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ABSTRACT 

Direct and efficient oxidation of methane to methanol and the related liquid oxygenates provides a 

promising pathway for sustainable chemical industry, while still remains an ongoing challenge owing 

to the dilemma between methane activation and over-oxidation. Here, ZnO with highly dispersed dual 

Au and Cu species as cocatalysts enables efficient and selective photocatalytic conversion of methane 

to methanol and one-carbon oxygenates using O2 as the oxidant operated at ambient temperature. The 

optimized AuCu-ZnO photocatalyst achieves up to 11225 μmol·g-1·h-1 of primary products (CH3OH 

and CH3OOH) and HCHO for 2 h reaction with a nearly 100% selectivity, resulting into 14.1 % 

apparent quantum yield at 365 nm, much higher than the previous best photocatalysts reported for 

methane conversion to oxygenates. In-situ EPR and XPS disclose that Cu species serve as photo-

induced electron mediators to promote O2 activation to ·OOH, simultaneously Au as an efficient hole 

acceptor to enhance H2O oxidation to ·OH, thus synergistically promoting charge separation and 

methane transformation. This work highlights the significances of co-modification with suitable dual 

cocatalysts on simultaneous regulation of activity and selectivity. 
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INTRODUCTION 

Methane is viewed as the most abundant building block for chemical synthesis due to its extremely 

high reserve and low price. [1-6] However, its direct combustion as a fuel or emission to environment 

causes either energy-wasting or environmental issues. [7-11] Upgrading alkane including methane to 

higher-value oxygenates such as methanol is a promising route to realize sustainable chemical 

industry. [12-14] The current industrial methane conversion process undergoes indirect multi-step 

procedure, accompanied by thermochemical operation at high temperature (> 700 oC) which is 

energy-intensive and unfavorable for the sustainable development. Due to the high dissociation 

energy of the first C-H bond in methane and easy over-oxidation of the oxygenate products, direct 

conversion of methane into high-value-added chemicals like methanol and formaldehyde suffers from 

either inadequate activity or selectivity [15-19]. Thus, it is of great significance to explore economic 

and environmentally friendly routes for direct methane conversion to value-added chemicals under 

mild conditions. 

Photocatalysis has emerged as an unprecedented approach for overcoming thermodynamic barrier 

and facilitating energy storage or selective methane conversion, especially under mild conditions [4, 

20-30]. Efficient separation of charge carrier and proper surface reaction kinetics are the key factors 

to promote methane activation as well to inhibit over-oxidation of the desired products. Utilizing 

FeOx/TiO2 photocatalysts with H2O2 oxidants, up to 90 % methanol selectivity under ambient 

conditions was reported. [31] High yield (250 μmol) of one-carbon oxygenates was achieved over 

noble-metal modified ZnO. [32] Besides, formaldehyde [33, 34], ethane [35-39] and ethanol [40] 

were also acquired in various distinctive photocatalytic systems. Such representative efforts 

encourage more rational designs particularly on surface engineering and suitable cocatalysts 

development, however confronting great challenges on simultaneously optimizing activity and 

selectivity. 

Suitable cocatalysts are the key to both promote charge separation and regulate surface catalytic 

reaction. Combined with the conduction band (CB), noble metal clusters usually serve as electron 

acceptors via Schottky heterojunction or induce surface plasmon resonance effect, respectively [41, 

42]. On the other hand, transition metal oxides like cobaltous oxide (CoOx) could serve as the hole 

acceptor from the valence band (VB) [43]. The integration of both electron acceptor and donor 

cocatalysts with the photocatalyst could boost charge separation and weaken the oxidative potentials 

of photocatalysts to suppress over-oxidation. Given this very attractive potential, there are few reports 



on immobilization of binary cocatalysts with complementary function on a photocatalyst. Besides, 

highly dispersed cocatalysts are also desired to maximize metal-support interaction and enable 

distinctive reaction pathways to tune selectivity [44-49]. Moreover, H2O is widely accepted as one of 

the most environmentally benign and commercially available solvent than many organics and strong 

corrosive acids [50]. Reaction in the presence of H2O could even inhibit over-oxidation to some extent 

by promoting desorption of oxygenates [51, 52]. 

Herein, Au and CuOx cocatalysts were designed to modify ZnO photocatalysts (denoted as AuxCuy-

ZnO) to achieve the above mentioned potential, then employed in aqueous photocatalytic methane 

conversion with O2 as the only oxidant. A high yield of the primary oxidized products (17776.8 

μmol·g-1) with selectivity of nearly 100 % has been achieved over the optimized Au0.2Cu0.15-ZnO 

photocatalyst. Mechanistic studies revealed that Au and CuOx cocatalysts acted as the hole and 

electron acceptors, respectively, for synergistically enhancing charge separation and promoting 

reactant activation. Furthermore highly dispersed cocatalysts additionally adjusted the generation of 

reactive ·OOH and ·OH species and contributed to the improved selectivity of primary products. 

