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Abstract 21 

Photocatalytic conversion of methane to value-added products under mild conditions, which 22 

represents a long-sought-after goal for industrial sustainable production, remains extremely 23 

challenging to afford high production and selectivity using cheap catalysts. Herein, we present the 24 

crystal phase engineering of commercially available anatase TiO2 via simple thermal annealing to 25 

optimize the structure-property correlation. Biphase catalyst of anatase (90%) and rutile (10%) 26 

TiO2 exhibits the exceptional performance in the oxidation of methane to formaldehyde under the 27 

reaction condition of water solvent, oxygen atmosphere and full-spectrum light irradiation. An 28 

unprecedented production of 24.27 mmol gcat
-1 with an excellent selectivity of 97.4% towards 29 

formaldehyde is acquired at room temperature after a 3 h reaction. Both experimental results and 30 

theoretical calculation disclose that the crystal phase engineering of TiO2 lengthens the lifetime of 31 

photogenerated carriers and favors the formation of intermediate methanol species, thus 32 

maximizing the efficiency and selectivity in aerobic oxidation of methane to formaldehyde. More 33 

importantly, the feasibility of scale-up production of formaldehyde is demonstrated by inventing 34 

the "pause-flowing" reactor. This work opens the avenue towards industrial methane 35 

transformation in a sustainable and economical way. 36 

 37 

 38 

 39 

 40 

 41 

 42 

 43 

 44 
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Introduction 46 

Methane is the main component of natural gas and has abundant reserves on the earth1.
 
The 47 

conversion of methane into high value-added chemicals has been always a core research topic in 48 

chemistry, energy and environment fields1-3. Generally, due to its intrinsic inertness of C-H bond 49 

and high stability of tetrahedral structure, thermocatalytic methane conversion needs harsh 50 

reaction condition4. As examples, conventional syngas-mediated indirect methane conversion is 51 

operated at high temperatures (700°C - 1100°C); alternatively, direct partial oxidation of methane 52 

could be conducted at relatively low temperature (< 200°C), but it requires strong oxidants like 53 

H2O2 or K2S2O8
5. Distinct from the thermocatalytic systems, the photocatalysis exploits clean 54 

solar energy to provide the Gibbs free energy for reaction and simultaneously generates highly 55 

active free radical species, realizing the conversion of methane into value-added products 56 

(methanol, formaldehyde, formic acid, ethanol, etc.) under mild conditions6, 7. Among those 57 

products, formaldehyde is highly desired since it is widely used as feedstocks in over 50 industrial 58 

processes8. Actually, 40% of industrial methanol nowadays is employed to synthesize 59 

formaldehyde9, 10. Therefore, direct photocatalytic conversion of methane to formaldehyde is of 60 

great significance for sustainable development. 61 

Previous attempts at photooxidation of methane to formaldehyde achieved a formaldehyde 62 

production of 13.1 mmol gcat
-1 and selectivity of 86.7% over BiVO4 nanoparticles in size of ~4.5 63 

nm upon 300 nm - 400 nm irradiation for 7 h11. However, the high carrier recombination rate of 64 

small-sized BiVO4 limited the further improvement of formaldehyde production. To increase the 65 

carrier separation efficiency of semiconductors, loading noble metal cocatalysts is a common 66 

method. Composite catalysts including Ag/ZnO12 and Au/WO3
13 were applied in photooxidation 67 

of methane to formaldehyde. Unfortunately, the loaded noble metal nanoparticles tended to 68 

agglomerate during reaction, leading to the degradation of catalyst stability13. Thus, it is 69 

imperative to seek the novel strategies for preparing the stable and effective photocatalysts 70 

towards methane oxidation. 71 

The bandgap of semiconductor photocatalysts is known to be largely dependent on the crystal 72 

phase structure. For instance, the bandgap of pure anatase phase TiO2 (denoted as A-TiO2) and 73 

rutile phase TiO2 (denoted as R-TiO2) is 3.2 eV and 3.0 eV, respectively14.  Previous studies 74 
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reported that the-formed phase junction between A-TiO2 and R-TiO2 (A/R-TiO2) promoted the 75 

photoinduced carrier separation, thus resulting in the enhanced activity in photocatalytic water 76 

splitting and pollutant degradation15, 16.  77 

We suppose that the crystal phase engineering of TiO2 nanoparticles would be particularly 78 

useful in photocatalytic oxidation of methane to formaldehyde. Besides the improved carrier 79 

separation, the only TiO2 utilized without introduction of additional metal cocatalysts endows the 80 

chemical and photostability under the oxidation and illumination condition. We also notice that 81 

beyond the catalyst construction, the adopted reactor is equally important. At present, all works 82 

about the photocatalytic methane conversion have been carried out in a batch reactor, which is 83 

merely suitable for small-scale catalyst screening rather than continuous production. Herein, a new 84 

type of "pause-flowing" reactor is manufactured for scale-up production of formaldehyde. 85 

