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Au/Ga,O3 photocatalysts were prepared by three different methods (pre-formed Au nanoparticles,
borohydride reduction, and impregnation-H, reduction) and tested as photocatalysts for methane
conversion coupled with hydrogen production from water. The photocatalysts were characterized by X-
ray fluorescence, X-ray diffraction, UV-vis, scanning and transmission electron microscopy, X-ray
photoelectron spectroscopy, and PL spectroscopy. The
photocatalysts dispersed in water in a bubbling methane stream under UV-light illumination. The
products were identified and quantified by gas chromatography (GC-FID/TCD/MSD). The main products
formed were H, CyHg, CO, and CO, with minor quantities of C,Hs, CsHg and C4Hig. The best
performances were observed for the photocatalysts prepared with the nominal Au content of 0.1 wt%

reactions were performed with the
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regardless of the method used. A production rate of about 100 pmol g*1 h™! for C,Hg and 15000 pmol

DOI: 10.1035/d35¢00625h g™t h™* for H, was obtained. The Au content, nanoparticle sizes and interactions with Ga,Os strongly
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1 Introduction

Methane (CH,) is a major constituent of natural gas and is an
important carbon and hydrogen source for the chemical
industry. However, due to its high stability, it requires high
reaction temperatures to convert it into more valuable chem-
icals. Breaking the C-H bonds of CH, requires an energy input
of 104 kcal mol™?, and its high symmetry makes activation
challenging."” Steam reforming of methane (SRM) (CH, + 2H,0
— 4H, + CO,) is the main process of methane conversion into
hydrogen, and this reaction occurs over the temperature range
of 970-1000 K and pressures up to 3.5 MPa.* With the demand
for a decrease in the use of non-renewable energy, the use of
solar energy would be a new stimulus for its replacement.**
Hydrogen has been highlighted as a possible source of clean
energy in the energy transition. Currently, the main applica-
tions of hydrogen include oil refining (33%), ammonia
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influenced the photocatalytic activity.

production (27%), methanol production (11%), and steel
production (3%).° The possibility of green hydrogen production
technologies is booming because the potential uses of hydrogen
are expanding in several areas of research, including power
generation,” fuel cells for light electric vehicles, heavy transport,
and production of green ammonia for fertilizers.®°

A possible method to convert methane into hydrogen and
other valuable products at milder temperatures and under
milder conditions involves photocatalytic reactions. In this
process, a semiconductor is used as a photocatalyst and
a source of photoenergy is required to excite an electron (e™)
from the valence band (VB) to the conduction band (CB),
creating a vacancy (h") in the former. The sites can act as
centers for oxidation and reduction reactions (half reactions),
respectively. These generated species can participate in
oxidation and reduction half-reactions."** Several photo-
catalytic methane conversions have been investigated e.g.,
steam reforming, partial oxidation to oxygenates, and oxida-
tive and non-oxidative coupling of methane' where TiO,,"***
Zn0O,'*” WQ0;,'®"° and Ga,03;.>**' are the most used
semiconductors.

Gallium oxide (Ga,Oj3) has different structures designated as
a-, B-, Y-, 8-, and &-, and these polymorphs are different in terms
of crystalline space group order and the coordination number of
Ga ions, among which the structure p-Ga,Oj; is the most ther-
mally stable.”” B-gallium oxide is a semiconductor with a wide
band gap energy (4.8 eV), with its valence band potential located
at —7.75 eV and the conduction band potential at —2.95 eV. In

This journal is © The Royal Society of Chemistry 2023
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comparison to benchmark TiO, (3.2 eV), the photogenerated
holes and electrons formed in bulk Ga,0; have stronger redox
capacity than those formed in TiO,. These properties induce the
oxidation and mineralization of stable intermediates upon the
surface of B-Ga,03.”® Their properties have attracted increasing
interest in methane photooxidation into products.'®**>¢
Recently, Amano and Ishimaru®® investigated the effect of metal
nanoparticles (Au, Ag, Ru, Rh, Pd, and Pt) supported on Ga,03
on the photocatalytic dehydrogenative coupling of methane in
the presence of water vapor under UV irradiation. It was
observed that the C,Hg production in the presence of water
vapor was more than 2 orders of magnitude higher than that of
conventional photo non-oxidative coupling of methane (in the
absence of water). They assumed that CH, was activated by ‘OH
radicals, forming ‘CH; radicals which, when coupled, form
C,H¢. Among the photocatalysts tested, the Au/Ga,O; photo-
catalyst was the most effective for C,H, formation.