 

RESULTS AND DISCUSSIONS 

Photocatalytic methane conversion 

Binary cocatalysts modified ZnO photocatalysts were prepared through the modified hydrothermal 

method [53]. Certain amount of Au and CuOx were simultaneously deposited on ZnO with hydrogen 

tetrachloroaurate(III) (HAuCl4), copper dichloride (CuCl2) as the precursors and ascorbic acid as 

reduction agents, respectively. The as-prepared photocatalysts were denoted as AuxCuy-ZnO, where 

x % and y % represented the mass percent of Au and Cu dosage on the ZnO substrate. The actual 

metal content was measured by inductively coupled plasma atomic emission spectrometer (ICP-AES). 

For comparison, single cocatalyst modified ZnO photocatalysts (including Aux-ZnO and Cu0.15-ZnO) 

were also prepared. 

Photocatalytic activity was primarily screened by methane conversion conducted in a top-

irradiation high-pressure batch reactor where 20 mg photocatalyst particles were suspended in 100 

mL distilled water at 25 oC for 2 h irradiation in a mixture of 19 bar CH4 and 1 bar O2. Control 

experiments were also carried out (Table S1). No products detected in these control experiments 

suggested the crucial role of both photocatalyst and light irradiation. Figure 1a presented the average 

oxygenates production, including CH3OH, CH3OOH and HCHO together with CO2 over ZnO and 



Aux-ZnO photocatalysts. The former two oxygenates were regarded as the primary products in 

methane conversion, while HCHO and CO2 were over-oxidized products [19, 43]. Only trace amount 

of CO2 was detected for almost all photocatalysts, demonstrating the high selectivity of one-carbon 

(C1) oxygenates. Meanwhile, ZnO exhibited a relatively low C1 oxygenate yield of 2403.5 μmol·g-1 

for two hour reaction (24.0 μmol·h-1), consistent with the severe charge recombination in pristine 

ZnO nanocrystals. After incorporating Au, productions of C1 oxygenates were dramatically improved, 

exhibiting a volcanic trend with increasing Au loading gradually. The highest production of C1 

oxygenates reached 7749.3 μmol·g-1 for two hours (77.5 μmol·h-1) over Au0.2-ZnO, almost 3.2 times 

that of ZnO. Further increasing Au content caused the decrease of photocatalytic C1 production, 

which was attributed to the shielding effect [54] or increased size of Au from 31.9 nm to 57.8 nm 

(Figure S1). The optimized Au size was 41.9 ± 17.6 nm with Au content of 0.2 wt.%. The selectivity 

of the primary products (CH3OH and CH3OOH) for Aux-ZnO was also improved and exhibited a 

volcanic trend with the highest selectivity achieved on Au0.2-ZnO (60.9 %). Au was reported to serve 

as the electron or hole acceptors [55-57], it thus contributed to the enhanced charge separation 

efficiency and promoted CH4 conversion. The actual effect of Au on the binary cocatalysts system 

will be discussed in the mechanism study section. 

 



 

Figure 1. Photocatalytic direct methane conversion and the selectivity of the primary products 

(CH3OH and CH3OOH) over (a) Aux-ZnO for Au content optimization, (b) Au0.2Cuy-ZnO for Cu 

content optimization with constant 0.2 wt.% Au, c) molar ratio of CH4 to O2 and (d) total pressure 

change. Reaction conditions: 20 mg photocatalyst, 100 mL H2O, 1 bar O2, 19 bar CH4, 25 oC, 2 h, 

300 W Xe lamp. Investigations on (e) reaction time over the optimized Au0.2Cu0.15-ZnO photocatalyst. 

(f) Comparisons with the representative photocatalytic performances on the yield per hour and 

selectivity of the primary products (CH3OH and CH3OOH). 

 

To further enhance charge separation and optimize the surface reaction kinetics, copper was 

introduced which was regarded as the critical component of the monooxygenase enzyme for 



biocatalytic methane conversion in nature [8, 58]. Compared with Au0.2-ZnO, both the production of 

oxygenates and the selectivity of the primary products were remarkably improved on the binary 

Au0.2Cuy-ZnO photocatalysts (Figure 1b), demonstrating the efficiency of copper oxides (CuOx) 

decoration. Along with Cu content rising, the C1 production increased, and reached the highest value 

over Au0.2Cu0.15-ZnO at 22449.8 μmol·g-1 after the two-hour reaction (224.5 μmol·h-1), about 9.3 and 

