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Abstract 

Metal co-catalysts in oxide semiconductors are essential to enhance photocatalytic 

reaction, but the selectivity is often low due to the conversion of the target molecules 

as more reactive in comparison with the reagents. Here, we explore the influence of 

electricity on the activity and selectivity of liquid gallium as a co-catalyst loaded in 

TiO2 and ZSM-5 supports the photocatalytic oxidation of methane. We first show that 

the polarization of the photocatalytic chips allows a more efficient wetting of liquid 

gallium into the semiconductor matrices, which increases the availability of the 

photogenerated charge carriers for reactions and improves the overall activity of the 

composites. More importantly, the oxide skin surrounding the spread liquid is found to 

be charged, resulting in a significant reduction of the CO oxidation. An increase of the 

CO selectivity from 10 to 80 % upon polarization to 50 V, with a stable photocatalytic 

activity reaching 0.6 ± 0.01 mmol/g·h, makes the use of electricity quite appealing to 

tailor liquid metals in catalysis.   

 

Keywords: Ga liquid metals, external electricity, photocatalytic methane conversion. 

 

  



3 
 

1. Introduction 

Methane (CH4) has been imposing a global warming threat of 30 times greater than 

carbon dioxide (CO2) due to its abundance, powerful combustion, and wide usage in 

several sectors. At the moment the main industrial routes for conversion of methane are 

dry and steam reforming and partial oxidation of methane to produce syngas (CO and 

hydrogen). However, these routes require extremely high temperatures (>600 oC) [1–

4]. As photocatalysis offers an opportunity to perform the methane conversion at 

ambient temperature conditions by bypassing the thermodynamic limitations [5], partial 

photocatalytic oxidation of methane has been widely studied in literature (Table S1, SI) 

[6]. So far, the reaction has produced a significant amount of CO2 due to the further 

oxidation of CO as a more reactive molecule than methane [7,8].   

Photocatalysis relies on the absorption of photons. But the use of semiconductor 

absorbers is generally limited because of useless recombination between the 

photogenerated charge carriers, preventing them from activating the reactants. As a 

result, semiconductor photocatalysts are associated with metal co-catalysts (Pt, Pd, 

Au,…)[9,10]. These metal nanoparticles are known to strongly reduce the 

recombination process by scavenging one type of charge carriers [11,12], and, at the 

same time, provide additional reactive sites. Studies of the reaction efficiency as a 

function of the loading of solid metal co-catalysts have revealed that the highest activity 

occurs for small loadings only, about 1 wt% [13]. Higher loadings block the incident 

light to the semiconductor, reduce its surface-active sites and may even poison these 

sites once deposited in the host matrix. There is thus a quest to tailor metal co-catalysts 
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so that the efficiency and/or the selectivity of the reaction can be further improved. The 

use of metals such as gallium (Ga), becoming a liquid at near room temperature (29.8 

oC) offers an opportunity to address this issue [14–16]. In its liquid form, it has been 

shown to act as a washing fluid, with a strong ability to remove precipitated byproducts, 

this self-regeneration property of the catalyst surface prolonging the catalyst lifetimes 

[17–19]. 

Here we investigate the influence of liquid Ga on the photocatalytic oxidation of 

methane to CO with two prototypical oxide semiconductors, TiO2 and H-ZSM-5. At the 

melting point of Ga and upon the application of an external electric field across both 

composites, we find a reproducible enhancement of the total gas production. We show 

that the polarization of the catalytic chips results in a stronger wettability of the 

semiconductor supports. The interfacial area in the composite extends and favors the 

transfer of charge carrier for the activation of the reactants instead of their 

recombination. More importantly, a drastic change of selectivity is obtained when the 

chips are polarized: the selectivity to CO increasing from 10 to 80 %. Monitoring the 

oxidation of Ga with X-ray absorption spectroscopy evidences a regulation of the oxide 

skin around the spread liquid, when the chips are run with electricity. The skin is kept 

thin enough, so that the electrons transferred to Ga continuously tunnel across the skin, 

repelling the CO molecules and hence suppress their oxidation to CO2 over the charged 

Ga surface. The opportunity to tailor the wetting and the interfacial charges of liquid 

metal with electricity is a very promising route to control selectivity in photocatalysis.  
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2. Material and methods 

2.1. Materials and reagents 

 Gallium (Ga, 99.99% trace metals basis), titanium (IV) oxide powder (TiO2, P25, 

99.5%), and gallium (III) nitrate hydrate (Ga(NO3)3.xH2O), were provided from Sigma-

Aldrich. NH4-ZSM-5 (CBV2314) with a SiO2/Al2O3 ratio of 23 was purchased from 

Zeolyst. Nitrogen gas, methane and synthetic air were provided by Air Liquide 

company. All chemicals were used without further purification.  

