
1 

 

 

Structural transformation of Ga2O3-based catalysts during photoinduced reforming of 

methanol 

Materials Research Bulletin, Volume 95, November 2017, Pages 71-78 

 

Ádám Vass, Zoltán Pászti, Szabolcs Bálint, Péter Németh, András Tompos, 

Emília Tálas 

 

http://dx.doi.org/10.1016/j.materresbull.2017.06.034 

SSN: 00255408, CODEN: MRBUA, Source Type: Journal Original language: English 

DOI: 10.1016/j.materresbull.2017.06.034 

Document Type: Article 

Publisher: Elsevier Ltd 

Corresponding author: Emília Tálas 

 
 
 
Highlights 

 β-Ga2O3 is active in the methanol photocatalytic reforming under UV–vis 
irradiation. 

 PtOx co-catalyst is formed on the surface of Ga2O3 by calcination of 
Pt(NH3)4(NO3)2. 

 Introduction of PtOx co-catalyst results in enhanced hydrogen production. 

 In-situ metallic Pt formation during the photoinduced reaction is proved by XPS. 

 PtOx/Ga2O3 transforms to Pt0/GaOOH during the photoinduced reaction. 
 

Graphical abstract: 

 

 

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Repository of the Academy's Library

https://core.ac.uk/display/95356122?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1016/j.materresbull.2017.06.034


2 

 

Structural transformation of Ga2O3-based catalysts during photoinduced reforming of 

methanol 
 

Ádám Vass
1
, Zoltán Pászti

1
, Szabolcs Bálint

1, 2
, Péter Németh

1
, András Tompos

1
, Emília 

Tálas
1,*

 
1
Institute of Materials and Environmental Chemistry, Research Centre for Natural Sciences, 

Hungarian Academy of Sciences, H-1117 Budapest, Magyar tudósok körútja 2, Hungary 
2
Semilab Semiconductor Physics Laboratory, H-1117 Budapest, Prielle Kornélia utca 2, 

Hungary 

 

 

 

 

 

 

Abstract 

In this work PtOx/-Ga2O3 is prepared and characterized in order to test its properties 

in the photoinduced methanol reforming reaction using UV-visible irradiation. XRD, TEM 

and XPS techniques are used to characterize the fresh and recovered Pt-containing and Pt -

free samples. Our results prove that in the presence of Pt the Ga2O3 is converted into GaOOH 

as a result of the irradiation and/or in situ photoinduced H2 formation. In parallel, Pt is 

gradually reduced and the unusually low value of the 4f7/2 binding energy of the metallic Pt 

component evidences electron transfer from GaOOH towards Pt in accordance with its role as 

cocatalyst.  

 

 

 

Keywords: A.gallium oxides; C.X-ray diffraction; C.photoelectron spectroscopy; D.catalytic 

properties; D.surface properties 

                                                 
*
Corresponding author, Tel.: +36 1 382 6916, email: talas.emilia@ttk.mta.hu, address: H-1519 Budapest, 

P.O.Box 286, Hungary (Emília Tálas) 

mailto:talas.emilia@ttk.mta.hu


3 

 

1. Introduction 

Due to its favorable electronical and optical properties, Ga2O3 is regarded as a 

promising material for several applications in electronic [1,2] or optoelectronic devices [3], 

photodetectors [4,5] and sensors [2,6-9]. The large band gap energy (4.8 eV) of Ga2O3 [2] 

contributes to its superior photocatalytic performance [10,11]. The Ga2O3-based 

photocatalysts show exceptional activity in photocatalytic oxidation reactions [11]. Nowadays 

oxidative degradation of volatile organic compounds (VOCs) into harmless compounds such 

as carbon dioxide and water has special importance. Pure Ga2O3 is highly photoactive for the 

complete oxidation of gaseous benzene, toluene and ethylbenzene at room temperature 

without the problem of catalyst deactivation, i.e., the destruction of stable reaction 

intermediates on Ga2O3 maintains of a clean surface on the photocatalyst [10,11]. Ga2O3-

based materials are suitable to degrade pollutants in aqueous phase, as well (e.g. 

photocatalytic reduction of perfluorooctanoic acid [12,13], photocatalytic oxidation of 

cyanide [14]). In the activity test of the Ga2O3-based photocatalysts, chemicals such as 

Rhodamine B [15], methylene blue [16], salicylic acid [17] are commonly used as model 

compounds. 

