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Abstract

Photocatalytic methane conversion is attractive for utilization of renewable
biogas and solar energy to directly produce useful compounds. In the present
study, gallium oxide (Ga203) photocatalyst was examined for non-oxidative
coupling of methane (NOCM) around room temperature in a flow reactor. It
was found that ethane and hydrogen were continuously yielded at constant
rate from methane upon photoirradiation around room temperature,
confirming that NOCM can be promoted photocatalytically over Ga20s. In
addition, Pd cocatalyst was found to improve the activity of the Gaz20s3
photocatalyst for NOCM and achieve more than three times higher formation
rate of ethane such as 0.22 pmol h~! in a flow of 10% methane at 30 mL min~!
with 0.8 g of photocatalyst. The methane conversion achieved to 0.006%
within a short contact time of 0.8 s, which is higher than the

thermodynamically equilibrium conversion.

Keywords: Methane conversion; Ethane production; C-C coupling; Gallium oxide;

Palladium; Photocatalysis.



1. Introduction

Methane, the main component of natural gas as well as biogas, has attracted much
attention as one of alternative resources for carbon and hydrogen to replace finite
resources like petroleum. Among many kinds of catalytic reaction systems, such as
reforming, partial oxidation, and oxidative coupling [1-5], non-oxidative coupling of
methane (NOCM) is one of desirable reactions to directly produce ethane and hydrogen
from methane (eq. 1) [6-8].

2 CH4 — C2Hs + Ha, A,G®208k=68.6 kI mol™! (1)

This is, however, a thermodynamically unfavorable endergonic reaction and the
equilibrium constant and equilibrium conversion of this reaction at 298 K are very low
such as 9.5x107!3 and 0.0002 %, respectively, meaning that this reaction does not take
place at 298 K in practice [9]. Although the equilibrium conversion becomes higher at
higher temperatures, such as 1.1% and 7.2% at 800 K and 1273 K, respectively,
decomposition of methane to carbon and hydrogen (eq. 2) is not negligible at
temperatures higher than 800 K because it is thermodynamically more favorable than
NOCM [9].

CHs = C+2H2,  4:G%95k=50.7 kJ mol™ (2)

Over the last few decades, photocatalyst has become attractive, since it can utilize
solar energy to compensate the increase of the chemical potential and to promote
thermodynamically unfavorable reactions even at room temperature. In other words, by
photocatalysis solar energy can be converted and stored as chemical potential of the
products. Photocatalytic NOCM has also been reported since 1998 with various
photocatalysts such as Si02-Al203 [10-12], Si02-Al203-TiO2 [13,14], Ga/Si0O: [15], and

so on [9,15-24]. Most of them are silica-based quantum photocatalysts having atomically
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dispersed photocatalytic active sites in silica matrix [25,26], where one of important
properties for these photocatalysts would be a reduction-resistant property in the highly
reductive conditions, i.e., in the presence of methane, ethane and hydrogen upon
photoirradiation. Recently, some silica-based photocatalysts [27,28] and other types of
photocatalysts such as plasmonic photocatalyst [29] have been reported for NOCM.
However, it is noted that all these studies have examined the photocatalysis in a closed
reactor so far, which is not sufficient for exact evaluation of catalytic reaction rate.

In our latest study, gallium oxide (Ga203) was found to function as a photocatalyst
for NOCM [15,30]. Photocatalytic property of Ga203 has been studied so far for various
reactions such as water splitting [31-33], photodegradation of organic compounds [34,35],
reforming of methane with carbon dioxide [30,36] or water [37-39], and reduction of
carbon dioxide with hydrogen [40] or water [41-46]. In the present study, we examined
Ga20s3 photocatalyst for NOCM in a flow reactor to elucidate whether the photocatalytic
NOCM reaction can be continuously promoted or not, and to evaluate the exact
production rates of ethane and hydrogen with the Ga203 photocatalyst. In addition, we
tried to improve the activity of the Ga203 photocatalyst by loading some additives and

found that a Pd cocatalyst improved the activity of the Ga2O3 photocatalyst for NOCM.

