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Abstract

Photoactivity of silica-supported zirconium oxide (Z/SiO,) of low loading below 1 mol% for photoinduced direct methane conver-
sion at room temperature was examined. Very low loading samples below 0.1 mol% exhibited high activity for methane coupling upon
photoirradiation. The highly dispersed Zr oxide species on the silica surface had different electronic and local structurefpamizies,
and exhibited fine structural phosphorescence spectra. From the fine structure, it was revealed that the highly dispersed zirconium oxide
species have photoactive Zr-O-Si linkage whose vibration energy was estimated to be 85Brm the decay curve analysis and
quenching experiment, it is proposed that the Zr species have arouh® 88 of excitation lifetime at 77 K and they are responsible for
the photoinduced direct methane coupling at room temperature.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction tive [3] and non-oxidativg4—6] photoinduced systems for
methane conversion. In both systems, however, the perfor-
In order to make an efficient utilization of natural gas, mance was not sufficient; in the oxidative system employing
we must consider transforming it to more valuable chemi- TiO2 photocatalyst the complete oxidation mainly occurred
cals. Higher hydrocarbons such as ethane, ethene and so of8], while the conversion of methane was extremely low in
are more useful for chemical industry than methane. When non-oxidative systems employing V/Si¢4], TiO> [5] and
two methane molecules react directly, hydrogen and higher Mo/SiO; [6]. Recently, it was found that silica—alumina
hydrocarbons such as ethane can be obtained as follows: [7-9] and zeoliteg10] exhibited the activity for methane
conversion upon photoirradiation to produce higher hydro-
2CHy — CoHe +Hz,  AG (298K) = 686ky/mol (1) carbons and hydrogen. And silica—alumina—titania system
[11] showed much higher catalytic activity for this pho-
toinduced direct methane coupling. To our knowledge, this
The oxidative coupling of methane (OCM) seems the ef- was the first report_ in which photocatalytic d_irt_act metr_lqne
fective reaction for producing higher hydrocarbons and has coupling was cor_1f|rmed. However, the sufficient act|V|ty_
been extensively studied worldwide since the formation of Nas not been attained yet. Thus, the discovery of novel suit-
water reduces the potential of products. However, no cata-2P!€ photocatalytic systems as well as some directions for
lysts could reach the principal criteria for industrial appli- Ntelligent catalyst design are still required. -
cation of OCM[1], since it is quite difficult to obtain the Zirconium oxide is known as a semiconductor exhibiting
coupling products in high yield with less GGormation. photocatalytic activity for oxidatiof12,13] and water de-

The limits of the process have been essentially indicated COMPOSItion[14]. As for dispersed zirconium oxide species
2. on/in silica, the photocatalytic properties have not been re-

vealed except for only a few systems such as photodegrada-
tion of 4-nitrophenol[15], photoisomerization of 2-butene
[16]. In the present study, we prepared silica-supported
"+ Corresponding author. Tek:81-52-789-4609: fax:-81-52-789-3193.  Zirconium oxide of low Zr content from 0.01 to 1.0 mol%,
E-mail address: yoshidah@apchem.nagoya-u.ac.jp (H. Yoshida). and examined their photocatalytic activity for the direct

The large and positiv&\G value implies that the reaction
hardly proceeds at mild condition.

Photocatalytic system has potential to promote difficult
reactions. Several researchers have examined both oxida
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methane conversion at room temperature. In addition, we spread on the flat bottom of the reactor (19.6yand was
characterized the samples by using some spectroscopiesreated with 60 Torr (8.0 kPa) oxygen for 1 h at 1073 K, fol-
such as XANES, UV and photoluminescence, to clarify the lowed by evacuation for 1 h at 1073 K. Methane (99.95%)
photoactive sites. purchased was further purified by a vacuum evaporation be-
fore use and introduced into the reactor. The initial pressure
of methane (20Q.mol) in the reactor was 52 Torr (6.9 kPa)