Besides degradation reactions, Ga2O3-based photocatalysts are active in non-oxidative 

coupling reaction of methane [18], in photocatalytic reduction of CO2 with methane [19] or 

with water [20], in photocatalytic steam reforming of methane [21] and in photocatalytic 

water splitting [22-25]. The targeted product of the latter processes is H2, a promising 

alternative energy carrier [26]. Methanol photocatalytic reforming reaction [27] (1) is also a 

possible approach for H2 production. 

  (1) 

It is known that metal oxide or metal nanoparticles loaded onto the surface of the 

semiconductor improve the efficiency of photocatalysts as they promote the charge separation 

and suppress the recombination of the photogenerated electron-hole pair [28,29]. Another 

important role of the cocatalyst is to provide reaction sites for elementary reaction steps 

subsequent to light absorption [21,29]. The latest is particularly important in the 

photocatalytic hydrogen production, because the cocatalyst has to provide active sites for H
+
 

reduction and the combination of surface hydrogen atoms into molecular H2. These steps are 

less supported by the semiconductor, for example the activity of TiO2 in reaction (1) can be 

increased at least an order of magnitude if a proper cocatalyst is involved [30-32].  

Reviewing the different cocatalysts applied for Ga2O3-based photocatalysts, Ag has 

been described as effective one in the photocatalytic reduction of CO2 with water resulting in 

a mixture of CO and H2 [20]. NiO [22] and Rh2-yCryO3 [22,23] worked well in water splitting . 

Photocatalytic steam reforming of methane resulting in H2 and CO2 was successfully carried 

out over Ga2O3 in the presence of Pt or Rh cocatalyst [21,33]. Shimura and coworkers studied 

in detail the role of cocatalysts obtained from different metals by different methods (i.e. 

photodeposition, impregnation followed by calcination, impregnation followed by calcination 

and successive hydrogen reduction) in the photocatalytic steam reforming reaction [21]. The 

following order of activity was found: Pt>Rh>Au>Pd>Ni [21]. It was also observed that the 

different metals gave their maximum activity at different cocatalyst formation method. Upon 

using Pt cocatalysts the highest activity was obtained if it was prepared by impregnation 

followed by calcination in air [21]. In our previous work on using Ga-Zn oxynitrides for 

methanol photocatalytic reforming, we also found that Pt cocatalyst formation by calcination 

was more favorable than that by high temperature H2 treatment [34]. However, the presence 

of Pt cocatalyst in any form resulted in a transformation of the oxynitride phase into 

oxyhydroxide during the photoinduced reaction [34].  
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The naturally arising question is to assess the stability of gallium oxide against 

oxyhydroxide transformation. The present work is aimed to study the performance of PtOx/-

Ga2O3 catalyst system in the photoinduced reforming reaction of methanol (1) and to get 

knowledge about the reaction induced structural changes of the solid.  

 

2. Materials and methods 

 

2.1 Materials 

Aldrich -Ga2O3 (BET specific surface area 8.9 m
2
/g) and Pt(NH3)4(NO3)2, Reanal 

methanol and double distilled water (18 M) were used for the synthesis. As a co-catalyst, 1 

w% Pt was loaded onto the -Ga2O3 by incipient wetness impregnation method from the 

aqueous solution of Pt(NH3)4(NO3)2. After overnight drying at 90°C, the sample was heated 

up to 300 °C in air using 2
 
°C/min heating rate and calcined for 1h at 300°C in an oven. 