2. Experimental
2.1 Catalyst preparation

The employed Ga203 sample was commercially obtained (Ga203, 99.90%,
Kojundo Chemical Laboratory). The following chemicals were used as precursors of
additives, Pt(NH3)4(NO3)2 (99.0%, Nacalai Tesque), RhCl3 (98%, Wako Pure Chemical),

PdCl2 (99%, Kishida Chemical), AgNO3 (99.8%, Kishida Chemical), Ni(NO3)2:6H20
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(99.9%, Wako Pure Chemical), Fe(NO3)3-9H20 (99%, Nacalai Tesque), In(NO3)3-3H20
(98% Kishida Chemical), Zn(NO3)2:6H20 (99%, Nacalai Tesque), and Sm(NO3)3-6H20
(99.5%, Wako Pure Chemical). Each additive metal or metal oxide was loaded on the
Ga20s3 sample by an impregnation method: The Ga20O3 powder sample (2.0 g) was stirred
in an aqueous solution of the precursor (100 mL) at room temperature for 30 min,
followed by heating at 353 K to evaporate water to dryness. The obtained powder was
dried at 373 K overnight and calcined in an alumina crucible by using an electric muffle
furnace at 673 K for 2 h. The metal- or metal oxide-loaded samples are referred to as
M(x)/Ga203 sample, where x in wt% shows loading amount of the additive (M) calculated

as a metal state even if it was oxidized, for example, Pd(0.5)/Ga20s3.

2.2 Characterization

The obtained samples were characterized by several techniques. The crystal
structure was determined by powder X-ray diffraction with a Shimadzu LabX XRD-6000
X-ray diffractometer using Cu K. radiation (40 kV, 30 mA). Scanning electron
microscope (SEM) images were recorded on a JEOL model JSM-890 scanning
microscope. Diffuse reflectance UV-visible spectra were recorded by a JASCO V-570
UV/VIS/NIR spectrophotometer equipped with an integrating sphere covered with a
BaSOs4 reference. The BET specific surface area of the Ga2O3 sample was measured by a
Quantachrome Monosorb rapid surface area analyzer. The loading amount of Pd was
estimated by X-ray fluorescence (XRF) technique using a Shimadzu EDX-8000 energy

dispersive X-ray fluorescence spectrometer.



2.3 Photocatalytic activity tests

The photocatalytic activity test for non-oxidative coupling of methane (NOCM)
was carried out using a flow reactor shown in Fig. S1 (supplementary information) [47—
50]. The catalyst powder was pressed under 40 MPa and ground into granules of 297—
707 pm (25-50 mesh). The sample granules (0.8 g) were placed into a quartz cell (2 x 2
x 0.1 cm?, see the picture shown in Fig. S2). The sample was pretreated with an argon
flow for 30 min (flow rate = 27 mL min™') to remove the air from the quartz cell. A flow
of mixture of 10% methane in argon (total flow rate = 30 mL min') was introduced to
the cell for 1 h in dark to achieve stable conditions, where the contact time was nearly 0.8
s and space velocity (SV) was 4500 h™!. The sample was then photoirradiated from a
ceramic xenon lamp (PE300BUYV, 300 W) to start the photocatalytic NOCM. The
irradiation area was 4 cm? and the light intensity as a standard was ca. 20 mW cm™,
which was measured at 254+10 nm in wavelength. The reaction temperature was
increased to be around 320 K by photoirradiation. The outlet gases were analyzed by on-
line gas chromatography equipped with TCD (Shimadzu, GC-8A, argon carrier, a
Molecular Sieves 5A, column temperature 323 K) and FID (Shimadzu, GC-8A, argon
carrier, a Gaskuropack 54, column temperature 383 K). Methane conversion is calculated

based on the amount of obtained products as described in the supplementary information

(eq. S1).

3. Results and discussion

3.1. Gallium oxide photocatalyst

The bare Ga203 powder sample was characterized by some techniques. The XRD

pattern of the bare Ga20O3 sample (Fig. 1b) was almost similar to that of B-Ga20Os3 crystal



from a database (Fig. 1a, ICSD#34243 [51]) except for some additional diffraction lines
at 24.5, 33.8, 36.2, 41.5, 50.3 and 55.1 degrees assigned to a-Ga203 phase (ICSD#27431
[52]). Among them the line at 36.2 degrees is somewhat large, which is assignable also
to y-Ga203 phase (ICSD#152085 [53]). This result means that the commercially obtained
Ga203 sample is of mixed crystal mainly consisting of B-Ga203 phase including minor
amount of a-Ga203 and y-Gax03 phases. The SEM image of the bare Ga203 sample is
shown in Fig. 2A. Pillar-shaped layered particles with some cracks having an average
length of 1 um were observed for the bare Ga20O3 sample as reported in the literature [54].
Fig. 3 shows diffuse reflectance UV-visible spectra of the samples. The bare Ga203
sample exhibited a large absorption in the range of shorter wavelength less than 270 nm
(Fig. 3a), from which the bandgap was calculated to be around 4.6 eV. The measured BET
specific surface area of the bare Ga203 sample was 22.8 m? g,