Li and collaborators*?** reported a cooperative photo-
catalytic system combining the evolution of hydrogen from
water and methane conversion. Pt and Pd nanoparticles sup-
ported on TiO, were used as photocatalysts under UV irradia-
tion producing H,, C,He, and CO, as the main products with
minor quantities of C,H, and CO. In this cooperative system,
the photo-induced electrons were used for hydrogen produc-
tion, and the holes for methane conversion. When this process
was carried out using only the TiO, semiconductor as a photo-
catalyst, practically no methane conversion or hydrogen
production was observed while the conversion of methane and
hydrogen production increased with the increase in Pt or Pd
loading on TiO, reaching a maximum yield around 1.0 to 1.5
wt%. It was also observed that when the reaction was performed
in the presence of methane and water the production of
hydrogen is two times greater than when it is performed only in
the presence of water. Thus, the addition of Pt or Pd nano-
particles on TiO, in the presence of methane and water in the
reaction medium was shown to be essential to improve the
production of ethane and hydrogen. The Pd/TiO, photocatalyst
was shown to be more selective for ethane production than the
Pt/TiO, photocatalyst, while the latter was more active for
hydrogen production. Although these results are very inter-
esting, the study of other photocatalysts in this cooperative
system has been lacking. In this work, Au nanoparticles sup-
ported on Ga,O; were synthesized by different methods and
their performance as photocatalysts in this cooperative photo-
catalytic system was investigated.

2 Experimental
2.1 Materials and methods

All materials were used without any previous treatment: tetra-
chloroauric(m) acid (HAuCl,-XH,0, 99.995% purity, Sigma-
Aldrich®), gallium oxide (B-Ga,03, =99.99% trace metals basis,
Sigma-Aldrich®), titanium dioxide (TiO, P25 Evonik), zinc oxide
(ZnO 100 nm, ~80% Zn basis, Sigma-Aldrich®) sodium boro-
hydride (NaBH,, 98%, Sigma-Aldrich®), sodium citrate tribasic
dihydrate (HOC(COONa)(CH,COONa),-2H,0, and Sigma-
Aldrich®) deionized water (18.2 MQ cm Milli Q).

This journal is © The Royal Society of Chemistry 2023
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2.1.1 Synthesis of Au/Ga,0; photocatalysts. The Au/Ga,0;
photocatalysts were prepared with 0.1, 0.5 and 1.0 wt% of Au
content by the following methods:

2.1.1.1 Pre-formed Au nanoparticles (PF). The required
amounts of a tetrachloroauric acid (HAuCl,) solution (28.88 x
10~* mol L") and sodium citrate solution (92.22 x 10~ mol
L") were added (citrate : Au molar ratio of 3) to 64.3 mL of
deionized water under stirring. After this, a NaBH, solution
(2.64 x 107" mol™* L") was added (BH,: Au molar ratio of 6)
under vigorous stirring and the obtained red solution contain-
ing Au pre-formed nanoparticles remained under stirring for 10
min. Then, the required amount of Ga,0; (Sigma-Aldrich) was
added and the mixture was maintained under stirring for 24 h.
Finally, the solid was separated by centrifugation, washed with
excess water and dried at 70 °C. For comparative study, Au/TiO,
and Au/ZnO (1% wt Au) were synthesized using the same
methodology.

2.1.1.2 Borohydride reduction (BH). In this methodology, the
Au precursor was reduced using NaBH, in the presence of
Ga,0;. First, the required amount of Ga,0O; was dispersed in
64.3 mL of water under stirring. After this, the required amount
of tetrachloroauric acid (HAuCl,) solution (2.88 x 10> mol L)
was added and the mixture remained under stirring for 10 min.
Then, NaBH, solution (2.643 x 10" mol L") was added (Au:
BH, molar ratio of 6) and the resulting mixture remained under
stirring for 2 h. Finally, the solid was separated by centrifuga-
tion, washed with excess water and dried at 70 °C.