3 times improvements than that of ZnO and Au0.2-ZnO, respectively. Further increasing the loading 

of Cu caused a decreased photocatalysis due to the shielding effect [54]. Meanwhile, the selectivity 

of the desired products also exhibited volcanic trend along with the activity. For Au0.2Cu0.15-ZnO, the 

highest selectivity was achieved up to ca. 80 %, much higher than the pristine and single cocatalysts 

modified ZnO. A low C1 production of 2895.0 μmol·g-1 for the two-hour reaction (29.0 μmol·h-1) 

was determined on Cu0.15-ZnO with single CuOx cocatalyst. With a close observation of the 

photocatalytic performance, the binary Au-CuOx cocatalysts exhibited 2.1 times higher activity than 

sum of the single cocatalyst loaded photocatalyst, demonstrating the synergistic effect of the binary 

cocatalysts on methane activation. With a constant mass ratio of Au to Cu of 4:3, the total content 

effect of Au-CuOx cocatalysts on methane oxidation was investigated (Figure S2). The results 

demonstrated that Au0.2Cu0.15-ZnO exhibited the highest activity, with the selectivity nearly 

unchanged. Further increasing the total content of dual-cocatalysts led to the weakened photocatalytic 

performances after the optimal content, which would be caused by the enlarged particle size of Au 

from 5.1 nm to 8.4 nm (Figure S3 and Figure S4). Compared with Au0.2-ZnO, it indicated that the 

addition of Cu during hydrothermal synthesis also suppressed the Au particle growth. In addition, to 

work out the influence of Au particle size, Au0.2-ZnO(PD) with the average Au particle size of 7.4 

nm (Figure S5) was prepared and evaluated for photocatalytic CH4 conversion under identical 

experimental conditions. One can see in Figure S6 that Au0.2-ZnO(PD) exhibited a higher 

photocatalytic CH4 conversion activity than Au0.2-ZnO, with the yield of oxygenates improved from 

7749.3 μmol·g-1 to 10305.5 μmol·g-1, suggesting the positive effect of the reduced nanoparticle size 

that could provide more reactive sites for H2O oxidation to generate ·OH and then to activate CH4. 

In spite of this, the yield of oxygenates by Au0.2Cu0.15-ZnO was still 2.2 times higher than Au0.2-

ZnO(PD), indicating that the dramatic improvement of CH4 conversion was mainly originated from 

the synergy of Au and Cu. Such promoted effect on the photocatalytic CH4 conversion was also 

supported by the other two case studies, where the bimetallic AuCu cocatalysts was loaded on anatase 

TiO2 or P25 as shown in the supporting information (Figure S7). Anatase TiO2 exhibited a relatively 



low yield of oxygenates (1255.0 μmol·g-1), with a selectivity of the primary products (CH3OH and 

CH3OOH) of 73.3 %. For Au-TiO2 and Cu-TiO2, yields of oxygenates for a two-hour reaction 

increased to 2070.0 μmol·g-1 and 1560.1 μmol·g-1, respectively, exhibiting the enhancement of 

photocatalytic CH4 conversion after single Au and Cu cocatalyst loading. In the meantime, the 

selectivity of the primary products also increased to 76.8 % on Au-TiO2 and 77.8 % on Cu-TiO2. The 

integration of both Au and Cu further boosted the photocatalysis, with the highest yield of oxygenates 

for a two-hour reaction reaching 2690.0 μmol·g-1 and the selectivity of primary products up to 81.8 %. 

Similarly, three photocatalysts on P25 TiO2 were also prepared and used for CH4 conversion. P25 

exhibited higher activity than that of anatase TiO2, probably attributing to the heterojunction structure 

in P25 existing between anatase and rutile phase. Again, the selectivity to the primary products has 

the same order AuCu-P25 (85.8 %) > Cu-P25 (83.1 %) > Au-P25 (81.4 %) > P25 (76.4 %). This 

further indicated that dual-cocatalyst modification was the best. 

The molar ratio of CH4 to O2 was then investigated on the optimized Au0.2Cu0.15-ZnO (Figure 1c) 

with a total 20 bar pressure. Under anaerobic condition, a relatively low yield of C1 oxygenates of 

2740 μmol·g-1 after the two-hour reaction (27.4 μmol·h-1) was gained, suggesting the crucial role of 

O2 on promoting CH4 conversion. As a comparison, the yield of oxygenates dramatically increased 

to the highest at CH4/O2 = 19/1. A lower CH4/O2 ratio leads to the gradually decreased yield to 7665.2 

μmol·g-1 after the two-hour reaction (76.7 μmol·h-1) at CH4/O2 = 10/10. As O2 has relatively higher 

solubility than CH4 in H2O [59, 60], such decreased overall yield was mainly ascribed to the 

dramatically decreased concentration of CH4 reactant dissolved in water under decreased CH4 

pressure. The selectivity of the primary products also decreased with the decrease of CH4/O2 ratio, 

which probably caused by the increased concentration of O2 that inducing over-oxidation to HCHO. 

When simultaneously decreasing the concentration of CH4 and O2 under a constant molar ratio 

(19:1) through lowering total pressure (Figure 1d), the production of oxygenates after the two hour 

reaction gradually decreased from 22450 μmol·g-1 (224.5 μmol·h-1) at 20 bar to 2267 μmol·g-1 (22.7 

μmol·h-1) at the ambient pressure. According to the Raoult's law, it demonstrated that the 

concentration of the dissolved CH4 and O2 in H2O plays the critical role in promoting CH4 conversion 

herein. When prolonging the reaction time up to 4 h (Figure 1e), the production of the primary 

products for the two-hour reaction improved to 31200 μmol·g-1 (312.0 μmol·h-1), while the selectivity 

remained nearly unchanged.  