Fig. 4 shows time courses of the production rates of ethane (rc) and hydrogen (rn)
and the ratio of these reaction rates (R=rc/ru) obtained in the photocatalytic reaction test
for NOCM 1n a flow reactor at around room temperature (ca. 320 K) over the bare Ga203
sample. No product was observed in dark, while upon photoirradiation both ethane and
hydrogen were continuously produced with almost constant formation rates at least for
5.5 h and no other product in gas phase was detected. The formation rate for ethane and
hydrogen were 0.073 and 0.18 pmol h™!, respectively after 5.5 h under photoirradiation
and the ratio of these reaction rates was R=0.41 (Table 1, entry 1). The relatively higher
rate of hydrogen production than that of ethane would be attributed to the other reaction,
which should be a side reaction such as methane decomposition (eq. 2) as discussed later.
The methane conversion was calculated to be around 0.002% in constant, which was

much higher than the equilibrium conversion [9].



3.2. Metal-loaded gallium oxide photocatalysts

In order to improve the photocatalytic performance of the Ga.O3 sample, several
metal and metal oxide species were examined as a cocatalyst. Each species was loaded
on the GaxOs3 photocatalyst by an impregnation method followed by calcination.
Representatively, the prepared Pd(x)/Ga203 samples were characterized by XRD, SEM
and UV-Vis spectra. XRD patterns of all the Pd(x)/Gax03 (x=0.05, 0.1, and 0.5 wt%)
samples were almost the same as those of the bare Ga203 sample (Fig. 1c—1e). Besides
no additional peak appeared in the XRD patterns of these Pd(x)/Ga2O3 samples, meaning
that Pd species is highly dispersed in the crystal lattice of Ga2O3 and does not form any
new crystal phase. The SEM image of the Pd(0.5)/Ga203 sample is shown in Fig. 2B.
Although the fragments of the Ga203 particles seem to increase during the impregnation
and stirred in an aqueous solution, no Pd species were clearly confirmed due to the small
loading amount such as 0.5 wt%. Loading of the Pd nanoparticles has no significant effect
on the morphology and the particle size of the bare Ga20O3 sample. The shape of diffuse
reflectance UV-Vis spectra of the Pd(x)/Ga203 samples (Fig. 3b-3d) at shorter wavelength
range were almost similar to the bare Ga203 sample while absorption in the range of 280—
500 nm in wavelength increased with increasing Pd loading amount in the Pd(x)/Ga203
samples probably due to the Pd species [55]. This suggests that the impregnation method
followed by the calcination at 673 K provides the metal or metal oxide species on the
Ga203 surface without changing the band structure of Ga:0s drastically [37]. The
elemental composition of Pd in various Pd(x)/Ga203 (x=0.01-1.0 wt%) samples was
analyzed by XRF and the results are listed in Table S1, which confirmed the aimed

amount of Pd cocatalyst was almost loaded on each Pd/Ga2O3 sample.



Fig. 5 shows time courses of the production rates over the Pt- and Pd-loaded Ga203
samples. The Pt(0.1)/Ga203 sample initially exhibited formation of ethane and hydrogen
at the rates of 0.04 and 3.01 pmol h™!, respectively (Fig. 5A), which were lower and very
higher than those with the bare Ga203 sample, 0.078 and 0.21 umol h™!, respectively (Fig.
4). The formation rates then steeply decreased with time and reached 0.023 and 1.6 umol
h™!, respectively after 5.5 h under photoirradiation (also Table 1, entry 2). The production
ratio of ethane to hydrogen was very low such as R=0.01. After this reaction test, the color
of the Pt(0.1)/Ga203 sample varied from white to grey (Fig. S2). The high hydrogen
formation rate and the color change suggested that methane decomposition to carbon and
hydrogen (eq. 2) would take place to form coke on the surface of the Pt(0.1)/Ga203 sample
even at 320 K, which would be catalyzed by the additive Pt species.