2.2. Fabrication of photocatalytic chips 

 First, H-ZSM-5 powder was prepared via the calcination of NH4-ZSM-5 compound 

at 550 °C (ramp of 2 °C/min) for 6 hours under air medium, then the obtained powder 

was collected and stored for further steps [17]. The gallium (Ga) liquid metal-based 

photocatalysts were simply synthesized in a metallic reactor by mixing certain amounts 

of Ga metal with H-ZSM-5 and TiO2, as a weight ratio of 1:1, then the powder mixtures 

were stirred and heated at 250 oC under N2 medium (2 MPa) for 20 hours. After being 

cooled to room temperature, the obtained powders were ground and collected for 

photocatalytic tests (as illustrated in Figure S1a). For comparison, a Ga2O3/TiO2 

composite was prepared via incipient wetness impregnation of the Ga(NO3)3 aqueous 

solution and TiO2 powder (Ga loading content of 5 wt%). Afterward, the sample was 

dried at 60 °C overnight and then calcined at 250 oC for 3 hours. In order to prepare the 

chips, gold electrodes were deposited on the glass substrates (2.5 cm × 2.5 cm) using a 

metal evaporation machine (the Plassys MEB E-beam 550S, as seen in Figure S2, SI), 

as described in a previous study [12]. Eventually, 20 mg of each catalyst powder was 
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dissolved in DI water (1 mL) and then transferred on the whole surface of the chips via 

drop-casting to study photocatalytic reactions (Figure S1b, SI). 

2.3. Characterization and measurement 

The morphology and chemical composition of the photocatalysts were investigated 

with a scanning electron microscope (SEM, JEOL) and with a scanning transmission 

electron microscope (S/TEM, TITAN Themis 300) mounted with an HAADF detector 

(electron energy of 300 keV). Energy-dispersive X-ray spectroscopy (EDS) was used 

to identify the chemical composition of the photocatalyst by acquiring element maps. 

The photoluminescence (PL) spectra were conducted with a 325 nm excitation (HR 

Labram, Horiba Scientific). The X-ray photoelectron spectroscopy (XPS) analysis was 

performed by a Kratos Axis Ultra DLD photoelectron spectrometer using 

monochromatic Al Ka (1486.7 eV) X-ray irradiation. High-resolution spectra were 

collected after loading the samples in ultra-high vacuum with an analysis area of 300µm 

- 700 µm and a 20 eV pass energy.  

The in-situ Ga K-edge (10367 eV) X-ray absorption spectra (XAS) were collected 

at the CLÆSS beamline of the ALBA Synchrotron (Barcelona, Spain). The beam 

(200×800 µm) was collimated, and the higher harmonic were reflected with Rh-coated 

mirror at 3.35 mrad. The beam was monochromatized by a channel cut Si (311) double-

crystal monochromator (Figure S3, SI). The XAS analysis of Ga/TiO2 catalyst was 

conducted under three different conditions: (1) a bias was applied across the composite 

maintained in air without light irradiation, (2) the composite was irradiated and 

polarized in air, and (3) the composite was only illuminated in the presence of different 
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gases (He, O2, and CH4). For experiments (1) and (2) which involved an electric field, 

the prepared Ga/TiO2 catalyst (30 mg) was packed into a quartz capillary (O.D. = 2 

mm), then two electrodes were connected to each end of the catalyst pellet. Afterward, 

the capillary was kept under atmospheric pressure, stabilized on a metallic frame, and 

the opposite ends of both electrodes were plugged into a power supply. During the 

measurements, XAS spectra were recorded via the fluorescence mode (using a 4-

channel SDD detector) while the applied bias was changed (0 – 25 V) and the light 

irradiation switched off or on for the experiment (1) or (2). Meanwhile, the experiments 

(3) were carried out under feeding gases, including He, O2 (21% in He) and CH4 (100%), 

respectively, by using only light irradiation. The results were collected and processed 

with Athena software. 

