full width at half maximum (FWHM) (eV).

Fig. 2 shows the best simulation of the diffuse–reflectance
UV–visible spectra of the samples. Table 2 describes the best-
fitting parameter sets. Note that the exact measurement in the
short-wavelength region, such as 200–220 nm (6.2–5.6 eV)
is difficult due to the weak intensity of the incident light. As
shown in Fig. 2, the broad absorption band was deconvoluted
into at least four bands using the reported parameters of the
center position and FWHM for the defects on silica [25,36–
45]. The bands were centered at 4.1 eV (302 nm, G1), 4.8 eV
(258 nm, G2), 5.05 eV (245 nm, G3), and 5.55 eV (223 nm,
G4). The first band (G1) can be attributed to intrinsic centers
[36]. The second band (G2) has been studied by many tech-
niques and assigned to the NBOHC [25,37–41]. The third band
(G3) corresponds to a kind of surface center called dioxasili-
Fig. 2. The best results in the curve fitting analysis for the diffuse–reflectance
UV–visible spectra of (a) amorphous silica (b) MCM-41, and (c) FSM-16. The
symbols show the experimental spectra and the solid lines show the simulated
spectra, which are composed of four Gaussian functions (broken lines, see text
and Table 2).

rane group [37,42]. The other suggested model for the site ab-
sorbing UV light around 5 eV is an oxygen divacancy [38,43].
The fourth band (G4) possibly could be assigned to the surface
silanone group (i.e. the Si=O double bond [37,44]), or possibly
to the surface peroxy radical and the E′ center with a neighbor-
ing OH group, which have been suggested to show an absorp-
tion band around 5.4 eV [37,38,45]. These diffuse–reflectance
UV–visible spectra confirm the presence of four (or more) kinds
of optically active defects absorbing UV light. However, it is
known that the photoabsorbing sites do not always function as
photocatalytic active sites.
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Table 3
Photoactivities of the samples in the nonoxidative direct methane couplinga

Entry Sample Pretreatment
temperature
(K)

Yield of gaseous phase products
(10−2 C%b)

Yield of thermally desorbed
productsc (10−2 C%b)

Total yield
(10−2 C%b)

Yield of H2
(10−2 µmol)

C2H4 C2H6 C3H8 C2H4 C2H6 Experimental Theoreticald

1 Amorphous silica 773 0.03 0.10 n.d. n.d. n.d. 0.13 n.d. 0.16
2 MCM-41 773 n.d. 0.92 0.11 n.d. n.d. 1.03 n.d. 1.08
3 FSM-16 773 n.d. 1.63 0.03 n.d. n.d 1.67 n.d. 1.67
4 Amorphous silica 1073 n.d. 0.42 0.05 n.d. n.d. 0.45 n.d. 0.46
5 MCM-41 1073 n.d. 4.23 0.17 n.d. n.d. 4.40 tr. 4.44
6 FSM-16 1073 n.d. 5.40 0.28 n.d. n.d. 5.67 tr. 5.78
7 FSM-16e 1073 n.d. 9.46 0.92 0.04 tr. 10.41 10.1 10.76

a Reaction temperature, ca. 310 K; sample, 0.2 g; methane, 200 µmol; irradiation time, 3 h. H2 was analyzed by TCD (detection limit, 0.04 µmol), hydrocarbons
were analyzed by FID (experimental error, <4%). tr. = trace, n.d. = not detectable.

b Based on the initial amount of methane.
c The products were obtained by the desorption procedure at 573 K for 15 min.
d Calculated from the total yield of gaseous products and thermally desorbed products.
e Another sample of FSM-16 prepared separately, irradiation time was 24 h.
3.3. Nonoxidative direct methane coupling

Table 3 gives the results of photocatalytic nonoxidative di-
rect methane coupling over the amorphous and mesoporous
silica samples. Different pretreatment temperatures (773 and
1073 K) were used to study the effect of pretreatment tem-
perature on the activity of the samples. Entries 1–3 and entries
4–6 show the activities of silica samples pretreated at 773 and
1073 K, respectively. It can be confirmed that no product was
detected in the dark. All of the silica samples exhibited the ac-
tivities for photoreaction, and the dominant product was ethane
as a gaseous product. No product was collected from all of the
samples by a thermal desorption procedure at 573 K for 15 min,
except after photoirradiation for 24 h, in which a trace amount
of thermally desorbed product, such as ethene, was obtained
(Table 3, entry 7). Moreover, only a trace amount of CO2 was
obtained after successive heating in the presence of oxygen at
773 K for 1 h, indicating that strongly adsorbed products re-
mained but only at negligible amounts. These findings suggest
that the products were hardly adsorbed on the silica materials
during photoreaction, and thus catalyst deactivation during the
photoreaction would be expected to be low.