On the contrary, the Pd(0.5)/Ga203 photocatalyst exhibited constant formation of
ethane and hydrogen after an induction period of a few hours (Fig. 5B). The formation
rates of ethane and hydrogen after 5.5 h were 0.22 and 0.23 pmol h™!, respectively (Table
1, entry 6). The ethane formation rate over this sample was more than three times higher
than that with the bare Ga203 sample, 0.073 pmol h™! (Table 1, entry 1). The production
ratio of ethane to hydrogen was almost unity, R=1.0, meaning that photocatalytic NOCM
proceeded constantly with high selectivity according to equation 1. The methane
conversion was calculated to be 0.008—0.006% during 5.5 h. After the reaction test, the
color of the sample did not change so much, supporting that the NOCM selectively took
place while methane decomposition would scarcely occur.

Results over the M(x)/Ga203 samples loaded with other additives are also listed in
Table 1. Among the examined elements, only Pd and Ag additives enhanced the ethane

formation rate with moderate hydrogen production (Table 1, entries 4—7 and Fig. S3).



Effect of loading amount of Pd cocatalysts upon the photocatalytic activity is summarized
in Table S1. Among various Pd(x)/Ga203 samples with different loading amounts, the
Pd(0.1)/Ga203 sample showed the highest ethane formation rate of 0.51 umol h™' (Table
1, entry 5), while the Pd(0.5)/ Ga20O3 sample exhibited similar formation rates for both
ethane and hydrogen with the highest R value close to unity as mentioned above (Table
1, entry 6). It is notable that in many cases including the bare Ga20O3 photocatalyst, the R
value was lower than unity, meaning that methane decomposition (eq. 2) tends to take
place even at 320 K in the present photocatalytic reaction conditions. Especially, Pt and
Rh species exhibited very high production rate of hydrogen and low production rate or
no formation of ethane, meaning that these precious metals much enhanced methane
decomposition (Table 1, entries 2, 3). Thus, it is suggested that Pd and Ag species can
enhance not the methane decomposition but the photocatalytic NOCM.

In the present study, the Pd-loaded Ga203 photocatalysts were the best
photocatalysts for NOCM. Since the formation rate per photocatalyst weight were often
reported in literature [27-29], the values for the Pd(0.5)/Ga203 photocatalyst were
tentatively calculated to be 0.28 and 0.29 umol h™' g™! for ethane and hydrogen formation,
respectively. However, it is noted that this evaluation would not be accurate because the
reaction rate was not linear to the catalyst weight but rather determined by the irradiation

area in this type of flow reactor [56]. Further investigation is required on this point.

3.3. Reaction conditions

Without photoirradiation, NOCM did not proceed over the Pd(0.5)/Ga203 sample
at similar temperature, 323 K, and even at elevated temperatures such as 573 K and 623

K. (Table 1, entries 13—15). Thus, it is evident that NOCM can proceed only under
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photoirradiation even at high temperature. At high temperature such as 623 K, the
formation of hydrogen only was observed (Table 1, entry 15), meaning that
decomposition of CH4 to C and H2 would occur in dark, which is supported by the dark
grey color of the sample after the reaction (Fig. S4). This implies that thermal energy
given at higher temperature can promote not NOCM but methane decomposition.

The photocatalytic NOCM was examined at higher intensities of incident light than
20 mWcm™2, over the Pd(0.05)/Ga203 photocatalyst for 5 h (Fig. 6). When comparing the
results with the intensity of 20 and 40 mWcm™, the production rate of ethane was higher
for the higher light intensity such as from 0.35 to 0.42 pmol h™! as expected. But further
increase of the light intensity decreased the ethane production rates. Very high light
intensities, such as 145 and 230 mWcm™2, caused methane decomposition predominantly,
which was supported by the color change (Fig. S5). The selectivity of ethane is much
decreased with an increase in intensity of light higher than 75 mW cm™. These
observations elucidate that the moderate light intensity is favorable for the selective
photocatalytic NOCM over the Pd-loaded Ga20O3 photocatalyst.
It is generally accepted that photocatalysis with semiconductor photocatalyst starts from
light absorption by the photocatalyst, electrons are photoexcited from the valence band to
the conduction band with generating positive holes in the valence band simultaneously,
and the generated electrons and holes can react with molecules and ions adsorbed on the
surface of the photocatalyst. In the photocatalytic NOCM, the following mechanism has
been typically proposed to proceed predominantly [29]. Since methane cannot be further
reduced, the first activation of methane must be oxidation by the photogenerated positive
hole to form methyl radical and proton on the photocatalyst surface (eq. 3) and two methyl

radicals would react to form ethane (eq. 4), while two protons formed should be reduced
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by the photogenerated electrons to form hydrogen molecule (eq. 5).