 Kelvin probe force microscopy (KPFM) was carried out with a Dimension D3100 

AFM (Bruker) operating under ambient conditions in amplitude-modulation (AM)-lift 

KPFM mode with a Pt/Ir coated silicon probe (SCM-PIT-V2). In the first pass, the 

microscope operated in tapping mode, then the tip was lifted by 50 nm, and an AC + 

DC bias was applied to the tip. The amplitude of the AC component was set to 5 V and 

its frequency (56.62 kHz) close to the resonant frequency of the probe, while the KPFM 

feedback loop adjusted the DC bias to nullify the oscillation of the probe. As a result, 

its value was equal to the contact potential difference (CPD) between the tip and the 

sample. We first imaged the area of interest at 0 V bias, to determine a reference for the 

CPD. It is about +20 mV in the data relative to the 2nd KPFM experiments. On 5 
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locations across the device, 1 μm scans with slow scan axis disabled were performed 

while increasing the sample bias from 0 to +8 V by step of 2 V. 

Continuous wave (CW) EPR measurements were performed at 100 K with a Bruker 

Elexsys E500 spectrometer operating in X-band (9.8 GHz). The samples were filled 

into 4 mm quartz tubes and illuminated within the cavity using LIGHTNINGCURE 

Spotlight source LC8. All the spectra were collected with the following conditions: 2 

mW of microwave power, modulation amplitude of 1 Gauss and a conversion time of 

40 ms. The formation of reactive oxygen species (ROS) upon UV irradiation was 

monitored via the EPR spin trapping technique at room temperature, using 5-

(Diisopropoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide (DIPPMPO) as spin trap 

agent. The spin trapping experiments were performed with [DIPPMPO]=30mM, 

microwave power of 10 mW, modulation amplitude of 0.2 Gauss and a conversion time 

of 5 ms. 

2.4. Photocatalytic tests 

 The photocatalytic coupling methane oxidation over Ga-based catalysts and metal 

oxides was performed in a stainless-steel batch reactor (250 mL) equipped with a 

transparent window on the top irradiated with a solar simulator (Hg-Xe 400W, 

NEWPORT), as shown in Figure S4, SI. To supply electricity to the photocatalysts, 

two electric wires were inserted throughout the reactor lid feedthroughs, which were 

subsequently connected with two chip electrodes to hang up the photocatalytic chips in 

the middle of the reactor. For methane oxidation, the batch reactor was evacuated by a 

vacuum pump for 10 min, then refilled with a gas mixture of CH4/Air (9.5/0.5 bar), 
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kept in dark condition within 30 min before being exposed to light irradiation. The 

reactor temperature was always maintained at 25 oC by a chiller during reactions. 

However, under light irradiation and electricity supply, the real temperature was 5° C 

higher, as determined by the thermocouple placed in the reactor. After the reaction, the 

gaseous products were directly injected and analyzed by gas chromatography (GC, 

Aglient 8860) combined with a flame ionization detector (FID) and a thermal 

conductivity detector (TCD).  

 

3. Results and discussion  

Photocatalytic oxidation of methane over Ga-supported photocatalysts 

 TiO2 and ZSM-5 have been used as supports for Ga deposition. Despite the 

annealing of the composites at 250 °C, transmission electron microscopy (TEM) and 

scanning electron microscopy (SEM) combined with energy dispersive spectroscopy 

(EDS), performed at room temperature prior to the photocatalytic experiments, show 

that Ga appear as nanoparticles in both supports, as respectively visible in Figure 1a, 

b, and S5a, b, SI. These observations are consistent with the poor wettability of liquid 

metals on both supports because of their ultrahigh surface tension [20], which is still 

above 650 mN/m for Ga at 250°C [21]. The XRD patterns of catalysts reveal distinct 

crystalline phases of TiO2 with additionally a broad peak of metallic Ga at 2θ ≈ 35° 

(Figure S6, SI). We note that the Ga nanoparticles in the supports are strongly oxidized, 

which was evidenced with X-ray photoelectron spectroscopy (XPS) in agreement with 

the literature (Figure S7, SI) [22–25]. 
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Fig. 1. HAADF-STEM images (a, c) and the corresponding EDS mapping of (b, d) Ga 

for fresh and reacted Ga/TiO2 composites, respectively. The reaction consisted of the 

photooxidation of methane with the chips polarized at 25 V and thermalized at 30 °C 

in a CH4/Air atmosphere with a ratio of 9.5/0.5 for 6 hours.  

 The structure of the composite was also characterized by cross-sectional SEM. 