 

2.2 Hydrogen evolution reaction 

The photoinduced reforming reaction was carried out similarly to our previous study 

[34]. An UV-Consultig Peschl UV-Reactor System 1 equipped with gas inputs and outputs 

was used as a photoreactor. The measurement of H2 evolution was carried out in a dynamic 

system. Nitrogen gas with 20 ml/min flow rate was continuously bubbled through the reactor 

and a sample from the gas outlet was introduced into the gas chromatograph (GC) by a 

sampling valve in every fifteen minutes. A GC (Agilent 7820A) equipped with SUPELCO 

Carboxen 1010 column and TCD detector was used to follow the H2 production. The internal 

standard of the GC analysis was argon gas added to the vapor-gas mixture before the GC 

sampling valve. The H2 production expressed as H2 production rate (mmol/(gcat*h)) was 

corrected by data of direct photolysis in the absence of the Ga-oxide based materials. Initial 

concentration of methanol was 6 vol% in double distilled water. The reaction was carried out 

at 30-35°C. The amount of catalyst and the reaction volume were 100 mg and 370 ml, 

respectively. A mercury medium pressure lamp TQ 150 operating in UV-visible region was 

used as light source. We monitored the reactions at least for 10 h. After the photoreaction, the 

samples were recovered from the aqueous methanol solution by centrifuging, washing with 

3x50 ml absolute ethanol followed by drying under N2 flow. 

 

2.3 Characterization of the Ga-oxide based materials 

X-ray powder diffraction (XRD) patterns were obtained in a Philips model PW 3710 

based PW 1050 Bragg-Brentano parafocusing goniometer using CuK radiation (= 0.15418 

nm), graphite monochromator and proportional counter. During phase analysis we used 

reference cards from the ICDD PDF-2 (1998) data base. Crystallite sizes were calculated from 

reflection line broadening using the Scherrer-equation. 

Transmission electron microscopy (TEM) studies of the samples were carried out in a 

FEI Morgagni 268D type transmission electron microscope (accelerating voltage: 100 kV, W-

filament). The samples were prepared by grinding and dispersing of the resulted powder in 

ethanol using an ultrasonic bath. 

X-ray photoelectron spectroscopy (XPS) measurements were carried out using an 

EA125 electron spectrometer manufactured by OMICRON Nanotechnology GmbH 

(Germany). In order to overcome difficulties due to overlap of the C 1s line with Ga Auger 

transitions, the photoelectrons were excited by both MgK (1253.6 eV) and AlK 

(1486.6 eV) radiation. Spectra were recorded in the Constant Analyzer Energy mode of the 

energy analyzer with 30 eV pass energy resulting in a spectral resolution around 1 eV. 

Samples in the form of fine powder were suspended in isopropanol. Drops of this suspension 

were placed on standard OMICRON sample plates; after evaporation of the solvent coatings 
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with sufficient adhesion and electric conductivity were obtained. Binding energies were 

referenced to the hydrocarbon component of the C 1s peak arising from adventitious 

contamination at 285.0 eV. Since compositional analysis suggested a strongly 

oxidized/hydroxylated state for the surface, a secondary reference was the Ga 2p3/2 peak, 

which was expected around 1118.8 eV in Ga2O3 [35]. Data were processed using the 

CasaXPS software package [36] by fitting the spectra with Gaussian-Lorentzian product 

peaks after removing a Shirley or linear background. Nominal surface compositions were 

calculated using the XPS MultiQuant software package [37,38] with the assumption of 

homogeneous depth distribution for all components. Chemical states were identified by XPS 

databases [39,40].  