2.1.1.3 Impregnation-H, reduction (H,). Appropriate
amounts of tetrachloroauric acid (HAuCl,) solution (2.88 x
107> mol L") were added to Ga,0;. The obtained wet solids
were dried, ground and reduced at 200 °C (5 °C min~") under
hydrogen flow (60 mL min™").

2.2 Characterization

The Au content (wt%) was determined by wavelength-dispersive
X-ray fluorescence (WD-XRF) spectroscopy on Rigaku Supermini
equipment (Pd source, 50 kV-4 mA) using a calibration curve.

X-ray diffraction (XRD) patterns were recorded on a Rigaku
Miniflex II apparatus employing a Cu Ko source (A = 1.54 A)
with scanning at 26 from 20° to 90° with 0.05 step and 2 s count.

UV-Vis spectra were obtained using a Varian UV-Vis spec-
trometer model Cary 50 from 350 to 700 nm, using BaSO, as
a blank. The optical bandgap (E,) of the Au/Ga,0; materials was
calculated using the Tauc relationship: ahv = (hw — Eg)", where
« is the absorption coefficient, # is the Planck constant, » is the
frequency and Av is the incident photon energy whereas n is the
exponent that determines the type of electronic transition
causing the absorption. For Au/Ga,03, we considered the indi-
rect allowed transition (n = 1/2).

Scanning electron microscopy with field emission gun (SEM-
FEG) images were collected on a JEOL equipment model JSM-
6701F, coupled with an EDS detector. The samples were
dispersed in isopropyl alcohol and deposited onto a sample
holder.

Transmission electron microscopy (TEM) images were
collected on a JEOL equipment model JEM 2100F, operating at

Sustainable Energy Fuels, 2023, 7, 4288-4296 | 4289
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a voltage of 200 kV. The samples were dispersed in isopropyl
alcohol, sonicated for 10 min, and deposited on TEM copper
grids. The Au nanoparticle sizes were measured individually to
construct the histograms.

X-ray photoelectron spectroscopy (XPS) analyses were per-
formed on a K alpha XPS (Thermo Scientific). Survey spectra
were measured (ie., full range) to identify the elemental
composition of materials. High-resolution spectra of Ga,0; and
Au nanoparticles were acquired to determine the oxidation state
of the elements. The data were analyzed using Thermo Avantage
software.

Photoluminescence spectroscopy (PL) was performed with
an Ocean Optics 2000 luminescence spectrometer + USB spec-
trometer with a CCD camera. The excitation wavelength was 265
nm, the photoluminescence spectra were recorded over the
range of 250-800 nm, the scanning speed was 1000 nm min ',
and the PMT voltage was 650 V.

2.3 Photocatalytic activity

The reactions were performed in a commercial 250 mL Ace
photocatalytic reactor equipped with a Hg lamp (450 W, UV/A/B/
C). A steady stream of methane gas (25 mL min ') was bubbled
into 250 mL of water containing 75 mg of the photocatalyst in
suspension. A water circulation system was used for cooling the
Hg lamp (40 °C) and, in this way, the reactions were carried out
at a temperature close to 60 °C. The products were identified by
GC-MS (gas chromatography-mass spectrometry) and quanti-
fied by GC-FID/TCD on an Agilent 7890B coupled to MSD 5977B
equipment, which has a thermal conductivity detector (TCD),
methanizer (MET) and flame ionization detector (FID) besides
a quadrupole mass spectrometer detector (MSD). Two different
columns were used to separate the reaction products, a plot U
and a molecular sieve 5 A column. Twelve injections were per-
formed in a total of 7 h of analysis, each one of 33 min. The first
three injections took place with the light switched off, while
injections 4 to 10 with the light switched on and in the last two
injections the light was turned off again, so it was possible to

Paper

monitor the influence of light on the system. Calibration curves
were constructed to quantify CO, CO,, C,H,, C,Hs, C3Hg, C4H o,
and H,.

3 Results and discussion

The Au content (wt%), particle sizes and bandgap of Au/Ga,O;
photocatalysts are shown in Table 1.