Figure 2a shows a SEM image of the Ga/TiO2 photocatalytic chip acquired at the 

position of the gold electrode. The average thickness of the Ga/TiO2 photocatalyst is 15 

µm. A similar photocatalyst thickness was used for all the chips prepared either with 

pristine TiO2 and H-ZSM-5 powders or with Ga loaded into both photocatalysts 

(Ga/TiO2, Ga/ZSM-5). Although photocatalysis mostly occurs at the surface of the 
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catalyst layer, such a thickness ensures that the whole area of the chip, in particular the 

side electrodes, is homogeneously covered by the four different photocatalysts. Control 

experiments for the photocatalytic oxidation of methane reactions were first performed 

and did not show any photocatalytic activity without light irradiation or in the absence 

of catalysts in the batch reactor (Figure S8, SI). Applying a voltage of 25 V across the 

chips without light could not activate the CH4 molecules as well. Upon light irradiation, 

TiO2 could generate a small amount of gases including H2, C2H6, CO and CO2 (less 

than 200 µmolg-1 in total) (Figure 2b), whereas H-ZSM-5 was not active (Figure S8, 

SI). Adding Ga to TiO2 led to enhanced photocatalytic activities compared to the bare 

TiO2 powder. Loading Ga into H-ZSM-5 also triggered the reaction (columns labeled 

“L” experiment in Figure 2b).  

 We attribute these changes of activity between the different photocatalysts to the 

variation of the band gap of the host powders and the presence of gallium. The band 

gaps of ZSM-5 and P25 TiO2, the latter consisting of a mixed phase of rutile and anatase 

nanocrystals, are 4.51 eV and 3.03 eV respectively [26,27]. Therefore, they are able to 

absorb a limited part of the UV spectrum emitted from the Hg-Xe lamp and thereafter 

generate electron-hole pairs, the amount of photogenerated charge carriers increasing 

as the band gap gets smaller. However, oxide materials host numerous defects, in 

particular oxygen vacancies, which act as efficient electron-hole recombination centres. 

Because the recombination rates are faster than the time required to enable the reduction 

and oxidation of adsorbates at their surface [28], these losses combined with a small 

concentration of charge carriers account for the absence of products in the 
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photocatalysis of methane with H-ZSM-5 after 6 hours, as seen in Figure S8, SI. 

Although the losses are known to affect the activity of TiO2, the photogeneration of a 

higher concentration of electron-hole pairs ensures that a fraction of the photoexcited 

charge carriers reaches the surface, activates the reactants and produces a small amount 

of H2, C2H6, CO and CO2.   

Figure 2. (a) False color cross-sectional SEM image of Ga/TiO2 photocatalytic chip 

acquired at the position of the gold electrode (from the top: the Ga/TiO2 catalyst layer, 

the thin gold electrode layer, and the glass substrate). (b) Influence of a DC voltage 

applied across TiO2, Ga2O3, Ga/TiO2 and Ga/ZSM-5 chips on the photooxidation of 

methane. “L” and “LV” stand for experiments carried out under light irradiation only 

(Hg-Xe lamp 400W) or combined with a DC voltage of 25 V. (c) Photocatalytic methane 
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oxidation efficiency of Ga/TiO2 as a function of temperatures for an unbiased chip and 

a polarized chip. (d) Gas production evolution over time for the photocatalytic methane 

oxidation between chips fully covered with Ga/TiO2 (labeled L and LV) or consisted of 

a small gap in the middle of the chip (LV-gap). Photocatalytic parameters: CH4/Air 

pressure ratio of 9.5/0.5, reaction time of 6 hours in (b) and (c), reaction temperatures 

of 30 oC in (b) and (d). The error bars represent the standard deviation (SD) for three 

independent measurements. 

 Loading gallium into the pristine powders strongly enhanced the gas production. 

To get insight into the physical mechanism at the origin of such an enhancement, 

photoluminescence (PL) experiments were performed with the TiO2-based 

photocatalytic chips (Figure S9, SI). Upon the optical excitation of the pristine TiO2 

chip, a green emission was observed. This sub-band gap emission involves the radiative 

recombination of electrons in the conduction band and in shallow levels below the 

conduction band with trapped holes in deep levels [29,30]. When the P25 TiO2 powder 

contains gallium, the PL peak is reduced by a factor of more than three. This 

observation is similar to the variation of the PL emission measured when gold 

nanoparticles are loaded into P25 TiO2. The quenching of the PL is the signature of a 

reduction of the probability for photoexcited electrons to radiatively recombine with 

holes in TiO2 [12,31]. Alike gold, gallium scavenges the photoexcited electrons, giving 

enough time to the photoexcited holes to react with methane. The metallic nature of 

gallium in the composite is strongly supported by the comparison of the gas production 

obtained with Ga2O3 nanoparticles loaded in the TiO2. While the Ga2O3 nanoparticles 
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are homogenously distributed in the TiO2 support (Figure S10, SI), this chip produces 

a much smaller amount of gas (Figure 2b). We believe that the same effect occurs in 