 

3. Results and discussion 

 

3.1 Effect of cocatalyst on the hydrogen production 

Figure 1 shows the results of the photoinduced reforming reaction of methanol over 

Ga2O3 with and without PtOx cocatalyst. The H2 formation rate-reaction time dependencies 

have two main parts, the initial period and a plateau in both cases. The plateau of the H2 

evolution rate represents continuous formation of H2. The gradual increase of the measured 

hydrogen production rate in the initial period can be explained by at least two reasons: (i) the 

methanol solution should be first saturated by hydrogen and reach equilibrium for the liquid 

phase/nitrogen flow before the measurement became relevant to real gas evolution; (ii) the in 

situ formation of catalytically active sites requires some time. The presence of the cocatalyst 

results in about fivefold increase in the hydrogen production rate in the steady state (plateau 

region).  

In a separate experiment we also checked the persistency of the good H2 production 

activity of the Pt-containing sample. After 10 h reaction time the irradiation and the stirring 

was finished, then the reaction was restarted again the next day. In this case the same level of 

H2 production rate could be reached as before with a somewhat sharper initial period which 

presumable belonged to the equilibration mentioned above. 
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Figure 1. Hydrogen production. □: Ga2O3 ▲: PtOx/Ga2O3 
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3.2 Characterization of the Ga-oxide based materials 

In order to obtain a more realistic picture about the structure and the surface of the real 

working catalyst, results of characterization of the fresh and recovered samples were 

compared. 

 

3.2.1 Results of XRD measurements  

Average particle size of the samples calculated on the basis of XRD is 40-60 nm. The 

typical XRD patterns of the fresh and recovered Ga2O3-based Pt-free and Pt-containing 

samples are presented in Figure 2. In the absence of the cocatalyst the -Ga2O3 phase does not 

change during the photoreaction (line b in Figure 2). Similarly, the Pt load does not influence 

the structure of -Ga2O3 (line c in Figure 2). This finding is consistent with the expectation 

because β-Ga2O3 is considered as the most stable crystalline modification of Ga (III) oxide 

[2]. However, the structure of the Pt-containing recovered sample shows a drastic difference 

(cf. lines a,b, c and line d in Figure 2); instead of -Ga2O3, the XRD pattern reveals the 

characteristic peaks of -GaOOH (# 70-0538) [41-43]. Although -GaOOH is often used as 

precursor/intermediate in the preparation of - and -Ga2O3 [43-46], the reverse reaction, the 

formation of GaOOH from Ga2O3, has not been reported. Instead, the formation of GaOOH is 

observed in water-rich medium at relative low temperature (<300
o
C) [42,43,47]. Its finding in 

our experiments suggests that the presence of Pt can induce the phase transition of -Ga2O3 

into GaOOH in the aqueous medium under the long time (600 min) irradiation. The 

appearance of GaOOH is consistent with our previous finding, i.e., Ga-Zn-oxyhydroxide 

forms as a result of the photoinduced reforming of methanol over Pt loaded Ga-Zn-oxynitride 

[34].  

 
Figure 2. XRD patterns of the -Ga2O3-based samples. a= fresh-Ga2O3; b= Pt-free 

recovered -Ga2O3; c= fresh PtOx/-Ga2O3; d= Pt-containing recovered sample (enlarged by 

factor 3). The elevated background at lower 2theta values for pattern d indicates certain 

amount of amorphous phase. XRD lines of a, b and c are consistent with monoclinic - Ga2O3 

(# 87-1901) and those of d show GaOOH diffractions (# 70-0538). 
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3.2.2 Results of TEM measurements 

The TEM images of the Ga2O3-based Pt-free and Pt-containing fresh and recovered 

samples can be seen in Figure 3. 

 

 
Figure 3. TEM images of the Ga2O3-based samples. A: fresh-Ga2O3; B: Pt-free recovered 

-Ga2O3; C: fresh PtOx/-Ga2O3; D: Pt-containing recovered sample. Consistently with XRD 

result, electron diffraction patterns (inserts) show - Ga2O3 (# 87-1901) for A, B, C and 

GaOOH diffractions (# 70-0538) for D. 