In the PF methodology, the Au precursor was reduced by
sodium borohydride in the presence of sodium citrate as
a stabilizing agent, resulting in a red solution containing Au
nanoparticles in the range of 3-5 nm.* After this, the Ga,0O;
semiconductor was then added to this solution to obtain the Au/
Ga,0; photocatalyst. However, it was visually observed that not
all Au nanoparticles were deposited on the Ga,O; support even
after 24 h of stirring. The WD-XRF analyses confirmed that not
all the Au nanoparticles were deposited reaching the maximum
value of 0.1 wt%, which could be attributed to the surface
charge properties of Au nanoparticles and the Ga,0; semi-
conductor.*® For comparative purposes, Au/TiO, and Au/ZnO
with 1.0 wt% of Au content were also prepared using this
methodology, and in these cases, the entire Au content was
deposited on these supports. In the BH methodology, the Au
precursor was reduced by sodium borohydride in the presence
of Ga,0; and, in this case, the Au content determined by WD-
XRF was very close to the nominal values. Similar results were
observed for the H, methodology, where the Au precursor was
impregnated on the support and reduced in a hydrogen
atmosphere.

The X-ray diffractograms of the Au/Ga,0; photocatalysts are
shown in Fig. 1.

The diffractogram of the Ga,O; support exhibited peaks
consistent with the base-centered monoclinic structure in space
group C2/m (JCPDS: 41-1103). No differences in profile between
pure Ga,O; and Au/Ga,O; photocatalysts can be observed. No
peaks of Au® having a face-centered cubic structure (FCC) at 26
= 38.1°, 44.3° and 64.5° were observed in the diffractograms,

Table 1 Au content (wt%), particle sizes and bandgap of Au/Ga,Oz photocatalysts prepared by different methods

Photocatalyst Au-WD-XRF (Wt%) Size-TEM (nm) SD (nm) Bandgap (eV)
Ga,0; Aldrich — — — 4.6
Au/Ga,03 1.0 wt% PF 0.12 4.6 1.6 4.5
Au/Ga,0; 0.5 wt% PF 0.08 4.0 1.4 4.5
Au/Ga,0; 0.1 wt% PF 0.03 5.6 2.8 4.6
Au/Ga,03 1.0 wt% BH 0.83 5.1 2.6 4.4
Au/Ga,0; 0.5 wt% BH 0.52 4.1 2.5 4.5
Au/Ga,0; 0.1 wt% BH 0.10 3.3 0.1 4.4
Au/Ga,0; 1.0 wt% H, 0.95 327 89 4.4
Au/Ga,0; 0.5 wt% H, 0.46 232 76 45
Au/Ga,0; 0.1 wt% H, 0.06 29 11 4.5
TiO, P25 — — — 3.1
Au/TiO, 1.0 wt% PF* 1.03 5.2 1.2 3.0
ZnO 100 nm — — 3.3
Au/ZnO 1.0 wt% PF* 1.03 5.0 1.4 3.3

“ For comparative purposes.

4290 | Sustainable Energy Fuels, 2023, 7, 4288-4296
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Fig. 1 X-ray diffractograms of the Ga,Os support (black line) and the
photocatalysts prepared by different methods with a nominal 1.0 wt%
of Au content. The inset shows a zoomed-in image of the Au(111) peak
region of Ga,Os and Au/Ga0O3 1.0 wt% H,.
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which could be due to the low content of Au or to the small
average nanoparticle sizes resulting in broad and low intensity
peaks. Even for the Au/Ga,0; 1.0 wt% H, photocatalyst, which
presented larger Au nanoparticles, peaks of the Au (FCC) phase
were not observed, probably due to the small amount of the
metal. Diffractograms of Au/TiO, 1.0% wt and Au/ZnO 1.0% wt
are shown as ESI Fig. S11 and exhibit their respective crystalline
structures. No peaks of the Au (FCC) phase were observed in
these samples either.

The micrographs of the commercial f-Ga,0; and Au/Ga,0;
photocatalysts are shown in Fig. 2. In Fig. 2a, it could be seen
that the B-Ga,O; material showed a non-uniform morphology,
with some large rectangular parallelepiped-shaped crystals and
other small crystals with undefined morphology, ranging in size
from 1 to 10 pm. The TEM micrograph of Au/Ga,Oj; PF (Fig. 2b)
reveals a well-dispersed distribution of Au nanoparticles with
a mean particle size of 4.6 £ 1.6 nm. For the Au/Ga,0O; BH
photocatalyst (Fig. 2c), a good dispersion of the Au nano-
particles on the support was also observed; however, the
histogram displays a high dispersion of Au nanoparticles
between 3 and 15 nm with a mean size of 5.1 £+ 2.6 nm.