ZSM-5. Despite the small concentration of photogenerated electron-hole pairs, the 

loading of gallium enables their efficient separation, which gives them enough time to 

subsequently activate the reactants.  

 To further assess the benefits of metal gallium loaded in the oxide materials, the 

chips were polarized with a bias of 25 V. Upon biasing the Ga/TiO2 chips, the 

photocatalysis of methane yielded a higher total gas production. Interestingly, the ratio 

between the different products changed, with a significant shift between the production 

of CO2 and CO. This effect was already visible after one hour of reaction and 

continuously increased with longer reaction times, as shown by the comparison of the 

columns labelled “L” and “LV” in the histogram of (Figure 2d and S11a, b, SI). After 

6 hours, the Ga/TiO2 catalyst showed a significant improvement in the production rates 

and a high CO selectivity of 70% compared to 13% for conventional photocatalytic 

tests. This selectivity does not degrade over the number of cycles, when the samples 

are regenerated by applying 20 V during 10 hours in N2 gas (Figure S12, SI). The same 

phenomenon arouses for Ga/ZSM-5, in which CO production selectivity was also 

enhanced upon biasing the chip (Figure 2b and S11c, d, SI). Therefore, the polarization 

of the chips loaded with gallium has a strong impact on gas production and selectivity. 

Wettability of the host matrix by liquid gallium  

 First, we dismiss an enhancement of the gas production by the electric field based 

on quantum confinement effects in the semiconductor host matrix. Kelvin probe force 

microscopy (KPFM) showed a linear drop of the potential across the Ga/TiO2 chip 
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(Figure 3a-d), in agreement with the variation of the potential measured in Au/TiO2 

chips [12]. This smooth and continuous variation of the potential rules out the existence 

of intense and localized electric fields, which are usually required to ensure the 

separation of the photoexcited charge carriers in semiconductor nanocrystals, the so-

called Stark effect [32,33]. Then, we note that the significant change of selectivity is 

seen above the melting temperature of gallium. At lower temperatures of 15 - 25 oC, 

biasing the samples during photocatalysis has much less effect (Figure 2c). For 

example, at 25°C, the percentage of CO among a total of 1000 µmol g-1 of gas was 33% 

only. As gallium is a metal with a melting temperature of 29.8 °C, it is essential to 

determine its distribution in the composites for a deeper understanding of the enhanced 

conversion of methane and the change of selectivity. Hence, the powders loaded with 

gallium were investigated with electron microscopy and energy-dispersive 

spectroscopy not only before the reaction but also after the photooxidation of methane. 

In contrast to Figure 1a, b, when the chip was operated at 30 °C, gallium does not 

appear localized in a nanoparticle anymore, but, instead, the Ga atoms have spread over 

the whole support overlapping with Ti, as shown in Figure 1c, d and further 

emphasized by additional HAADF-STEM images acquired in Ga/TiO2 over well-

separated areas (Figures S13, SI). This change is also confirmed on a larger scale. For 

instance, when the Ga/ZSM-5 composite is studied by SEM (Figures S5c, d, SI), the 

mapping of Ga clearly shows the spreading of the Ga atoms after the reaction performed 

slightly above the Ga melting temperature with a bias of 25 V applied to the chip.  
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 The strong viscosity of liquid gallium at its melting point (2.037 mPa.s vs 0.798 

mPa.s for water) [34], and its high surface tension (~700 mJ/m2), alike other liquid 

metals [21,35] are known to prevent liquid gallium from wetting solids. Therefore, 

liquid gallium keeps the shape of a nanoparticle, even at high temperatures. However, 

in the presence of an electric field, the surface tension of liquid metals lowers, because 

of its dependence on the electrostatic energy and hence on the electric potential applied 

between both electrodes (Lippmann equation) [36,37], improving the wettability of the 

liquid metal. By applying a bias to the chip, the wettability of the host matrix is strongly 

enhanced and favors the motion of liquid gallium into the porous host matrix [32]. To 

validate this hypothesis, the contact angle of a macroscopic liquid Ga droplet on 

Ga/TiO2 was measured as a function of applied bias, as seen in Figure S14. Apparently, 

the droplet flattens on the host matrix with increasing bias, corresponding to contact 

angles more and more obtuse. This phenomenon is consistent with the one deduced 

from electron microscopies, indicating an enhanced wettability of liquid metal Ga under 

electric field. It accounts for the homogeneous distribution of gallium after the 

electrically-assisted photocatalytic reaction, as observed with electron microscopies. 