 

 The TEM results are in accordance with those of XRD measurements. Fresh-Ga2O3 

(Figure 3A), Pt-free recovered -Ga2O3 (Figure 3B) and fresh PtOx/-Ga2O3 (Figure 3C) 

samples are very similar to each other; they consist of very large (micrometer-size) rod-like 

aggregates, which are built up by 50-100 nm crystallites. Formation of the cocatalyst itself 

does not influence the morphology of the semiconductor; however, the enlarged image of the 

fresh PtOx/-Ga2O3 shows the formation of a certain surface layer (black arrow in Figure 3C). 

We attribute this surface change to Pt introduction. In contrast to Figure 3A, 3B and 3C, 

Figure 3D shows 20-40 nm wide and 100-500 nm long needle-shape crystals, which, 

according to their electron diffraction pattern, consist of GaOOH. No sign of the presence of 

-Ga2O3 is seen in the TEM images or diffraction patterns. We interpret the significant 

morphological change and the formation of GaOOH to the photoinduced reaction of the Pt-

containing sample. 

 

3.2.3 Results of XPS measurements 

Table 1 summarizes the most significant XPS data obtained on the studied samples.  
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Table 1. Characteristic binding energies (in eV) of the Pt 4f, Ga 3d and O 1s levels and Ga/O 

ratios (in at%/at%) measured by XPS on the samples studied in this work.  

Binding 

energy, eV 

Fresh 

Ga2O3 

Recovered 

Ga2O3 

Impregnated 

Pt/Ga2O3* 

Fresh 

PtOx/Ga2O3; 

(calcined) 

Pt-containing 

recovered 

sample  

 

Pt 4f 

 

 

 

Ga 3d 

 

O 1s 

 

 

 

-- 

 

 

 

20.5  

 

531.4 

533.1 

 

 

-- 

 

 

 

20.2 

 

531.3 

532.9 

 

 

72.3 

 

 

 

20.3 

 

531.4 

533.1 

 

 

71.2 

72.6 

73.7 

 

20.4 

 

531.4 

533.0 

 

 

70.8 

72.4 

 

 

20.2 

 

531.2 

532.6 

Ga/O ratio 0.75 0.65 0.71 0.70 0.53 

*1% Pt on the -Ga2O3 by incipient wetness impregnation method from the aqueous solution 

of Pt(NH3)4(NO3)2 after the overnight drying at 90
o
C and before the calcination step. 

 

The Ga 3d peak of the fresh Ga2O3 sample can be fitted by a single, relatively narrow 

component suggesting a single chemical state. The 20.5 eV binding energy corresponds to the 

fully oxidized Ga [35,39,40]. The Ga/O ratio is somewhat higher than the nominal value for 

this compound (0.66).  

In all studied samples the O 1s peak is decomposed into two contributions. The more 

intense one appears around 531.2-531.4 eV, which is at the upper end of the range reported 

for Ga2O3 (530.7-531.3 eV [39,40]). The weaker peak around 533 eV can be assigned to 

surface oxygen containing species like OH groups [48]. In the Ga2O3 sample recovered after 

the photoreaction a small but important shift of the Ga 3d peak is observed towards lower 

binding energies, while the width of the peak increases only slightly. At the same time, the Ga 

Auger parameter calculated as the sum of the binding energy of the Ga 3d band and the 

kinetic energy of the Ga L3M45M45 remains around 1082.6-1082.7 eV, which is generally 

reported for Ga2O3 and indicates that the oxidation state of Ga is still mainly +3. Thus, the 

surface oxide of the catalyst after the reaction, although still contains Ga
3+

 ions, is different in 

some sense from the oxide in the Ga2O3 system. As the sample was exposed to an aqueous 

environment, formation of GaOOH on the surface regions is quite plausible. Unfortunately, 

binding energy data for GaOOH are very scarce in the literature. In Ref. [49] water adsorption 

on GaAs is investigated. The authors claim that a large dose of water exposure results in a 

GaOOH-type surface species at Ga 3d binding energy of 20.0 eV. Unfortunately, Ga 3d in 

Ga2O3 is reported also at 20.0 eV in their work. In Ref. [50] water also is studied on GaAs in 

high pressure XPS experiments. They report a 1.0 eV difference between the Ga 2p3/2 peak of 

GaAs and an oxyhydroxide species. Applying the same shift for their Ga 3d data, a binding 

energy of 20.1 eV is obtained for the oxyhydroxide species. Therefore, the assignment of the 

Ga 3d peak slightly above 20 eV binding energy to GaOOH seems to be reasonable. The Ga 

3d signal arising from Ga(OH)3 occurs around 21.6 eV [35].  