The amount of H2O was also investigated and shown in Figure S8. With the increase of H2O 



dosage, the yield of oxygenates for the two-hour reaction gradually increased from 5383 μmol·g-1 

(53.8 μmol·h-1) for 25 mL to 22449 μmol·g-1 (224.5 μmol·h-1) for 100 mL water. The selectivity of 

the primary products was also improved from 60.4 % to 78.9 %. Such enhanced photocatalysis could 

be attributed to the enhanced desorption of oxygenate products from the surface due to enhanced 

mass transfer introduced by water solvent. In parallel, CH4 conversion reaction without H2O as a 

solvent in the reactor was also conducted. In this case, photo-induced h+ was the main oxidative specie. 

Meanwhile, the exposed surface of photocatalyst in the absence of H2O might be beneficial to adsorb 

CH4 due to its low solubility in water and would achieve enhanced photoactivity. However, only CO2 

was produced with a yield of 252.9 μmol·g-1, indicating that photoholes would directly overoxidize 

CH4 to CO2. Moreover, when using CH3CN as an inert solvent instead of H2O, though the solubility 

of CH4 greatly improved, the photocatalytic results showed that only trace amount of oxygenates (2.7 

μmol·h-1 of CH3OH and 6.5 μmol·h-1 of C2H5OH) were produced under identical conditions. Such 

suppressed activity in the absence of H2O or replacement of organic solvents demonstrated H2O 

promoted the activation of CH4, and more importantly suppressed oxygenate products from over-

oxidation. Three possible reasons would contribute to such effect of H2O on suppressing over-

oxidation. In the presence of H2O, ·OH radicals instead of photoholes were the major species to 

activate methane, which had a relatively weaker oxidative ability than that of photoholes. Next 

superoxide radicals (·O2
-) with strong oxidative ability that produced from the reduction of O2 with 

photo-induced electrons would combine with H+ from H2O to get ·OOH (O2 + e- + H+ →·OOH), 

which is a milder reactive specie than ·O2
- [32]. Lastly, the competitive adsorption of H2O with 

CH3OH on the surface of photocatalysts could promote the desorption of the as-produced CH3OH to 

some extent, and thus avoiding deep oxidation. 

The stability of the best catalyst Au0.2Cu0.15-ZnO was then investigated. It exhibited excellent 

stability, which was evaluated by the five measurements as well as XRD, XPS and HRTEM 

characterizations. The performances of five runs were shown in Figure S9. The production and 

selectivity of oxygenates after the two-hour reaction remained identical with a high yield of ca. 22000 

μmol·g-1 and ca. 80 % selectivity of the primary products. Such excellent stability of Au0.2Cu0.15-ZnO 

was also supported by the same XRD patterns and XPS spectra of the fresh and used photocatalysts 

(Figure S10). In the meantime, the size distribution of Au for the used Au0.2Cu0.15-ZnO was measured, 

which was 5.9 ± 1.6 nm (Figure S11) and remained nearly unchanged after five consecutive runs. Au 

nanoparticles were also reserved the good crystallinity with the crystal plane distance being indexed 



to (111) and (200) facets. EDS-mapping images showed the uniform distribution of Cu with no 

obvious nanoparticles observed, suggesting the high dispersion of Cu species was reserved after the 

reaction. Such stable Au and Cu species were the active structures that contributed to the stable 

photocatalysis. 

To avoid misleading on the normalized mass product rates, we converted all reported results on 

methane oxidation to the similar primary products to the unit of molar amount per hour and 

summarized the photocatalytic methane conversion on the representative catalysts in Figure 1f. Some 

of the photocatalysts like FeOx/TiO2, FeOOH-WO3, q-BiVO4, Au-CoOx/TiO2 and Au-ZnO exhibited 

a higher selectivity of the primary products (> 90 %) than ours while an extremely low yield (< 25.4 

μmol·h-1) was reported, which is nearly 9 times slower than ours. As a comparison, noble metal (Pd, 

Pt, Au) modified ZnO photocatalysts showed a good production rate (about 82.3 μmol·h-1) of the 

primary products, while the selectivity (44~62 %) still had a large room to be improved. One can see 

due to different experiment conditions used including the light intensity, co-catalyst loading amount 

and the photocatalyst concentration in the literatures, oxygenates yields reported varied from the 

production of 10.2 μmol·h-1 on Au0.15/ZnO [29] to 131.5 μmol·h-1 on 0.1 wt% Au/ZnO [32]. In this 

work the reference single Au cocatalysts modified ZnO (Au0.2-ZnO) exhibited a moderate yield of 

oxygenates at 77.5 μmol·h-1, lower than the highest reported before [32]. Despite of this, Au0.2Cu0.15-

ZnO prepared in this work exhibited a superior yield of 224.5 μmol·h-1 of all oxygenates, much higher 

than the previous benchmark result. In parallel, the selectivity of C1 oxygenates (including CH3OH, 

CH3OOH and HCHO) reached nearly 100 % and the selectivity to the primary products was ca. 80 %. 