CHs + h™ — CH3 + H* 3)

2 «CH3 — C2Hs 4)

2H " +2e — H2 (5)

The higher light intensity accelerates the hole oxidation rate, which would promote
not only the methyl radical formation (eq. 3) but also further oxidation successively on
the surface (eq. 6) before desorption of these produced radical species, along with the
hydrogen formation (eq. 5), which is a proposed mechanism for methane decomposition
on the surface (eq. 2).

*CH3+3h*—>C+3H" (6)

As shown in Fig. S6, the reaction with high light intensity (145 mWcm™) caused a
decrease of the ratio of the production rates, R, with time. This suggests that, even if the
high light intensity increased the reaction rates of both the NOCM (eq. 1) and the methane
decomposition (eq. 2), the latter reaction makes coke deposition on the surface and the
accumulation of coke deposition on the surface with time would change the surface
property to decrease the activity for the photocatalytic NOCM or enhance the methane
decomposition. It may also be possible that photoenergy and thermal energy
synergistically accelerate the coke formation at higher light intensities since the
temperature at 230 mWcm™ was measured to be around 160°C.

Effect of methane concentration in the feed gas was examined on the photocatalytic
NOCM over the Pd(0.05)/Ga203 photocatalyst (Fig. 7). When the methane concentration
was increased from 10 % and 80%, the ethane production rate increased from 0.35 to 0.51
umol h™!, which is kinetically expected. On the other hand, the ratio of the production

rates, R, decreased with increasing methane concentration at higher methane
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concentrations such as 80% and 100%. This means that the rate of methane
decomposition become higher in these conditions. The higher concentration of methane
should increase the photocatalytic reaction rates of both the NOCM and the methane
decomposition, and the latter reaction would give the coke deposition to change the
reaction selectivity as discussed above.

Finally, the effect of the flow rates of the feed gas was investigated on the
photocatalytic NOCM over the Pd(0.05)/Ga20s3 photocatalyst. As demonstrated in Fig. 8,
with increasing the flow rate, the ethane formation rate increased while the hydrogen
formation rate decreased. Thus, the ratio of the reaction rates, R, increased with the flow
rate towards the unity, meaning that the NOCM selectivity increased with the flow rate.
This suggests that the higher flow rate may help the migration of radical species to
enhance the coupling (eq. 4, 5) before further hole oxidation (eq. 6—8), making the NOCM
selectivity high. At the slow flow rate such as 10 mL min~!, tiny amount of propane
formation was also observed. This proposes that the longer contact time would provide
the possibility for the successive coupling reactions to produce higher hydrocarbons such

as propane and so on.

4. CONCLUSIONS

In conclusion, by using a flow reactor it was evidenced that the photocatalytic non-
oxidative coupling of methane (photocatalytic NOCM) can be promoted over the Pd(0.5
wt%)/Ga203 photocatalyst almost constantly at least for 5.5 h with the ideal production
ratio of ethane and hydrogen, R=1.0, i.e., with high selectivity. The ethane production rate
was high such as 0.22 pmol h™!, and methane conversion was 0.006% in the present

conditions where the contact time (reaction time) and space velocity (SV) were 0.8 s and
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4500 h™!, respectively. The conversion clearly exceeded the thermodynamic equilibrium
conversion at this temperature.

It was also found that the moderate light intensity, the moderate methane
concentration, and the higher flow rates of the feed gas are favorable for the NOCM
reaction over Pd/Ga203 photocatalysts. Instead, methane decomposition to form coke
deposition can proceed as a side reaction under the following conditions, at higher
temperature such as 320 K even in dark, at high light intensity, in the high methane

concentration, and in a slow flow rate, which is a remaining problem to be studied further.
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Table 1. Results of photocatalytic reaction test for NOCM over the bare Ga2O3 sample

and various M(x)/Ga203 samples. (&

Entry Samples Production rates [umol h™'] R
C2He H»