2. Experimental and no oxidant molecules were introduced. The sample was
_ irradiated with a 250 W Xe lamp for 3h. Under photoir-
2.1. Sample preparation radiation, the temperature of sample bed was measured to

be ca. 305K. Products in the gaseous phase were collected

Amorphous silica was prepared from Si(Ofy sol-gel  with a liquid-N, trap and analysed by gas chromatography
method, followed by calcination in a flow of air at 773K (GC). Then desorption of adsorbed products were carried
for 5h[17]. BET surface area of the silica was 678 g1, out by heating (573K, 15 min), followed by collection and
Silica-supported zirconium oxide samples were prepared by analysis by GC.
impregnation method18]: amorphous silica was impreg-
nated by aqueous solution of zirconyl nitrate dehydrate, dried 2.3, Characterization
at 383 K for overnight (12 h) and calcined at 773K in a flow
of dry air for 5h. The prepared silica-supported zirconium  Before recording the following spectra (XAFS, DR-UV-
oxide samples are referred to as 2f810,(x), wherex is Vis, photoluminescence), the samples were treated with
molar ratio:x = Nzr/(Nzr + Nsi) x 100 (mol%),Nm is the 60 Torr oxygen for 1h at 1073 K, followed by evacuation
number of M atoms in the sample. Zirconium oxide sample for 1 h at 1073 K.
employed for the photoinduced reaction and UV spectrum  7r K-edge XAFS spectra were recorded at the BL-10B
experiments was commercially obtained (Kishida) and the station [19] at KEK-PF with a Si(311) channel cut
BET surface area was 7.(°rg* after calcination at 1073K.  monochromator at room temperature. The spectra of refer-
Another zirconium oxide samples employed for the XAFS ence samples were recorded in transmission mode. Those
spectroscopy was obtained by calcination of zirconium hy- of the samples were recorded in fluorescence mode by us-

droxide (Wako) at 723 or 1073 K. ing Lytle detectof20] with a 100 mm chamber of Kr. The
_ Sr-filter (ur = 6) was employed as Z-1 filter. The pretreated
2.2. Photocatalytic test catalysts were sealed in polyethylene packs under nitrogen

atmosphere without exposure to atmosphere.

The reaction tests were carried out using a closed quartz Diffuse reflectance UV-Vis spectra were recorded on a
reactor (82 cr®) as illustrated irFig. 1in a similar way to JASCO V-570 equipped with an integrating sphere covered
the previous studielg§—11]. The powder sample (0.5g) was with BaSQ,. The sample was pretreated in the same way as
mentioned above, and transferred to the optical cell in vacuo
without exposure to atmosphere.

The phosphorescence spectra and decay curves were
recorded with Hitachi F-4500 fluorescence spectrophotome-
ter at 77 K with a UV-cut filter (transmittance >310 nm) to
remove scattered light from the UV source (a Xe lamp),
where the fluorescence emission was cut off electrically to
record phosphorescence emission. The sample pretreated
was transferred to the optical cell in vacuo without exposure
to atmosphere.

3. Results and discussion
3.1. Photoinduced direct methane conversion

We examined the activity of Sif) ZrO, and the ZrQ/
SiO; samples in the photoinduced non-oxidative methane
conversion, and the results are listedTiable 1 On the
SiO; sample Table 7 run 1), only a small amount of £Eig
Fig. 1. Schematic drawing of the photoreactor: (a) a conventional vac- was obtained in gas phase. The 2f810,(0.01) sample

uum line equipped with pressure gage, (b) joint, (c) small hole for Produced five times higher amount of;is than SiG
thermo-couple, (d) catalyst bed, (e) UV-reflection mirror, (f) Xe lamp.  did (run 2). A trace amount of £, was also obtained as
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thermally desorbed products. It is suggested that the zir-
conium species dispersed on silica would be responsible
for the high activity for the methane conversion. On the
ZrO,/Si0,(0.1) sample, gHg was also obtained in addition
to C;Hg and a trace amount of €4 (run 3). This sample
exhibited the highest activity among the samples examined
in the present study, although it seemed lower than the
activity of the silica—alumina—titania system that was the
highest so faf11].

In the previous study on photoirradiated silica—alumina
[7-9], zeolite[10] and silica—alumina—titania systerjidl],
it was confirmed that the methane was converted to higher
hydrocarbons, such as ethane, ethene, propane, with almost
stoichiometric production of hydrogen. In the present system
and under the present condition, the formation of hydrogen \
was not confirmed. Although this might be due to too low (a)
conversion of methane to detect hydrogen, the possibility of '
oxidative methane coupling occurring could not be excluded
at this moment.