Moreover, the apparent quantum yield (AQY) is a widely accepted criterion for fairly evaluating the 

efficiency of a photocatalyst while it was not reported in many literatures in this research area. The 

AQY was measured as 14.1 % at 365 ± 10 nm for Au0.2Cu0.15-ZnO, which was again much higher 

than all systems reported (Table S2). 

 

Structural identification of AuxCuy-ZnO photocatalysts 

X-ray diffraction (XRD) patterns (Figure 2a) indicated the typical ZnO structure of the as-prepared 

photocatalysts. Characteristic diffraction peaks of ZnO (PDF#36-1451) without any peak offset 

suggested the well-crystallized phase during hydrothermal synthesis. No diffraction peaks that could 

be assigned to Au or Cu associated phases were observed, which was probably due to their very low 

amount. The actual Au and Cu loadings were then measured by ICP-AES. For Au0.2Cu0.15-ZnO, the 



measured Au and Cu contents were 0.24 wt.% and 0.06 wt.%, respectively. Au0.2-ZnO and Cu0.15-

ZnO separately contained the identical content of Au and Cu to that of Au0.2Cu0.15-ZnO. Nitrogen 

physical sorption results exhibited the similar specific surface area of 21.1, 22.8, 26.5 and 28.3 m2/g 

for ZnO, Au0.2-ZnO, Cu0.15-ZnO and Au0.2Cu0.15-ZnO, respectively. Raman spectra (Figure 2b) 

further supported the typical ZnO structure of the photocatalysts. For ZnO, peaks were clearly 

observed at 329.2 cm-1, 437.5 cm-1 and 581.1 cm-1, respectively. For the cocatalysts modified 

photocatalysts, the characteristic Raman peaks exhibited a slight noisy and left-shift from 437.5 cm-

1 to 435.0-436.7 cm-1 and from 581.1 cm-1 to 572.2 cm-1, which could be arisen from the surface strain 

effect after cocatalyst modification [61]. 

 

 

Figure 2. (a) XRD patterns and (b) Raman spectra of ZnO, Au0.2-ZnO, Cu0.15-ZnO and Au0.2Cu0.15-

ZnO. (c) TEM images of ZnO. (d) HAADF-STEM and (e) EDS-mapping images of Au0.2Cu0.15-ZnO. 

The inset of c shows the particle size distribution of ZnO. Yellow, blue and pink colors in e represent 



Zn, Au and Cu elements, respectively. 

 

Aberration corrected high-angle annular dark field scanning transmission electron microscope 

(HAADF-STEM) images (Figure 2d) of the tailored Au0.2Cu0.15-ZnO hybrid exhibited the crystalline 

fringe of 0.281 nm, which could be assigned to the (100) facet of ZnO substrate with an average 

particle size of 24.4 ± 6.1 nm (Figure 2c). Meanwhile, the crystalline fringes of 0.204 and 0.236 nm 

were also found and attributed to the (200) and (111) facets of the supported Au cocatalyst, 

respectively. The average diameter of Au nanoparticles was measured as 5.8 ± 1.8 nm as shown in 

the inset of Figure S12. No obvious CuOx clusters were found, suggesting its very high dispersion 

and sub-nanosized characteristic. Elemental distribution in the corresponding area was observed by 

EDS-mapping images and shown in Figure 2e. It is clear that Au nanoparticle was supported on the 

ZnO substrate. Uniform distribution of Zn and Cu elements indicated the successful introduction of 

CuOx and its high dispersion while much smaller concentration than Au. Such high dispersed 

cocatalysts are beneficial to enhance interaction and decrease the interfacial charge transfer resistant. 

Notably, as the separate species of Au and CuOx on ZnO, the separated holes and electrons on Au and 

CuOx can not readily recombine as discussed later. 

 

Photocatalytic mechanism investigation 

Photoabsorption, charge separation and the surface reaction are the three consecutive important 

steps that significantly influence the photocatalysis process. UV-DRS spectra (Figure 3a and Figure 

S13) were conducted to evaluate the photoabsorbance of the representative photocatalysts. All 

photocatalysts exhibited a similar absorption edge at ca. 390-398 nm, suggesting the relatively 

identical structure of ZnO among the as-prepared photocatalysts. Besides, Au0.2-ZnO and Au0.2Cu0.15-

ZnO exhibited the small photoabsorption peak in the visible region (centered ca. 530 nm), was 

attributed to Au surface plasma absorption [42]. Cu0.15-ZnO had no extra absorption band in the 

visible region, demonstrating the introduction of Cu cocatalyst had little influence on photoabsorption. 

In-situ XPS spectra were carried out to evaluate the charge transfer behavior under light irradiation. 