The formation of Ga-oxyhydroxide on the surface of the Ga2O3 particles during the 

photochemical experiment is supported by the decreasing Ga/O ratio and the increasing OH-

related component in the O 1s spectrum, as depicted in Figure 4, where the O 1s bands of the 

recovered samples are compared to that of the Ga2O3 starting material. 
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Figure 4. O 1s core level spectra of the different Ga2O3-based samples.   a= fresh-Ga2O3; 

b= Pt-free recovered -Ga2O3; c= Pt-containing recovered sample. 

 

According to the quantitative evaluation of the XPS data, the Pt content of the Pt-loaded 

samples is around 1-2 wt%, in good agreement with the intended value. After impregnation 

the Pt 4f spectrum (see Figure 5) can be conveniently modeled by a broad 4f7/2-4f5/2 doublet, 

with the 4f7/2 peak at 72.3 eV. According to the literature, a Pt 4f7/2 peak between 72-73 eV is 

due to Pt
2+

 ions (e.g. Pt(OH)2). No signs of metallic Pt (around 71.2 eV binding energy) are 

found at this stage. 

The Ga 3d peak of the impregnated Pt/Ga2O3 appears at a somewhat lower binding 

energy than in the fresh Ga2O3 powder. The Ga Auger parameter is consistent with the Ga
3+

 

ionic state, while the O 1s spectrum remains essentially identical to that of Ga2O3. 

Calcination of the sample results in the transformation of the Pt (sample: fresh PtOx/-

Ga2O3 in Table 1). After annealing in air at 300°C, the spectrum is composed of three 

overlapping doublets, one with its 4f7/2 peak at 72.6 eV (still due to Pt
2+

 ions), one at 71.2 eV 

from metallic Pt and a weak contribution at 73.6 eV, arising from Pt
4+

 (like PtO2) [51,52]. 

Thus, in spite of the oxidative treatment, calcination results in some reduction of Pt until the 

metallic state. According to the Ga 3d binding energy and the Ga Auger parameter, the 

calcined support (sample: fresh PtOx/Ga2O3 in Table 1) essentially consists of Ga2O3. 

In case of the recovered Pt-containing sample the binding energy shift of the Ga 3d core 

level is observed again, accompanied by a very significant increase of the oxygen content 

(decreasing Ga/O ratio) and the appearance of a very intense hydroxyl contribution in the O 

1s sample. Since the XRD and the TEM investigations reveal the transformation of the Ga2O3 

into Ga-oxyhydroxide, it is safe to assign the changes of the Ga binding energy and the O 1s 

spectrum to the growth of the oxyhydroxide phase. 

According to Figure 5, platinum also changes during the photoreaction. The Pt 4f 

spectrum of the Pt-containing recovered sample can be decomposed into two doublets. The 

one with the 4f7/2 peak at 72.4 eV indicates again the presence of Pt
2+

 ions, while the 

considerably stronger one at 70.8 eV is from metallic Pt. 
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Figure 5: Pt 4f core level spectra for the different Pt-loaded Ga2O3–based samples. a= 

Impregnated Pt/Ga2O3; b= fresh PtOx/-Ga2O3 (calcined); c= Pt-containing recovered sample. 

 

The data indicates that in the course of the photoinduced methanol reforming reaction a 

gradual Pt reduction takes place, thus the cocatalyst develops under the reaction conditions. 