Further increase of the zirconium amount more than Fig. 2. zr K-edge XANES spectra of ZsIB8i0(0.1) (a), ZrGQ/SiO(1.0)
0.1 mol% reduced the products yield: the samples including (b), Zr hydroxide (c), Zr@ (723K) (d), Zr& (1173K) (e). The samples
0.5 or 1.0 mol% of zirconium showed lower activity than the Were pretreated at 1073K and sealed.
Zr0Oo/Si0,(0.01) sample and Zr§lSiO»(0.1) sample did
(Table 1 runs 4 and 5). It is speculated that the aggregated 3.2. Structure of zirconium species dispersed on silica
zirconium oxide species on silica have lower or no activity
for this photoinduced direct methane conversion. On the XANES spectrum reflects the local coordination symme-
zirconium oxide without silica-support, no products were try of target atomFig. 2 shows Zr K-edge XANES spectra
obtained Table 1 run 6). Although the specific surface of the representative samples and reference samples. The
area of this sample was quite low, the number of surface spectra of Zr@/SiO, samples are obviously different from
zirconium sites on this non-supported sample was estimatedthose of zirconium hydroxide and ZgOsamples on the
to be equivalent or superior to that on the supported sam-feature of the post-edge feature as well as the pre-edge
ples, meaning that the bulk zirconium oxide obviously have shoulder. It was clearly demonstrated that the local structure
less specific activity for this reaction than the dispersed of zirconium oxide species dispersed on silica was quite
zirconium species on silica have. This supports the abovedifferent from those of bulk Zr@and Zr hydroxide. These
speculation that the lower activity of the Zs(3i0,(0.5) features have been also reported by Mountjoy et al. about
sample and Zr@SiOy(1.0) sample are due to aggregation ZrO,—SiO, xerogel systenj21]. The pre-edge feature (ar-
of zirconium oxide species on silica surface. At the same rows inFig. 2) is mainly due to 1s—4d transition, which is
time, it is suggested that the dispersed zirconium oxide fundamentally forbidden transition. This appearance cor-
species interacted with silica surface should exhibit the high responds to p—d mixing due to asymmetric coordination
activity for the photoinduced non-oxidative direct methane state of zirconium oxide species. Mountjoy et al. proposed
coupling. that the zirconium species exhibiting such pre-edge feature
would be atomic dispersed in silica and have similar co-
ordination symmetry tan-propoxide but with higher than
6-hold coordination[21]. The atomically dispersed zirco-
nium should have strong interaction with silica, in other

Normalized intensity

I ' [
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X-ray energy / eV

Table 1
Results of photoinduced direct methane convefsion

Run  Sample Product (C%) Toga' words, it is expected that there are Zr—-O—Si bonds.
CoHg  CsHg  CoHga (Cop The electronic structure can be characterized by UV spec-
(desorbed) troscopy.Fig. 3shows diffuse reflectance UV spectra of the
1 SiO, 0.021 0 0 0.021 samples evacuated at 1073 K. The Si€&ample showed a
2 Zr6y/Si0,(0.01)  0.104 0 tr. 0.104 very small broad band~{g. 3a), which is assignable to some
3 Z10)/SiG;(0.1) 0109 0.003  tr. 0112 kinds of surface defect sitd22,23] The ZrQy/SiO(0.01)
4 Zr0,/Si0,(0.5) 0031 0 tr. 0.031 le showed a broad band below 350 hich
5 Zr0,/Si05(1.0) 0052 0 i 0.052 sample showed a broad band below 350 nm, which max-
6 Zro, 0 0 0 0 imum was centered around 240nririd. 3b), and the

= Reaction temperalure. ca 310K, reaction fme 3h. Cre — ZrO,/Si0y(0.1) sample showed more intense band at the
200pmol; samp|e=p05g ' - B same regionKig. 3c). This band feature disappeared (or
bBased on the initial amount of Gitr. = trace. much reduced) on the spectra of the samples of larger
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Fig. 3. Diffuse reflectance UV spectra of SiQa), ZrG,/SiO»(0.01) (b), I T . )
Zr0,/Si0,(0.1) (c), ZrQ/SiO(0.5) (d), ZrQ/SiO(1.0) (e), and ZrQ (f). 250 350 400 500 600 700
The intensity of curve f was reduced to 1/I(R.) is Kubelka-Munk Wavelength / nm
function.