As shown in Figure 3b, the dominant XPS at 91.25 and 88.58 eV were attributed to the Zn3p1/2 and 

Zn3p3/2 signals, respectively [44]. The peak of interest at 83.34 eV was assigned to Au4f. Upon light 

irradiation, the dominant peak associated with Zn species exhibited no shift due to its large amount, 

while the binding energy of Au4f presented a left-shift to 83.55 eV. Such shift of the Au4f XPS peak 



to higher binding energy suggested Au cocatalysts functioned as the hole acceptors under light 

irradiation. In the case of the CuOx cocatalysts, the Cu2p3/2 XPS spectra (Figure 3c) could be divided 

into two peaks at 934.15 and 932.45 eV in dark, assigned to the Cu2+ and Cu+/Cu0 species, respectively. 

Under light irradiation, the content of Cu2+ dramatically decreased from 30 % in dark to 10 % under 

light while Cu+/Cu0 species increased from 70 % to 90 %, indicating CuOx clearly served as electron 

acceptors.  

 

 

Figure 3. (a) UV-DRS spectra of ZnO, Au0.2-ZnO, Cu0.15-ZnO and Au0.2Cu0.15-ZnO. In-situ high-

resolution (b) Au4f and (c) Cu2p XPS spectra of Au0.2Cu0.15-ZnO in dark and under light irradiation. 

(d) In-situ EPR spectra of Au0.2Cu0.15-ZnO in dark and under light irradiation. 

 

In-situ solid-state electron paramagnetic resonance (EPR) spectra were performed to further 

identify the photoinduced charge dynamics of Au0.2Cu0.15-ZnO. For the pristine ZnO (Figure S14), a 



single Lorentzian signal at g = 1.9598 was observed, which was attributed to the conduction electrons 

captured by Zn2+ to form Zn+, namely trapped electron centers [62]. Under light, more and more 

electrons were excited from the valence band to the conduction band with increasing irradiation time 

and resulted in the enhanced EPR signals. In the case of Au0.2Cu0.15-ZnO, EPR signals (Figure 3d 

and Figure S15) were observed at g = 1.9604 and 2.0003, as well g⊥= 2.0701 and g∥ = 2.2892, 

attributed to the conduction electrons captured by Zn2+, oxygen vacancies, and Cu2+ species (Figure 

3d), respectively [63-65]. The hyperfine EPR signals of Cu2+ supported its high dispersion as 

evidenced by the EDS-mapping images. Under light irradiation, the intensity of Cu2+ decreased, 

suggesting the conversion to EPR silence Cu+/Cu0, which was consistent with the in-situ XPS analysis 

that CuOx served as the electron acceptors. In parallel, the signal at g = 1.9604 exhibits decreased 

intensity (Figure S15), again proving that the photo-induced electrons could efficiently be transferred 

from the CB of ZnO to CuOx. The minor EPR signal at g = 2.0003 suggested the existence of 

defects/oxygen vacancies, which came from the reduction of ascorbic acid during hydrothermal 

synthesis and thus contributed to the chemical adsorption of the reactants. 

Photocurrent tests (Figure S16) were conducted to evaluate the charge separation behavior of the 

photocatalysts. For the pristine ZnO, a low photocurrent density was observed at -18.1 μA·cm-2. After 

single Au cocatalyst loading, the photocurrent density exhibited 2.3 times enhancement to be -41.7 

μA·cm-2 for Au0.2-ZnO, demonstrating the greatly promoted charge separation. Further improved 

photocurrent density to -65.1 μA·cm-2 was found for Au0.2Cu0.15-ZnO, three times of that achieved on 

ZnO, indicating the most efficient charge separation induced by the binary cocatalysts. The charge 

separation and transfer behaviors between ZnO and cocatalysts were further investigated using 

steady-state PL spectra (Figure S17). ZnO exhibited the band-edge emission with the strong PL 

emission peak at 475 nm, which correlated with the severe charge recombination of ZnO nanocrystal 

[56]. After the decoration with the Au cocatalyst, the PL emission peak was greatly quenched, 

suggesting the pronounced charge separation within Au0.2-ZnO. The weakest PL peak observed for 

Au0.2Cu0.15-ZnO demonstrated its obviously suppressed charge recombination rate, which was well 

consistent with the photocurrent analysis and attributed to the well matched roles of electron and hole 

acceptors of CuOx and Au, respectively. Time-decay PL spectra (Figure S18) further supported the 

enhanced charge separation by the Au-CuOx cocatalysts. For Au0.2Cu0.15-ZnO, an average PL lifetime 

of 2.94 ns was determined (Table S3), which was longer than the others (eg. 2.23 ns for ZnO and 

2.91 ns for Au0.2-ZnO), suggesting slower kinetics of fluorescent decay which is beneficial for the 



efficient separation of photogenerated charge carriers. 

 

 

Figure 4. In-situ EPR spectra of (a) DMPO-OOH and (c) DMPO-OH for monitoring the generation 

of ·OH and ·OOH active species over different photocatalysts. (b) The kinetic constant of 

photodegradation of NBT for ·OOH radical detection over different photocatalysts. (d) Time-

dependent PL spectra of the produced 7-hydroxycoumarin for ·OH radical detection over different 



photocatalysts. GC-MS results of the isotope labeling experiments in the presence of (e) 16O2 + H2
18O 

or 18O2 + H2
16O, (f) 5 bar 13CH4 or 5 bar 12CH4. 