For Au/Ga,O; H, (Fig. 2d), the analysis of the micrographs
showed the presence of few and large non-homogeneously
dispersed Au nanoparticles, with particle sizes ranging from 200
to 450 nm with a mean size of 5.1 326.7 £+ 89.6 nm. This may be
associated with the phenomenon known as Ostwald ripening,
a mechanism dependent on the heating and growth of
nanoparticles.*

The HR-TEM micrograph of the Au/Ga,0O; PF photocatalyst
is shown in Fig. 3a where a good contact between Au nano-
particles and the Ga,O3; support could be seen. Fig. 3b shows
the inter-planar distance of Au nanoparticles of 0.24 nm cor-
responding to the (111) inter-planar spacing orientation of Au
FCC (JCPDS: 4-784).>> Fig. 3¢ shows in detail the inter-planar
distance of B-Ga,0; of 0.26 nm corresponding to the (111)

This journal is © The Royal Society of Chemistry 2023
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Mean 326.7 nm|

2

0.1 pm

Fig. 2 FEG-SEM micrograph of (a) commercial B-Ga,Oz and TEM
micrographs with histograms of Au/Ga,Oz 1.0 wt% photocatalysts (b)
PF, (c) BH and (d) H..

inter-planar spacing orientation of B-Ga,O; (JCPDS: 41-
1103).** The micrographs of Au/TiO, 1.0% wt and Au/ZnO 1.0
wt% are shown in ESI Fig. S2.7 The Au nanoparticles showed
a good dispersion over the supports and presented sizes of 5.2
+ 1.2 nm for Au/TiO, 1.0 wt% and 5.0 &+ 1.4 nm for Au/ZnO
1.0 wt%.

Diffuse reflectance UV-vis spectra of the Ga,O; support and
Au/Ga,0O; photocatalysts are shown in Fig. 4. Commercial -
Ga,0; exhibited broad and intense absorption in the UV region
below 270 nm, with an estimated band gap energy of 4.8 eV,
which is greater than that of the TiO, photocatalyst (3.2 eV).>”**

The reported VB potential (—7.75 eV) of Ga,Oj; is lower than
that (—7.41 eV) of TiO, (relative to the vacuum energy level) and
the CB potential (—2.95 eV) of Ga,Oj; is higher than that (—4.21
eV) of TiO,. As a consequence, the photogenerated holes and
electrons in Ga,0; possess stronger redox capacity than those
formed over TiO,.>

Au/Ga,O; PF and BH photocatalysts spectra exhibited
absorption bands in the visible region approximately at 540 nm,
which are related to the localized surface plasmon resonance
(LSPR) of Au nanoparticles.** The maximum absorption values
(Amax) are similar for these metallic photocatalysts, as they have
comparable nanoparticle sizes within the range of 3-5 nm
(Table 1). On the other hand, for Au/Ga,0; H, photocatalysts
the maximum value of these bands shifts to longer wavelengths
with the increase of Au content. This is attributed to the size
inhomogeneity and irregular dispersion of Au nanoparticles,
which is confirmed using TEM micrographs.

The band gap values obtained from Tauc plots are shown in
Table 1. For Ga,Oj;, this value was estimated to be 4.6 eV. This
value is consistent with the E, value equal to 4.6-4.8 eV given in
the literature.>**® No substantial changes in the band gap values
were observed for all Au/Ga,O; photocatalysts.
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Fig. 3 (a—c) HR-TEM micrographs Au/Ga,O= 1.0 wt% PF.

To determine the surface chemical states of -Ga,O; and Au/
Ga,0; photocatalysts, XPS measurements were performed
(Fig. 5). All spectra were calibrated using the C 1s peak. The
survey spectra (Fig. S31) showed O 1s, Au 4f, Ga 2p, and Ga 3d
binding energies. The Ga 2p region (Fig. 5a) features the ex-
pected Ga 2p doublet. The B-Ga,O; material showed
a maximum binding energy value at 1117.9 eV for the Ga 2p;,
peak and 1145 eV for the Ga 2p,/, peak which was attributed to
Ga-O bonds in its structure.*” For Au/Ga,O; photocatalysts
these peaks were shifted to higher binding energy values. For
instance, for the Ga 2p;/, peak, the maximum binding energy
values observed were: (1118.48 eV) H, > (1118.28 eV) BH >
(1118.18 eV) PF > (1117.9 eV) for B-Ga,Os. Similar results were
described for Pt/TiO, catalysts where Ti 2p peaks were shifted to
higher binding energies after Pt loading indicating an interac-
tion between Pt nanoparticles and TiO,.*®