Due to the stronger penetration of liquid gallium into the TiO2 or ZSM-5 powders, a 

larger portion of these matrices are in intimate contact with gallium. Figure 2c supports 

this finding. Although an increase of the temperature reduces the surface tension of 

liquid gallium, the wettability of TiO2 at 64 °C and zero bias is not as high as the one 

induced by the electric field. When the chip is not polarized, a weaker penetration of 

gallium into the host matrix makes the gas production weaker. This change is explained 
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by the smaller fraction of the host matrix interacting with gallium, resulting in a much 

less effective charge separation. This phenomenon is not only visible at 64 °C, but as 

soon as gallium becomes liquid. The cosines of the electrowetting contact angle varies 

with the square of the applied voltage. Therefore, by increasing the voltage, the contact 

angle is reduced, improving the wetting of gallium liquid [36]. This dependence on the 

voltage was clearly evidenced when a bias of 50V, twice the one commonly used, gave 

rise to an increase of the gas production by a factor of more than 1.5 (Figure S15, SI).    

 To clarify the role played by the electric field, catalytic tests have been performed 

with the Ga/TiO2 and Ga/ZSM-5 chips where a narrow gap was defined in their middle 

(Figure S16, SI). Even with such a small empty space, which prevents any electric 

current from flowing across the chips, the polarized chips yielded the same production 

as the chips entirely covered with the photocatalysts but maintained at zero bias (Figure 

2d and Figure S17, SI). Again, the external electric field applied across the chips 

ensures an efficient penetration of liquid gallium into the host material, increasing the 

contact area between the semiconductor host matrix and the metallic gallium. However, 

at this point, the improved wettability of the host matrix thanks to the electric field does 

not explain the change of selectivity when the chip is polarized. In particular, the 

comparison of the products between both types of chips, the ones fully covered by the 

composites and the ones with a narrow gap, does not show the same selectivity. 

Origin of the high CO selectivity  

As an essential component for the methane oxidation reaction, the oxidation state 

of Ga element was carefully investigated by advanced XANES measurements. A full 

potential finite difference method of FDMNES code [38,39] was used to simulate Ga 
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K-edge XANES spectra of metallic Ga and three phases of Ga2O3, corresponding to the 

rhombohedral α-Ga2O3, monoclinic β-Ga2O3 and orthorhombic ε-Ga2O3 crystal 

structures [38,40]. The simulated spectra are convoluted and normalized applying the 

same normalization function with Athena to compare with experimental spectra 

(Figure S18, SI). A polarization of 25 V applied to the Ga/TiO2 composite under air 

condition did not significantly modify the XANES spectrum of Ga in comparison with 

the simulated spectrum, indicating insufficient ability of electricity to oxidize Ga metals 

(Figure S19a, b, SI). Similarly, Ga metals could not be oxidized in the presence of 

different gases under light irradiation alone (Figure S19c, d, SI). By contrast, the 

synergetic effects of both light and polarization were able to oxidize the Ga particles, 

indicated by the raising line of Ga metals heading to the Ga2O3 region (Figure 3e). A 

qualitative comparison of the Fourier transform EXAFS spectra of the sample with 

reference materials (Figure 3f) demonstrates the presence of Ga-O bond at distances 

between 1 ̶ 2 Å, similar to β-Ga2O3. Their concentration increased with the applied 

voltage, but was limited, based on the comparison of the XANES spectra between 

Ga/TiO2 and the Ga2O3/TiO2 composite.  
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Fig. 3. (a) Schematic illustration of KPFM measurement performed on the Ga/TiO2 

chip at five different positions. (b) AFM topography image of the Ga/TiO2 sample 

surface (10×10 μm2). (c) Contact potential difference (CPD) lines measured with 

increasing applied biases in the five areas defined in (a). (d) Variation of CPD as a 

function of the distance d under different voltages applied. (e, f) Normalized in-situ 

XANES and phase-uncorrected Fourier transform EXAFS spectra for Ga K-edge of 

Ga/TiO2 sample under spontaneous light irradiation and different voltages (0, 10, and 

25 V) for 30 minutes.  

While the oxidation process could be caused by the interaction of the spreading 

liquid of gallium with the TiO2 matrix, the air used during the photocatalysis provides 

the major amount of oxygen at the surface of the Ga nanoparticles to oxidize gallium. 