Following the proved complementary function of two cocatalysts for charge separation, we next 

investigated the reactions between the separated charges and chemical species adsorbed on the surface 

of the photocatalysts. Reactive oxygen species (ROS) were first monitored by in-situ EPR under light 

irradiation with 5, 5-dimethyl-1-pyrroline N-oxide (DMPO) as the spin-trapping agent. As shown in 

Figure 4a and Figure 4c, DMPO-OOH and DMPO-OH were detected in the presence of Au0.2Cu0.15-

ZnO under irradiation, suggesting that ·OOH and ·OH radicals were the ROS during photocatalytic 

methane conversion. Au0.2Cu0.15-ZnO presented the strongest EPR intensity for both ·OOH and ·OH, 

indicating the highest generation of the two active species produced by Au0.2Cu0.15-ZnO. The photo-

induced ROS generation ability was further evaluated with nitroblue tetrazolium chloride (NBT) and 

coumarin as the ·OOH and ·OH probes, respectively. Figure 4b and Figure S19 presented the NBT 

photodegradation kinetic curves fitted with the first-order function, which was widely used for semi-

quantification of ·OOH/·O2
- generation [66]. Pristine ZnO showed the lowest first-order kinetic 

constant at 0.042 min-1, while the value for Au0.2-ZnO was larger at 0.053 min-1. For Au0.2Cu0.15-ZnO, 

the highest value of 0.079 min-1 was achieved. Therefore, it suggested that ZnO without cocatalysts 

modification exhibited the lowest ability to produce reactive ·OOH species from the reduction of O2 

molecules. Photogenerated ·OH radicals were also semi-quantified for its reactivity with coumarin to 

form 7-hydroxycoumain, which was shown in Figure 4d. After 30 min irradiation, the strong PL 

intensity of 7-hydroxycoumain was observed on all photocatalysts while Au0.2Cu0.15-ZnO showed the 

strongest, indicating the most efficient ·OH generation than the others, corresponding with the in-situ 

EPR results. Therefore, in the aspect of ROS generation, the introduction of binary Au-CuOx 

cocatalysts could rationally promote the generation of ·OOH and ·OH production, then promote CH4 

activation. Meanwhile, the transfer of photo-induced holes from the VB of ZnO to Au could weaken 

its oxidative ability and further activate H2O to ·OH, which could be beneficial to overcome deep-

oxidation to other products [67], then resulting in the improved selectivity of the primary products. 

As the activation of the first C-H bond of CH4 is difficult, the increased ·OH production over 

Au0.2Cu0.15-ZnO contributed to the highest photocatalytic CH4 conversion to oxygenate products. 

Isotopic labeling experiments with 1 bar 18O2 and 3 mL H2
16O or 1 bar 16O2 and 3 mL H2

18O over 

Au0.2Cu0.15-ZnO were carried out to investigate the oxygen source of oxygenates. As shown in Figure 

4e, in the presence of isotopic 18O2, CH3
18OH MS signals were observed, indicating that the formation 



of CH3OH predominantly involved O2 molecules as the oxygen source. Further support came from 

the H2
18O isotopic labelled experiment. CH3

16OH was detected as the major product, again suggesting 

O2 molecules involved methanol production. Thus, O2 acted as the predominant oxygen source for 

methane oxidation products [32]. 13CH4 isotope labeling experiment (Figure 4f) also showed the MS 

signal at m/z = 33 which was ascribed to 13CH3OH, indicating CH4 serving as the carbon source to 

produce C1 oxygenates. 

 

 

Scheme 1. Schematic illustration of photocatalytic methane conversion over Au0.2Cu0.15-ZnO 

photocatalysts. 

 

Based on the above results, it could be seen that the introduction of Au and AuCu cocatalysts could 

trigger CH4 activation and suppress the deep oxidation of the primary products (CH3OH and 

CH3OOH) into HCHO and CO2, where Au acted as the hole acceptor as proved by the in-situ XPS 

under light irradiation. ROS scavenging experiments were undertaken during CH4 conversion by 

adding salicylic acid and Na2C2O4 as the sacrificial agents of ·OH radicals and photoholes (h+) 

(Figure S20), respectively [68, 69]. The results showed that the addition of salicylic acid almost 

stopped CH4 conversion, more seriously than that adding the hole scavenger Na2C2O4. Considering 

that ·OH was produced from the oxidation of H2O by h+, such suppressed photocatalysis suggested 

that ·OH was the main reactive specie rather than h+ for the valuable chemicals production. To 

selectively restore ·OH radicals, the experiment with the addition of both Na2C2O4 and H2O2 was 

conducted. The yield of oxygenates was 149.0 μmol·h-1 (24.7 μmol·h-1 of CH3OH, 88.5 μmol·h-1 

CH3OOH and 35.8 μmol·h-1 HCHO), about 67 % of the initial activity (224.5 μmol·h-1) was recovered. 