Fig. 4. Phosphorescence emission [A] and excitation spectra [B]
zirconium content, Zr@Si0,(0.5) and ZrQ/SiO(1.0), of the samples: Si® (a), ZrG/Si0,(0.01) (b), ZrQ/Si0x(0.1) (c),

which showed only a Iarge band at shorter Wavelength Zr0,/Si0(0.5) (d) and Zr@/SiO,(1.0) (e). The excitation wavelength for
A was 300 nm. The monitoring emission wavelength for B was 520 nm.

(Fig.. & an_d e) _The bulk Zreshowed much Iarger band The multiple factor for each spectrum was 13 (a), 3.1 (b), 1.0 (c), 11 (d)
(the intensity inFig. 3f was reduced to one-tenth) at shorter ang 6.5 (e), respectively.

wavelength than 250 nm. It is clear that the 2f810O, sam-

ples not over 0.1mol%-Zr has distinguishable electronic  |n Fig. 4B is shown the excitation spectra of these sam-
structure from the Samp|eS over 0.1 mol%-Zr. In the former p|es_ The monitoring emission ||ght was 520 nm which
samples, the zirconium oxide species would be more dis- corresponded to the centre of the fine structural emission
persed and interacted with silica to have Zr—O-Si linkages. pand. The samples of Zpf5i0,(0.01), ZrGQ/SiO,(0.1),
This seems to be related to the high activity in photoinduced and zrG/Si0,(0.5) showed a shoulder band at 300 nm

direct methane couplingr@ble 1. (Fig. 4B(b—d)). Other samples, SjO(Fig. 4B(a)) and
Zr0O,/Si0,(1.0) (Fig. 4B(e)), did not exhibit such a band.
3.3. Phosphorescence spectra of ZrO,/S0O, samples These results suggest that the band in the excitation spec-

trum corresponds to the fine structural emission band cen-

Photoluminescence spectroscopy is a sensitive and setred around 520 nm. These mean that the photoactive sites
lective to detect and investigate photoactive spef2ds. on ZrG,/Si0, samples containing moderate amount of zir-
Fig. 4A shows the phosphorescence emission spectra of theconium oxide are excited by the light of around 300 nm and
samples evacuated at 1073k8]. The wavelength of the  emit the intense and vibrational phosphorescence centred
excitation light was 300 nm. The Si&ample Fig. 4A(a)) around 520 nm.
exhibited a broad band centred around 450nm which Since the fine structural spectra of the highly dispersed
would be originated from surface siland5,26]. For the vanadium oxide species on silica was repofteq, the fine
Zr0O,/Si0(0.01) Fig. 4A(b)), the band maximum was structure helps us to understand the structure of the photoac-
shifted to around 520 nm, and some unclear shoulders simi-tive sites[25-35] The fine structure is typically due to the
lar to the fine structure were observed. The band intensity isvibration mode of the photoexcited metal-oxygen bond in
larger than that of Sig) but still low and noisy. It seems that the luminescence species. In the case of TS-1 (Ti-silicate),
this band centred around 520 nm appeared at the expensenly the samples of the low Ti content (typically 0.5 mol%
of the band centred at 450 nm due to surface silanols. It is of Ti) show the fine structural photoluminescence spectra
noted that the Zr@/SiO,(0.1) (Fig. 4A(c)) exhibited a clear ~ [28]. Also in the case of silica—alumin@], only isolated
fine structural spectrum centred at 522 nm; the maximums tetrahedral Al species in silica matrix (less than 20 mol%
observed were at 434, 454, 476, 498, 522, 549 and 581 nm.of Al) clearly show the fine structure on the photolumines-
Emission intensity was highest in the present study (see thecence spectra. In the present study, the fine structural phos-
multiple factor in the figure caption). For the Z#3i0,(0.5) phorescence spectra were observed on the samples of low
samples, the fine structure became unclear and the intensityirconium content such as 0.01 and 0.1 molPtg( 4A(b
much decreased-{g. 4A(d)). The ZrGQ/SiO;(1.0) sample and c)). Thus, it is suggested that the luminescence species
exhibited a complex band centred around 470-480 nm with- are the highly dispersed zirconium oxide species. An
out fine structureKig. 4A(e)) which is similar to a reported  increase of Zr loading of more than 0.1 mol% reduce
spectrum of zirconium-silicon binary oxide catal{s6]. the emission intensity and diminished the fine structure,
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Fig. 5. The position maximum on the fine structural phosphorescence
spectrum of ZrQ@/SiO,(0.1) evacuated at 1073 K. The excitation wave-
length was 300 nm. The values of maximums were listedahle 2