The Au 4f region of Au/Ga,0; photocatalysts (Fig. 5b) showed
two photoemission peaks corresponding to the core-level Au 4f,
, and Au 4fs), excitations.* For Au nanoparticles, this doublet
peak occurs at 83.7 and 87.3 eV, with 3.7 eV corresponding to Au
4f,, and Au 4f;),, respectively, typically associated with the
presence of Au in the metallic state.**** The Au/Ga,O; photo-
catalyst synthesized by the PF method showed maximum
binding energy peaks at 83.0 and 86.7 eV, and for the material
prepared by the BH methodology the values were 83.2 and 86.9
eV and for the material prepared by the H, methodology these
values were 83.4 and 87.1 eV. Also, for all Au/Ga,O;

Paper

AN A
£oN
N

photocatalysts, these peaks shifted to lower binding energy
compared to pure Au nanoparticles.

This behavior is ascribed to a strong metal-support inter-
action (SMSI) and is indicative of an electron transfer from TiO,
to Pt.*®** Thus, based on these results, it could be also inferred
that electrons are transferred from Ga,O; to Au species, and this
electronic effect seems to be more pronounced for photo-
catalysts prepared by PF and BH methods.

From Fig. 5c, it could be seen that the O 1s XPS spectra of B-
Ga,0; showed a broad and asymmetric peak centered at 531.0
eV related to O~ species from the oxygen lattice (Oy) with a tail
in the region of 532-534 eV attributed to the oxygen (O,)
adsorbed in the vicinity of oxygen vacancies (Oy). The quantity
of oxygen adsorbed was correlated with the Oy
concentration.””***  For p-Ga,O; these peaks showed
a maximum intensity value at 531.0 and 532.4 eV, respectively.
For Au/Ga,O; photocatalysts prepared by PF, BH and H,
methods, the binding energies were 531.0 and 532.3 eV, 531.0
and 532.5 eV, 531.5 and 532.9 eV, respectively. The Oy/Oy, ratio
was estimated from peak areas,**® and the value obtained for
the B-Ga,O; material was 0.14. For Au/Ga,0O; photocatalysts
prepared by PF, BH and H, methods the values were 0.17, 0.10
and 0.12, respectively. It has been reported that depositing
a metal cluster on an oxide surface also favors the formation of
oxygen vacancies.”” Similar results were observed by Wang
et al.*® for the prepared Au/CeO, by the deposition-precipitation
method and they also observed an increase in the Oy/Oy, ratio

—Ga0,
—— Au/Ga,0; 1% PF
Au/Ga,0; 0.5% PF | T

20 cps 20 Cps

— Au/Ga,0,0.1% PF

Transmittance (a.u)

—Ga,0, —Ga,0,
——Au/Ga,0, 1% BH 20 Cps — Au/Ga;0; 1% H,
——Au/Ga,0, 0.5% BH | | Au/Ga,0; 0.5% H,
——Au/Ga,0, 0.1% BH

—_ Au/Ga;0;0.1% H,

460 5(‘)0
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Fig. 4 Diffuse reflectance UV-vis spectra of Ga,Osz and Au/Ga,O3 photocatalysts.
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Fig. 5 XPS spectra of Ga,O3 and Au/Ga,0Os 1.0 wt% photocatalysts: (a) Ga 2p region, (b) Au 4f region and (c) O 1s region (inset shows the

deconvoluted spectrum of the Au/Ga,Oz 1.0 wt% PF photocatalyst).

after the deposition of Au nanoparticles on the CeO, support.
Thus, an increase in oxygen vacancies was only observed for Au/
Ga,0; photocatalysts prepared by the PF methodology. Oxygen
vacancies can act as electron acceptors promoting the separa-
tion of photogenerated charge carriers and enhancing the
performance of the photocatalysts.**

Fig. 6 shows the PL spectra of commercial -Ga,0O; and Au/
Ga,0; photocatalysts.