Such predominantly recovered performance further demonstrated that ·OH was the main specie that 

activated CH4 in this study for primary products synthesis, while photo-induced h+ performed the 

important role in oxidation of H2O to produce ·OH radicals. To evaluate whether the as-produced 

CH3OH undertook deep-oxidation or decomposition, the experiment with CH3OH as a substrate was 

conducted (Figure S21). It showed that ZnO produced higher yield of HCHO (198.8 μmol·h-1) than 

that of Au-ZnO (53.7 μmol·h-1) with trace amount of CO2 detected. Such results demonstrated that 

Au cocatalyst could suppress the deep oxidation of CH3OH to HCHO during CH4 conversion, while 

decomposition of CH3OH into CO2 was also suppressed. As ·OH radicals’ production was more 

effective on Au-ZnO than ZnO as evidenced by in-situ EPR spectra and coumarin experiments, it 

indicated that ·OH radicals were not the main species that could induce deep oxidation of CH3OH. 

As charge separation was enhanced by Au cocatalysts, photo-induced h+ on Au tended to react with 

H2O to generate ·OH radicals, then led to a lower concentration of h+ that could efficiently oxidize 

methanol to HCHO. As the binary cocatalysts greatly promoted the charge separation efficiency and 

accelerated both water oxidation and O2 reduction, AuCu-ZnO exhibited the highest conversion of 

CH4 to primary valuable products. Therefore, the improved selectivity of AuCu-ZnO during CH4 

conversion was attributed to the loading of Au that not only facilitated holes separation from electrons 

but also accelerated ·OH radicals production, which did not undertake overoxidation as much as 

photoholes. Besides the function of Au cocatalyst, water solvent played a key role on regulating the 

selectivity. As reported, the adsorption energies of H2O and CH3OH on Au surface were -4.07 and -

3.22 eV, respectively [70, 71]. Such stronger adsorption of H2O than CH3OH on the catalyst could 

promote the desorption of the produced CH3OH to some extent, thus being beneficial to suppress its 

deep oxidation. 

A tentative mechanism of photocatalytic methane conversion over Au0.2Cu0.15-ZnO was then 

proposed (Scheme 1). Upon light irradiation, electrons are generally excited to the conduction band 

and holes are settled on the valence band of ZnO photocatalysts. Then the hole transfers to Au 

cocatalysts which is supported by the in-situ XPS results, then facilitating the activation of H2O 

to ·OH and H+, as proved by the in-situ EPR and ·OH radical measurement. The formed ·OH next 

activates CH4 to ·CH3, while ·OH returns to H2O and does not participate in the final oxygenate 

products formation. In parallel, electrons transfer to CuOx cocatalysts, where Cu2+ is reduced to Cu+, 

as evidenced by the in-situ EPR and XPS. Cu+ next activates molecule O2 and H+ to form the 

reactive ·OOH radicals, simultaneously Cu+ is back to the initial Cu2+ states. The primary CH3OOH 



is formed by the radical coupling reaction between ·OOH and ·CH3. CH3OOH then conducts a two-

electron reduction process to generate CH3OH. The production of HCHO from CH3OH and CH3OOH 

with the photogenerated hole or ·OH has been studied elsewhere [72]. Compared with Au0.2-ZnO, the 

greatly enhanced generation of ·OH and ·OOH radicals are beneficial to the activation of CH4 to ·CH3 

and the generation of oxygenates. Moreover, the selectivity of the desired CH3OH and CH3OOH 

products was tuned through the introduction of Au and Au-CuOx cocatalysts where the formation 

of ·OH radicals was promoted through efficient charge transfer by dual cocatalysts. 

 

CONCLUSIONS 

In summary, through binary Au-CuOx cocatalysts modification, efficient methane activation and 

suppression of the over-oxidation have simultaneously been realized. Over optimized Au0.2Cu0.15-

ZnO photocatalysts, the C1 oxygenate products (CH3OH, CH3OOH and HCHO) were produced with 

a high yield of up to 11225 μmol·g-1·h-1 and ca. 100 % selectivity, a champion reported so far, 

resulting into 14.1 % AQY at 365 nm which is also much higher than previous benchmark work. The 

reason for such superior photocatalysis was explored by in-situ light-irradiated XPS and EPR spectra, 

which indicated that Au and CuOx efficiently served as the hole and electron acceptors, respectively 

to synergistically promote charge separation. CuOx furthermore accelerated O2 reduction to 

generate ·OOH as indicated by the in-situ EPR and NBT photodegradation results. Simultaneously 

H2O oxidation to ·OH was greatly enhanced by the Au cocatalyst, then promoting CH4 activation and 

suppressing over-oxidation. Isotopic measurement evidenced O2 was the only oxygen source for 

oxygenates generation, while H2O as a promoter for CH4 activation. This work broadened the design 

and understanding of binary cocatalysts on simultaneous activity increase and selectivity regulation 

to achieve highly selective photocatalytic methane conversion to high-value-added chemicals. 
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