probably due to the formation of zirconium oxide aggre-

gates at the expense of highly dispersed zirconium oxide

species.
Fig. 5 shows the maximum position of the fine struc-
ture in cn! unit. Observed are eight maximums and the

intervals between them correspond to the vibration energy
of the photoexcited sites. The intervals seem to be almost

constant. Although it seems difficult to determine the strict
positions of some maximums iRig. 5 the estimated po-
sition of the maximums and their intervals are listed in
Table 2 The error in each maximum position was estimated
ca.+50cnt L. Assuming that the intervals of vibration en-
ergy levels were constant, the vibration energy of the pho-

toexcited sites was estimated as the average of the intervals

When the average of intervals was calculated as the meal
of the middle five values ignoring the first and the last val-
ues, it was 955 cmt. When all seven values are used for the
calculation, the average is 953 th We employed the for-

mer value that seems to be more accurate: the vibration en-

ergy of the luminescence moiety on the 2/810,(0.1) was
955 cntl. This value is close to that for Ti-O-Si in TS-1
(965 cnm 1) [28] and Al-O-Si in silica—alumina (985 cm,

Table 2
The maximums and their intervals of the fine structure on the phospho-
rescence spectrum of Zpl5iO(0.1)

n

No.2 Maximum The interval to the
prp— next maximum

nm x10*cm (cm*l)

1 434.0 2.304 1040

2 454.6 2.200 1010

3 476.4 2.099 919

4 498.2 2.007 930

5 522.4 1.914 928

6 549.0 1.821 991

7 580.6 1.722 852

8 610.8 1.637

2The number corresponds that fig. 5.
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Fig. 6. Experimental (dots) and simulated (line) decay curve of phospho-
rescence of Zr@)Si0,(0.1) evacuated at 1073 K. The excitation wave-
length was 300 nm and the monitoring emission wavelength was 520 nm.

calculated from the data in Rgf]), but different from that

for V=0 (1040cnTl) [24] in VO4 on the surface of sil-
ica. For ZrQ—SiO; glasses treated at 973[B6], broad Ra-
man bands observed at 954chand an infrared band at
975 cnt ! are assigned to Zr—O-Si linkage. Silica-supported
zirconia[37] shows an infrared band at 945ch) and zir-
conium silicate[38] shows an infrared band at 960 chy

both are attributed to the symmetric stretching vibration of
the Zr—O-Si linkage. These values are in good agreement

with the present value obtained from photoluminescence

spectroscopy, suggesting that the photoluminescence site is
Zr—0-Si linkage. Photoexcitation on the Ti-O-Siin TS-1 is
explained as charge transfer from ligand oxygen to titanium
(LMCT, ligand-to-metal charge transfd9]. On the anal-

ogy of Ti system to Zr system, it is suggested the photoex-
citation occurs by charge transfer from oxygen to zirconium
on the Zr—O-Si linkage of the highly dispersed zirconium
oxide species in ZrgSiOs.

Since it is suggested that the photoactive sites would be
the most possible candidate as the active sites for the pho-
toinduced reaction, it is very likely that the highly dispersed
zirconium oxide species exhibiting the fine structure in pho-
toluminescence spectra are the highly active sites for the
photoinduced direct methane coupling.