Only a trace amount of hydrogen was observed on the meso-
porous silica samples (Table 3, entries 5 and 6) after photore-
action for 3 h, because of the low sensitivity of gas chromatog-
raphy for hydrogen. However, hydrogen was detected almost
stoichiometrically after irradiation for 24 h on the FSM-16 sam-
ple (Table 3, entry 7). Thus, the main reaction can be described
as follows:

2CH4 → C2H6 + H2.

The findings mentioned earlier suggest that the reaction pro-
ceeded photocatalytically.

The silica samples pretreated at 1073 K showed higher ac-
tivities than those pretreated at 773 K. Varying the pretreatment
temperature did not change the order of the activities among the
silica samples; for both pretreatment temperatures, the activities
of the silica samples were in the following order: FSM-16 >

MCM-41 > amorphous silica. This suggests that the photoac-
tive sites on these samples were generated similarly by pretreat-
ment at high temperature, implying that these samples have the
same kinds of photoactive sites. Also note that the mesoporous
silica samples seemed to show higher activity than those of
other silica-based photocatalysts, that is, the highly dispersed
metal oxide on silica systems [5–10]. This finding is discussed
in more detail in Section 4.

4. Discussion

The active centers on silica for some photocatalytic reactions
have been investigated by various methods. In the case of pho-
tooxidation reaction, for example, it was suggested that the hole
center of O− photoformed from lattice oxygen of silica would
react with O2 to form O−

3 species, which would further react
with the substrate [31]. In a nonoxidative photoreaction without
oxidant molecules, such as in photometathesis of propene, the
active sites on silica was proposed to be a type of surface defect,
that is, NBOHC accompanied by an E′ center. The NBOHC that
can be photoexcited under UV irradiation showed an absorption
band at around 250 nm, in agreement with the effective wave-
length region for the photometathesis, suggesting the role of
NBOHC as the initial photoactive site for photoreaction; these
findings have been supported by IR, ESR, and photolumines-
cence spectroscopy [25,26]. In the present study, the condition
of the reaction was similar to that of the propene photometathe-
sis, in which no oxidant molecules were introduced into the
reaction system.

As shown in Table 3, pretreatment at higher temperature
contributed to the higher activity in the photoreaction. This
suggests that the generation of photoactive sites on the silica
samples was closely related to the dehydroxylation of surface
hydroxyl groups on them. It has been reported that the sur-
face hydroxyl groups on silica materials are further dehydrox-
ylated at the higher evacuation temperatures to produce the
surface active sites exhibiting IR bands at 891 and 910 cm−1

[25,39,46–48]. These surface active sites have been revealed
as two radical sites, ≡Si–O· (NBOHC) and ·Si≡ (E′ center),
as shown in Scheme 1 [25,46], the first of which contributes
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Scheme 1. The formation of the surface active sites on silica materials during
the evacuation treatment a high temperature.

Scheme 2. The photoexcitation of NBOHC.

to the IR bands [25]. Thus, the photoactive sites for nonox-
idative direct methane coupling, which are generated through
evacuation at high temperature, are proposed to be the surface
active sites, such as NBOHC generated together with the E′
center.

As suggested in a previous study [25], under UV light be-
low ca. 390 nm, the initial photoexcitation step occurs in the
NBOHC, corresponding to a charge transfer from bonding or-
bital of Si–O to 2p nonbonding orbital of nonbridging oxygen
as shown in Scheme 2 [25,47]. Because nonoxidative direct
methane coupling could not start without photoirradiation, the
excitation of the NBOHC is proposed to be the initial step in
the reaction. To evaluate the possibility that the NBOHC are
the photoactive sites for nonoxidative direct methane coupling,
we analyzed diffuse–reflectance UV–visible spectra of the silica
materials. As shown in Table 2 and Fig. 2, these spectra demon-
strated the presence of surface defects absorbing UV light, such
as the NBOHC. It is clear that the amount of the generated
NBOHC was in the following order: FSM-16 > MCM-41 >

amorphous silica, which is in good agreement with previous
studies using ESR and IR [25]. Thus, the area intensity of the
NBOHC band and the photoactivity of the silica samples for
the reaction were plotted, as shown in Fig. 3. It was found that
the activity of the silica materials increased proportionally with
increasing area intensity of the NBOHC band in the diffuse–
reflectance UV–visible spectra. This good linear relationship
strongly suggests that the NBOHC are the photoactive sites in
silica materials for nonoxidative direct methane coupling. In ad-
Fig. 3. The relationship between the area intensity of the NBOHC band in the
diffuse–reflectance UV–visible spectra of the silica samples and the total yield
in the nonoxidative direct methane coupling on them. The each plot corresponds
to (a) amorphous silica, (b) MCM-41, and (c) FSM-16. The data were taken
from Tables 2 and 3.