1 Ga203 0.073 0.18 0.41

2 Pt(0.1)/Ga203 0.023 1.6 0.014

3 Rh(0.1)/Ga203  n.d.!! 0.72

4 Pd(0.05)/Ga203  0.35 0.85 0.41

5 Pd(0.1)/Ga203 0.51 1.2 0.42

6 Pd(0.5)/Ga203  0.22 0.23 0.96

7 Ag(0.1)/Ga203  0.17 0.23 0.74

8 Ni(0.1)/Ga203 n.d.l 0.10

9 Fe(0.1)/Ga203 n.d. 0.13

10 In(0.1)/Ga203 0.045 0.20 0.23

11 Zn(0.1)/Ga203  0.088 0.14 0.63

12 Sm(0.1)/Ga203  0.049 0.16 0.31

13 Pd(0.5)/Ga203°! n.d.[4! n.d.ld!

14 Pd(0.5)/Ga;03!!1  n.d.1¥ n.d.[!

15 Pd(0.5)/Ga203¢! n.d.!! 0.36

[a] Reaction conditions were the same as those described in the caption of Fig. 4. The
values of production rates were recorded at 5.5 h later from the start of the
photoirradiation. [b] The Ga2O3 sample used here was commercially obtained. Various
M(x)/Ga203 samples were prepared by an impregnation method, where x shows loading
amount of the additive metal oxide or metals M in wt%, for example, Pd(0.5)/Ga20s.
[c] Calculated as follows: R = (production rate of ethane)/(production rate of
hydrogen). [d] n.d. = not detected. [e—g] The reaction tests were carried out at 323 K
[e], 573 K [f], and 623 K [g], respectively in dark.
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Fig. 1. XRD patterns of (a) f-Ga20s3 from a database (ICSD#34243), (b) the bare Ga203
sample, and (c-e) the Pd(x)/Ga203 samples; where, x = 0.05, 0.1, and 0.5, respectively.
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Fig. 2. SEM images of (A) the bare Ga203 sample and (B) the Pd(0.5)/Ga203 sample.
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Fig. 3. Diffuse reflectance UV-visible spectra of (a) the bare Ga203 sample and (b-d)
the Pd(x)/Ga203 samples, where x = 0.05, 0.1, and 0.5, respectively.
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Fig. 4. Time courses of the production rates of (a) ethane, rc, and (b) hydrogen, ru, and
(c) the ratio of these production rates, R=rc/rn, in the photocatalytic reaction test for
NOCM over the bare Ga0O3 sample. Photocatalyst in a quartz cell: 0.8 g.
Photoirradiation area: 4 cm?. Cell volume: 0.4 cm?®. Feed gas: 10% of CHa4 in Ar (total
flow rate = 30 mL min™!). Contact time: 0.8 s. Space velocity (SV): 4500 h™!. Light
intensity: 20 mW cm 2. The reaction temperature: around room temperature (ca. 320
K).
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Fig. 5. Time courses of the production rates of (a) ethane and (b) hydrogen, and (c) the
ratio of these production rates, R, in the photocatalytic reaction test for NOCM over
(A) the Pt(0.1)/Ga203 sample and (B) the Pd(0.5)/Ga:03 sample. The reaction

conditions were the same as those described in the caption of Fig. 4.
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Fig. 6. Production rates of (a) ethane and (b) hydrogen, and (c) the ratio of these
production rates, R, in the photocatalytic reaction test for NOCM over the
Pd(0.05)/Ga203 sample at different intensities of incident light. The production rates
were measured after 5 h under photoirradiation in separate reaction tests for
photocatalytic NOCM at each intensity of light. The other reaction conditions were the
same as those described in the caption of Fig. 4.
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Fig. 7. Production rates of (a) ethane and (b) hydrogen, and (c) the ratio of these
production rates, R, in the photocatalytic reaction test for NOCM over the
Pd(0.05)/Ga203 sample at different concentrations of methane in the feed gas. The
productions rates were measured after 5 h under photoirradiation in separate reaction
tests for photocatalytic NOCM at each concentration of methane. The other reaction

conditions were the same as those described in the caption of Fig. 4.
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Fig. 8. Production rates of (a) ethane and (b) hydrogen, and (c) the ratio of these
production rates, R, in the photocatalytic reaction test for NOCM over the
Pd(0.05)/Ga203 sample at different flow rates of the feed gas. The production rates
were measured after 5 h under photoirradiation in separate reaction tests for
photocatalytic NOCM at each flow rate. The other reaction conditions were the same

as those described in the caption of Fig. 4.
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