3.4. Decay curve analysis

The variation in the phosphorescence spectra with an
increase of zirconium contenfig. 4) suggested that at
least two kinds of emission sites are present onZ8(®,
system. This was confirmed through analyses of phospho-
rescence decay curves. The phosphorescence emission de-
cay curve of ZrQ/Si0O,(0.1) is representatively shown in
Fig. 6 (dots). This decay curve was recorded with excitation
light of 300 nm and monitoring emission light at 520 nm.
The decay curve irFig. 6 seems not to be described by
one exponential function, exhibiting there are at least two
kinds of emission sites that have different lifetime from each
other.
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toinduced direct methane conversion versus calculated phosphorescence
emission intensity of short-lifetime fraction. The each plot corresponds Fig. 8. Quenching effect of methane on phosphorescence emission spectra
(a) ZrG,/Si0y(0.01), (b) ZrQ/Si0y(0.1), (c) ZrQ/SiOy(0.5), and (d) at 77K of ZrG/Si0p(0.1) evacuated at 1073K: (a) in vacuo, (b) in
Zr0O,/Si0y(1.0) samples. the presence of methane 2.0 Torr (0.27 kPa) and (c) 3.7 Torr (0.49 kPa).
Excitation wavelength was 300 nm.
When two kinds of emission sites are present, the decay
curve is described by following equation: 3.5. Quenching effect on the phosphorescence

; ; by methane molecules
I=1Ip [Al exp(——) + A2 exp(——)} (2)
= w2 In order to obtain further supporting evidence for the

wherer; is a lifetime of emission, ané,; a fraction of each active sites in this reaction, interaction between the photoac-
emission. Assuming two components exist, the experimentaltive sites and methane molecules was studied by quenching
decay curve of Zr@/SiO,(0.1) was simulated by this equa- experiment. The phosphorescence emission is quenched in
tion. The best-fit result is shown as a linekig. 6, which the presence of gaseous molecules if the molecules interact
well simulates the experimental data. The lifetime of the with the photoactive site§24]. Fig. 8 shows quenching
major component was estimated-28 ms, while that of the effect by methane on phosphorescence spectrum of the
minor component was around>410% ms. This means that  ZrO,/SiO,(0.1) sample. The intensity obviously decreased
the phosphorescence emission sites having short-lifetime arewith an increase of methane pressure, indicating that
responsible for the fine structure on the spectrum; in other methane interacted with the photoactive sites on the surface
words, the sites are the Zr—O-Si linkages. The decay curvesof ZrO,/Si0»(0.1). This suggests that the photoactive sites
of most samples seemed to consist of at least two compo-would be concerned with activation of methane molecules.
nents. Thus, the fitting analysis was also applied to other Since the reaction did not proceed without photoirradiation,
samples, and it was revealed that the major component hast is most likely that the photoexcited sites give the energy
shorter lifetime. The lifetime of the short-lifetime compo- to the methane molecule through adsorption, or the complex
nent was 20-35ms. of the active sites and adsorbed methane might be activated
Fig. 7shows a plot of the product yield versus calculated by photoenergy.
phosphorescence emission intensity of short-lifetime com- Only 2 Torr (0.27 kPa) methane introduced was enough
ponent [gA1 in Eq. (2) of the ZrG/SiO, samples. There  to quench a half of the phosphorescence intensity. (8b).
is a good correlation between them. This supports that the The quenching effect by methane was observed also in the
phosphorescence emission sites having short excitation life-case of silica—alumina and the quenching efficiency is al-
time and exhibiting the fine structure on the spectrum, i.e. most the same as the case of silica—alunjBja meaning
the Zr—O-Si linkages, would be the active sites for the pho- that the essential performance of the photoactive sites on
toinduced direct methane coupling. This matter is similar ZrO»/SiO, is similar to those in silica—alumina system. In
to the case of silica—alumina system, where the photoac-both cases, the photoactive sites would be the metal-O-Si
tive sites exhibiting the fine structural emission spectra and linkage. They might have a common mechanism for pho-
short-lifetime (33 ms]26] are responsible for the photoin-  toexcitation and reaction.
duced direct methane couplifig].
The ZrG/Si0y(0.01) sample exhibiting higher intensity
of short-lifetime fraction showed almost the same activity 4. Conclusions
for the reaction as the Z#I5i0,(0.1) sample didKig. 7b
and c), implying that other factors than the amount of pho- On the ZrGQ/SiO, of low zirconium loading below
toactive sites would be also important for the reaction. Fur- 0.1 mol%, zirconium oxide species are highly dispersed
ther investigations are necessary. on silica. The highly dispersed species have different local
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