This observation is in accordance of our previous results obtained on Ga-Zn-oxyhydroxides 

[34]. Another interesting observation is the unusually low Pt 4f7/2 binding energy, which 

probably suggests an electron transfer from the Ga-oxyhydroxide semiconductor towards the 

metal, in good agreement with the intended effect of the cocatalyst.  

 

3.3 On the photocatalytic nature of the photoinduced methanol reforming reaction 

Although it is tempting to identify the observed hydrogen generation under illumination 

as a result of photocatalytic reforming of methanol, a heterogeneous photochemical process 

must fulfill several requirements before it can be recognized as a photocatalytic one [53-54]. 

The most stringent of them is that the product of the photoreaction must leave the active site 

to restore its original chemical state and make it available for a subsequent reaction, which 

results in a turnover number (TON) higher than one. If the TON is not larger than unity, the 

photoinduced reaction cannot be regarded as photocatalytic one [53]. Since calculation of the 

TON requires the knowledge of the amount of active sites in the sample, which is very 

difficult to determine under ordinary experimental conditions, a lower limiting value based on 

the total number of regular surface sites may be used in judging the nature of a photoreaction 

[53]. The surface lattice ion concentration for monocline Ga2O3 is 2.16*10
19 

atom/m
2 

which is 

in same order of magnitude that is suggested for calculation by Emeline et al. [53]. Taking 

into account the BET specific surface area for bare Ga2O3, the lower limiting value of TON of 

8.0 was obtained which suggest that Ga2O3 behaved indeed as a real photocatalyst. 

Since the PtOx/Ga2O3 system undergoes a structural transformation, it obviously fails to 

conform to the definition of being a photocatalyst. On the other hand, as the constant H2 

evolution activity was maintained during the experiment in case of the Pt containing sample, a 

question arises whether the newly formed solid system can be recognized as photocatalyst or 

not. The specific surface area of the in situ formed PtOx/GaOOH as well as the reaction time 
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at which the total transformation of Ga2O3 into GaOOH took place is not available so we can 

only use the total number of Ga atoms introduced with PtOx/Ga2O3 sample as a very rough 

estimation of a certain kind of lower limiting value of TON, which is 1.2. This value implies 

the possibility of a photocatalytic process in case of our Pt containing sample, too. 

Nevertheless, confirmation if the photoinduced reforming of methanol over the transformed 

PtOx/GaOOH is indeed a catalytic process requires further work. 

 

3.4 Role of the cocatalyst in the photoinduced methanol reforming reaction 

According to the widely accepted opinions the advantages of the cocatalysts in a 

heterogeneous photoreaction on a semiconductor surface can be attributed to the reduced 

charge recombination; promoted charge separation and transport driven by 

junctions/interfaces. Metallic nanoparticles such as Pt
0
 direct the photogenerated electrons 

while metal oxides such us RuO2 direct the photogenerated holes to the surface of the 

semiconductor [28, 29]. Another important role of the cocatalyst is to provide reaction sites 

for elementary reaction steps subsequent to light absorption, such as formation of molecular 

hydrogen and its desorption from the surface [28,29]. It has been described that different 

types of photocatalysts containing cocatalyst in form of Pt
0
 are more active than the Pt-free 

ones. Our observations on Pt
0
/TiO2 [55] catalysts obtained by high temperature hydrogen 

treatment from Pt-precursor salt coincide with the above statement. Our opinion is that Pt
0
 is a 

definitely active cocatalyst. However we could not separate the possible effect of Pt
n+

. As 

both the methanol (our reactant) and the in situ formed hydrogen (our reaction product) are 

reductive agents, furthermore the irradiation can also contribute to the gradual reduction of 

the Pt-containing surface moieties, the in situ reduction of the Pt-containing surface species 

cannot be avoided in this system. The synergistic coexistence of metallic Pt and-PtOx, which 

may be the result of the calcination, could also be assumed, leading to a dual cocatalyst 

system i.e. the simultaneous presence of a metal and a metal oxide, which was found to be 

advantageous [56] however we did not find direct evidence for it in our recent work [55]. 