PL spectroscopy has been used to investigate the electronic
interactions between noble metal nanoparticles and semi-
conductors. It was observed that the deposition of noble metal
nanoparticles on TiO, resulted in the attenuation of the PL
signal of TiO, due to a decrease in the recombination of elec-
tron-hole pairs.** From Fig. 6a, it could be seen that B-Ga,0;
showed a PL emission peak centered around 425 nm resulting
from the recombination of an electron in an oxygen vacancy or
Ga ion center and a hole trapped in a Ga ion vacancy.* For the
Au/Ga,0;3 1.0 wt% photocatalyst, the shapes of the emission
spectra were very similar to those of B-Ga,O; and a decrease in
the intensities for the PL emission peaks at about 425 nm was

This journal is © The Royal Society of Chemistry 2023

also observed indicating an improvement of the charge sepa-
ration for all photocatalysts. On the other hand, the decrease in
the PL emission peak was greater for BH and H, than for the PF
photocatalyst. It should be noted that although these photo-
catalysts have a nominal Au content of 1.0 wt%, the real Au
content of the PF photocatalyst was only 0.1 wt%. It was
observed for Au/Ga,O; photocatalysts that the intensity of the
PL emission peak decreases with the increase of Au content
even though the material has a larger Au nanoparticle size.>® As
shown in Fig. 6b, a clear decrease in the PL emission peak
intensities was observed for Au/Ga,0O; photocatalysts prepared
by the BH method with an increase in Au content.

The photocatalytic activity of commercial p-Ga,0O3; and Au/
Ga,0; photocatalysts for methane conversion coupled with
hydrogen production from water is summarized in Table 2. The
reactions performed in the absence of a photocatalyst and in the
presence of light resulted in only a small amount of CO,
formation. No products were formed when the reactions were
carried out in the absence of light, regardless of the photo-
catalyst used (ESI, Fig. S41). Using B-Ga,0O; as a photocatalyst,

Sustainable Energy Fuels, 2023, 7, 4288-4296 | 4293
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Fig. 6 PL spectra (a) B-Ga Oz and Au/Ga,O3 photocatalysts 1.0 wt%

prepared by PF, BH and H, methods and (b) Au/Ga,Os BH photo-
catalysts with 0.1, 0.5 and 1.0 wt% Au.

Table 2 Product formation using commercial B-Ga,Oz and Au/Ga,Os
photocatalysts (75 mg of photocatalyst, 250 mL H,O, 25 mL min~!
CHy, 450 W Hg lamp)

Product formation rates (umol g~ * h™")

Photocatalyst C,H¢ C,H, CzHg C,H;, CO CO, H,
Without photocatalyst — — — — — 9 —
B-Ga,0; 73 1 3 — 93 1080 3712
Au/Ga,03 1.0 wt% PF 130 6 14 1 181 4504 12800
Au/Ga,0; 0.5 wt% PF 81 8 8 — 275 5096 16400
Au/Ga,03 0.1 wt% PF 104 4 13 1 155 4488 15360
Au/Ga,0; 1.0 wt% BH 63 15 14 1 233 2368 7560
Au/Ga,03 0.5 wt% BH 67 20 15 1 322 2920 9920
Au/Ga,0; 0.1 wt% BH 100 11 15 1 310 4836 15070
Au/Ga,03 1.0 wt% H, 59 2 5 — 81 808 3604
Au/Ga,0; 0.5 wt% H, 58 1 4 — 92 759 3016
Au/Ga,0; 0.1 wt% H, 129 2 8 1 209 3285 10062
TiO, P25 73 — 3 — 25 140 —
Au/TiO, 1.0 wt% PF* 135 5 13 2 37 455 1856
ZnO 100 nm 4 0 1 1 5 85 —
Au/ZnO 1.0 wt% PF* 5 1 1 6 71 —

“ For comparative purposes.

the formation of appreciable amounts of H,, CO,, CO, and C,Hj
was observed. A chromatogram is shown in ESI Fig. S5.1 In the
presence of Au/Ga,0O; PF photocatalysts, it was observed that
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the amounts of products formed were very similar for all pho-
tocatalysts as these materials have very similar chemical
compositions (about 0.1 wt% of Au) despite being initially
prepared with different nominal Au contents (Table 1).