Once the oxidation starts, the mechanism that drives the oxide growth relies on the 

formation of an internal electric potential across the interfacial oxide, called the Mott 
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potential [41]. We emphasize that this electric field is different from the external field 

applied by the power supply. It arises due to the adsorption of oxygen atoms at the 

metal–air interface which generates accessible surface states with an energy more 

positive than the filled valence band of the oxide, and more negative than the work 

function of the metal. As long as the interfacial oxide is thin, electrons can tunnel 

through the thin Ga oxide, resulting in a high density of electrons at the surface of the 

gallium particles wetting the TiO2 matrix.  

 We believe that the formation of the thin charged oxide layer on the surface of liquid 

gallium is crucial to modify selectivity. To get a deeper insight into the surface 

reactivity of the composite, the photocatalytic oxidation of carbon monoxide by the 

Ga/TiO2 chips was studied. The production of CO2 from CO is strongly reduced when 

the chips were polarized with a DC voltage of 25 V (Figure S20a, SI), consistent with 

the change of selectivity observed for the photooxidation of methane when the chips 

were biased. As an additional experiment, a freshly-prepared Ga/TiO2 chip was exposed 

to 5 bars of CO gas for 3 hours to enable the adsorption of CO molecules at the surface 

of the photocatalyst. Afterwards, the batch reactor was evacuated and flushed several 

times before filling with pure N2 medium (5 bars). Then, the Ga/TiO2 chip was polarized 

at 25 V. A CO gas signal measured with TCD evidenced the CO desorption, which 

readily increased for 20 hours while the chips remained polarized (Figure S20b, SI). It 

should be noted that the used Ga/TiO2 demonstrates significantly higher CO desorption 

compared to the fresh catalyst, which can be attributed to the presence of an oxide layer 

on its surface. All these experiments agreed with the presumed existence of negative 
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charges at the oxide skin, which hinder the adsorption of CO molecules for the reaction. 

This effect is consistent with the experimental observations and theoretical predictions 

that a high electron density on the surface of graphene weakens the adsorption of CO 

[42–44]. Also, our results agree with the extremely weak adsorption of CO on GaO+ 

sites found in Ga/ZSM-5 [45]. Therefore, the charging of the thin oxide layer 

surrounding the spread of the gallium drops is essential to repel CO molecules. The 

shortage of CO molecules at the surface of the photocatalyst eventually limits their 

subsequent reactions with O2 species, affecting the CO2 production.         

 Based on these findings, the methane conversion over the polarized Ga/TiO2 and 

Ga/ZSM-5 chips is summarized in Figure 4 and involves the following steps. First, 

photoexcited hole (h+)-electron (e-) pairs are generated in the valence (VB) and 

conduction (CB) bands of the host oxide crystals. Gallium loaded as co-catalyst in these 

matrices scavenges the photoexcited electrons, which leads to an efficient charge 

separation and a longer availability of the photoexcited charge carriers to take part in 

the chemical reaction. Hence, the photogenerated holes (h+) migrate to the TiO2 surface 

and react with the adsorbed CH4 molecules to form methyl radicals (CH3
.) and protons 

(H+). These latter combine to form H2 and C2H6 products at the end [11]. 

Simultaneously, the photoelectrons (e-) transferred from the CB edge of TiO2 

nanocrystals to the Ga drops oxidized the adsorbed O2 molecules into O2
- species, which 

further react with protons (H+) and methyl radicals (CH3
.) to produce hydroxyl radicals 

(OH.) and hydroxymethyl radicals (CH3O
.), respectively [9,10,46].  
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To investigate the generation of radicals, we used electron paramagnetic resonance 

(EPR) analysis (Figure S21, SI). Upon irradiation in the presence of air, several new 

paramagnetic species were detected, which can be assigned to reactive oxygen species 