The hydroxylation of oxide surfaces is a general phenomenon which influences many 

systems. Our experiments with the Pt-free -Ga2O3 sample pointed to the occurrence of such 

a process as XPS gave evidence for appearance of surface hydroxyl groups, while bulk-

sensitive methods showed no structural changes. At the same time, it is very difficult to make 

difference between the “surface oxyhydroxides” and the “hydroxylated surface” in case of the 

recovered Pt-free sample. However, exclusively in case of the Pt containing sample, both 

bulk- and surface-sensitive methods demonstrated the transformation of -Ga2O3 into 

crystalline GaOOH revealing the importance of Pt in this process.  

In a purely photocatalytic process the rate of reduction and oxidation processes on the 

the surface of the photocatalyst are equal. If this balance is broken, a secondary (non-

photocatalytic) reaction would occur depending on which half-reaction is more efficient [53]. 

Comparing the half-reactions over bare Ga2O3 and the Pt containing sample the reduction of 

H
+
 with the photogenerated electron would be accelerated by Pt as Pt is known as one of the 

best catalysts for the reduction of proton. It is conceivable therefore that the presence of Pt 

contributed to a secondary surface chemical reaction leading to transformation of Ga2O3 into 

the oxyhydroxide.  

 

3.5 The oxyhydroxides as possible photocatalysts 

As it was mentioned previously, we have indications that the transformed PtOx/GaOOH 

system acts as a photocatalyst, even if an unequivocal proof is not available. Nevertheless, we 

believe it is worth to discuss the possible role of oxyhydroxides in photocatalysis using 

several examples from the literature.  
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Photodeposited amorphous oxyhydroxide layers behave as molecular sieves, which 

selectively filter the reactant and product molecules on the surface of the semiconductor 

preventing the oxygen reduction and resulting in successful overall water splitting [57]. The 

as-prepared InOOH shows photocatalytic activity for benzene degradation [58]. Band gap of 

InOOH hollow spheres is estimated from the UV-vis diffuse reflectance spectrum to be 3.5 

eV, which is almost equal to that of indium oxide-hollow spheres [59]. The suspensions of as-

prepared ultrathin β-CoOOH nanosheets can directly photocatalyze hydrogen evolution in a 

high rate and large quantum efficiencies [60]. However, the photocatalytic activity of bulk 

oxyhydroxide material is found to be poor [25,60].
 
It should also be mentioned that in case of 

the catalyst for water splitting reaction prepared by electrodepositions from Co
2+

 solutions in 

phosphate electrolytes an in situ formed cobalt oxyhydroxide (CoOOH) layer is suggested to 

be the catalytic active component [61,62].  

Based on the previous examples, we think it imaginable that in situ formed GaOOH and 

metallic Pt nanoparticles occurring side-by-side are beneficial for the methanol photocatalytic 

reforming reaction however this idea need further proofs. 

 

4. Conclusion 

In this work the photoinduced reforming of methanol over Ga2O3 and PtOx-loaded 

Ga2O3 was compared. Ga2O3 provided notable hydrogen generation in a photocatalytic 

process. Although the Pt-containing material resulted in considerably higher hydrogen 

generation rate, XPS data in accordance with the results of XRD and TEM measurements 

indicated that Ga2O3 became converted into GaOOH as a result of the irradiation and/or in 

situ H2 formation. In parallel, Pt was gradually reduced, while unusually low value of the 4f7/2 

binding energy of the metallic Pt component revealed the electron-rich environmental of the 

Pt particles, which suggests electron transfer from GaOOH towards Pt in accordance with the 

role of the cocatalyst. The transformation of the semiconductor during the photoreaction 

precludes recognition of PtOx/Ga2O3 as a photocatalyst. At the same time, a possible 

phototcatalytic effect is suggested for the in situ formed PtOx/GaOOH system, although its 

confirmation needs further studies.  
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