The H, and CO, production rates increased about fivefold
when compared to B-Ga,O; while the increase of CO and C,Hg
production rates was about twice. For these photocatalysts, it was
also observed that the formation of small quantities of C,H,,
C;3H; and C,H;,. Au/Ga,0; BH photocatalysts achieved increased
performance, which was observed to be inversely proportional to
the amount of Au, that is, the material with the lowest amount of
Au (0.1 wt%) was more active. Curiously, for this photocatalyst the
product formation rates were very similar to those of Au/Ga,0O; PF
photocatalysts, which contain similar Au contents. It was already
observed that there was an optimal quantity of metal loading to
prepare metal/semiconductor photocatalysts and that an
increase of it may cause a decrease in the performance probably
contributing to the recombination process of charge carriers
instead of promoting charge separation.®

Au/Ga,0; H, photocatalysts prepared with Au content of 0.5
and 1.0 wt% showed production rates very similar to that of p-
Ga,03;, which is probably due to the great sizes of Au nano-
particles (in the range of 200 to 300 nm) present in these mate-
rials. On the other hand, the Au/Ga,O; H, photocatalyst prepared
with Au content of 0.1 wt%, which has Au nanoparticles with an
average size of about 30 nm, showed an increase in the activity
compared to B-Ga,0j3, but the production rates were lower than
those obtained for photocatalysts prepared by PF and BH
methods with equivalent amounts of Au but with Au nanoparticle
sizes in the range of 3-5 nm. For comparative purposes, Au/TiO,,
and Au/ZnO 1.0 wt% PF photocatalysts were also tested, showing
inferior performance to the Au/Ga,0O; 1.0 wt% PF photocatalyst.
Similar results were recently reported by Amano and Ishimaru®®
for photocatalytic dehydrogenative coupling of methane in the
presence of water vapor using Au/Ga,O; photocatalysts with Au
content of 0.1 and 0.5 wt%. The products formed were CO,, CO,
C,H¢ and H, and the photocatalyst with Au content of 0.1 wt%
also showed superior performance. They also observed that the
activity was greatly influenced by Au nanoparticle sizes and it was
suggested that Au-Ga,0O; interfaces promote water oxidation by
holes producing ‘OH radicals that react with CH, to produce
'CH; that coupled forming C,H, since no adsorption of CH, on
Au/Ga,0O; photocatalysts was observed by FTIR analysis. Li
et al.**® also reported that in the presence of water and CH, using
metal/TiO, as photocatalysts, the “OH radical was the species that
dehydrogenated CH, forming the ‘CH; radical that coupled to
form C,Hs.

4 Conclusions

Au/Ga,0; photocatalysts were shown to be active for methane
conversion coupled with hydrogen production from water under
mild conditions. The main products formed were H, CO,, CO
and C,Hg with minor quantities of C,H,, C3Hg and C,H;,. TEM
and UV-Vis analysis showed that Au/Ga,O; photocatalysts
prepared by PF and BH methods have smaller Au nanoparticle
sizes than the photocatalysts prepared by the H, method. XPS

This journal is © The Royal Society of Chemistry 2023
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analysis of Ga 2p and Au 4f regions of Au/Ga,0O; photocatalysts
indicate the presence of Au® and Ga-0O species from the -Ga,0O;
structure for all photocatalysts, and furthermore, the photo-
catalysts prepared by PF and BH methods exhibited a more
pronounced interaction between Au nanoparticles and Ga,O;
that could result in electron charge transfer from Ga species to
Au. The O 1s XPS spectra suggest an increase in oxygen vacancies
only for the Au/Ga,0; photocatalyst prepared by the PF method.
PL emission spectra showed a decrease in intensities for the
emission peaks for all Au/Ga,O; photocatalysts when compared
to B-Ga,0; suggesting a decrease in the recombination of elec-
tron-hole pairs. The Au/Ga,0; photocatalysts with Au content of
0.1 wt% showed better performance than the materials with Au
content of 0.5 and 1.0 wt% for all methods used. Au/Ga,0;
photocatalysts prepared by PF and BH methods showed superior
performance and this could be attributed to smaller Au nano-
particle sizes and their interactions with the p-Ga,0Oj; structure.
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