dition, no good relationship was found between the activity of
the silica samples and the amount of other species detected by
diffuse–reflectance UV–visible spectroscopy. The present study
has clarified that the NBOHC should act as photoactive sites not
only for metathesis, but also for nonoxidative direct methane
coupling.

A mechanism for the initial activation in the present nonox-
idative direct methane coupling can be proposed as shown in
Scheme 3. As mentioned earlier, the first step would be the pho-
toexcitation of NBOHC. The methane would interact with the
photoexcited NBOHC, followed by the formation of methyl and
hydrogen radicals, which would further react with methane to
form higher hydrocarbons, such as ethane, and hydrogen.

The energy for the excitation of the NBOHC corresponds
to 258-nm wavelength light. This energy is close to those of
previously reported silica–alumina [5], silica-supported zirco-
nia [8], and silica-supported magnesia [10], which exhibited
photoabsorption bands or photoluminescence excitation bands
at around 230, 240, and 250 nm, respectively. These highly
dispersed metal oxides on silica supports had higher activity
than the bare amorphous silica support. On the other hand, the
present study found that the mesoporous silica materials MCM-
41 and FSM-16 had higher activity than silica-based photocat-
alysts.

To evaluate whether the NBOHC with E′ center in pure sil-
ica materials or the surface Si–O–M bond in the silica-based
photocatalysts (highly dispersed metal oxide species on sil-
ica) is the more effective photoactive site, we compared the
Scheme 3. The proposed mechanism for the initial activation in the nonoxidative direct methane coupling over pure silica materials.
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specific activity of these photoactive sites by estimating their
turnover frequency (TOF). For the comparison, the reaction
tests were carried out carefully on FSM-16 and MgO/SiO2 (Mg
content, 0.5 mol%) samples under the same conditions, using
the irradiation from a Xe lamp with almost the same inten-
sity (around 10 mW/cm2 for the range of 220–300 nm) for
24 h. The TOF was defined as the amount of H2 produced
per hour per amount of active sites. In previous studies, the
amount of NBOHC in FSM-16 pretreated at 1073 K was es-
timated as around 35 µmol/g [25]. On the other hand, the
amount of the Si–O–Mg linkages on MgO/SiO2 (0.5) was de-
fined as the amount of Mg under assumption that all of the
added Mg formed highly dispersed Si–O–Mg linkages [10].
The TOF over the FSM-16 sample was determined to be about
6 × 10−4 h−1, whereas the TOF over the MgO/SiO2 (0.5) sam-
ple was 2 × 10−4 h−1. Although these values were close to
one another in the same order, the NBOHC with E′ center in
FSM-16 showed a higher specific activity than the Si–O–M
bond under the present assumption. As mentioned earlier, only
a small amount of NBOHC was formed on amorphous silica.
Thus, the addition of metal oxide to form the highly dispersed
Si–O–M linkages is important to increase the photoactivity
of amorphous silica, as proposed previously [10]. In the case
of mesoporous silica, high photoactivity can be obtained even
without adding any metal oxides. This suggests that the charac-
teristic mesopore structure consisting of thin silica walls plays
an important role in forming the photoactive sites (i.e., NBOHC
with E′ center).

5. Conclusions

Based on the findings of our study, we can state the following
conclusions:

(i) On photoirradiation, pure silica materials evacuated at
high temperature (e.g., 1073 K) promoted nonoxidative di-
rect methane coupling.

(ii) The activity was in the following order: FSM-16 > MCM-
41 > amorphous silica. The mesoporous silica materi-
als exhibited higher activity than the reported silica-based
photocatalysts.

(iii) The same kinds of photoabsorption sites were gener-
ated through the dehydroxylation of the surface hydroxyl
groups at high temperature on these silica materials. One
of these, a kind of surface defect on silica, NBOHC ac-
companied by E′ center, was identified as the photoactive
sites for nonoxidative direct methane coupling.
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