(ROS) with g > 2.00 and to the surface electron trapping Ti3+ sites with g < 2.00. Under 

simulated reaction conditions, with Ga/TiO2 as a catalyst and 5-

(Diisopropoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide (DIPPMPO) as a spin 

trapping agent, signals representing ·OH species were instantly detected upon light 

irradiation (Figure S21, SI). Under the abundant source of hydroxyl radicals (·OH), the 

hydroxymethyl (CH3O
.) radicals are converted into CO molecules. Thanks to the 

polarization of the chips, gallium diffuses more widely in the matrices, promoting a 

charge separation on a larger area which increases the total gas production. In addition, 

a more extended surface of liquid gallium becomes oxidized, and this oxide layer 

charged by electrons further repels the CO molecules. It is worthy to note that, apart 

from photoelectrons of TiO2 powders created under light irradiation, the reaction also 

received an additional electron flow, which is generated by external bias and passed 

throughout spreading Ga patterns, contributing similar roles as photoelectrons. The 

desorption experiments (Figure S20, SI) clearly show the role of electron flow and Ga 

oxide on the surface for repulsion of CO from the surface of Ga. According to the 

literature the desorption of CO could be induced by phonon excitations over Ga surface 

in the presence of electron transport [47]. This suppresses the over oxidation of CO2 

products, leading to the production of CO as the major product.  
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Fig. 4. Proposed mechanism of the photocatalytic methane oxidation reaction over Ga-

supported catalysts under electricity for high CO production selectivity. The band 

diagram shows the outcome of the photogenerated charge carriers to activate the 

different reactions. Under being biased, the wettability of Ga liquid metals was 

enhanced, which led to better penetration of Ga liquid metals on TiO2 matrix. The oxide 

skin was formed when electrons in the liquid metal inner core transferred to the 

absorbed oxygen atoms, then the oxygen atoms get ionized reacting with Ga to form the 

oxide skin. The curved yellow arrow indicates photogenerated electrons passing 

through the inner spread liquid Ga core to oxide skin. The curved red arrow indicates 

an additional electron flow created by external bias applied. 

 While the repulsion of CO molecules by the Ga co-catalysts requires the presence 

of a charged insulating surface, it is surprising that the charges can be maintained over 

the whole duration of the photocatalytic reaction. The absorption of oxygen on the 

surface of a liquid metal takes place in less than a second [41], and a surface self-

limiting oxidation should be expected after a few hours. As the oxide skin around liquid 

gallium gets thicker, the electron cannot tunnel anymore, and the number of electrons 

accumulated at the surface of the oxide layer should decrease as the photocatalytic 

reaction proceeds. But, this is not what the XANES experiments revealed: about 1% of 
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Ga atoms only formed bonds with oxygen. Ga remained metallic even after 1.5 hours 

of light and electricity exposure. We attribute this observation to the regulation of the 

oxide thickness induced by electricity [48]. To account for a limited growth of the oxide 

layer, the electrons have to be continuously withdrawn. While a fraction of the electrons 

activates the reactants, the comparison of the selectivity obtained with the different 

chips indicates that the rest of the electrons do not accumulate, suggesting that they drift 

inside the polarized chips to the electrode. Although the use of semiconductor supports 

consisting of large band gap materials does not show a good electrical conductivity, we 

did measure a current of a few nanoamperes when the Ga/TiO2 chips were illuminated 

(Figure S22, SI). Such a current is absent at zero bias or in the chips built with a gap. 

As a result, in a steady state, the regulation of the oxide thickness at the surface of the 

spread Ga drops allows the continuous transfer of electrons from the semiconductor 

matrix through the Ga drops to the surface of their oxidized skin. These negative 

charges repel the CO molecules, ensuring a high CO selectivity.  

4. Conclusions 

 In conclusion, electricity has a profound impact on the photocatalytic oxidation of 

methane over liquid Ga-based catalysts. Applying a DC voltage to Ga/TiO2 and 

Ga/ZSM-5 composites facilitates the spread of the liquid metal in the semiconductor 

supports and hence limits the severe recombination which affects oxide semiconductors. 

In comparison with solid metal co-catalysts, the voltage-induced wetting ability of 

liquid metal gives then a critical advantage to enhance charge separation and transfer. 

Moreover, electricity is also key to control the oxidation process at the surface of liquid 
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gallium, which in turn modifies the adsorption of the intermediate products and hence 

the selectivity of the reaction. Finally, the stability of the chips indicates the strong 

robustness of the liquid to catalyst poisoning. Therefore, combining electricity to liquid 

metal supported photocatalysts is an efficient method to accelerate photocatalytic 

activity and change selectivity in heterogeneous catalysis.  
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