 86 

Results 87 

Synthesis and characterization of A/R-TiO2 88 

A/R-TiO2 was prepared via simple thermal annealing of commercially purchased A-TiO2 89 

nanoparticles in the temperature range of 600°C to 800°C (Fig.1a). X-ray diffraction (XRD) 90 

patterns (Fig.1b & Fig. S1) verify a gradual phase transition from the anatase to the rutile phase 91 

with temperature increasing. The ratio of two phases is quantitatively estimated based on the 92 

integrated area of rutile and anatase diffraction peaks (Table S1)17, and accordingly the annealed 93 

samples are named as x% A-TiO2 where x is the ratio of anatase phase inside. Analogously, the 94 

Raman spectra prove that the anatase and rutile phases coexist in nanoparticles (Fig. 1c). The 95 

characteristic peaks at 397 cm-1, 515 cm-1 and 637 cm-1 correspond to A-TiO2, while the peaks at 96 

235 cm-1, 443 cm-1 and 609 cm-1 belong to R-TiO2 (Fig. S2)18, 19. The ratio of two phases estimated 97 

from Raman spectroscopy is well consistent with that obtained from the XRD patterns (Table S2). 98 

Furthermore, high-resolution transmission electron microscopy (HRTEM) image presents the clear 99 

fringe spacing of 0.352 nm and 0.325 nm, representing the anatase (101) and rutile (110) planes, 100 

respectively (Fig. 1d)15. At the interface, the close-contacted phase junction with well-connected 101 

crystal lattice is observed, which is formed through strong ionic bonds and might maximize the 102 

separation efficiency of photogenerated carriers. TEM images also display that the phase transition 103 
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after heat treatment is accompanied by the agglomeration of TiO2 nanoparticles, causing the 104 

increase of particle size from 18 nm to 80 nm (Fig. S3) and the decrease of specific surface area 105 

from 82 m2 g-1 to 35 m2 g-1 (Fig. S4).  106 

 107 

Energy band alignment at interfaces inside A/R-TiO2 108 

The proper energy band structure is critical for the construction of phase junctions. The light 109 

absorption ability of A/R-TiO2 is first inspected by UV-vis diffuse reflectance spectroscopy (DRS). 110 

As shown in Fig. 2a, A-TiO2 and R-TiO2 can be excited by light with wavelength below 400 nm 111 

and 420 nm, respectively. As the ratio of rutile phase increasing, the absorption edge of A/R-TiO2 112 

shifts to longer wavelength, indicating that the bandgap gradually reduces. To get the optical 113 

bandgap (Eg), the UV-vis DRS is transformed into a Tauc plot based on the equation (hvα)1/2 = 114 

A(hv - Eg), and the Eg value of A-TiO2 and R-TiO2 is calculated to be 3.16 eV and 2.96 eV, 115 

respectively (Fig. S5 & S6). The Mott-Schottky and X-ray photoelectron spectroscopy (XPS) 116 

valence band are further used to determine the band structure of A-TiO2 and R-TiO2 (Fig. S5 & 117 

S6). According to the Mott-Schottky measurement, the conduction band (ECB) value of A-TiO2 118 

and R-TiO2 is -0.24 V and -0.33 V (vs NHE, NHE = normal hydrogen electrode), respectively. 119 

Correspondingly, the valence band (EVB) is deduced to be 2.92 V and 2.63 V (vs NHE) through the 120 

formula EVB = Eg + ECB. In combination with the XPS valence band, the Fermi level of A-TiO2 121 

and R-TiO2 is estimated to be 0.25 V and 0.22 V (vs NHE), respectively. Fig. 2b and Table S3 122 

illustrate the detailed band structure of A-TiO2 and R-TiO2. The carrier transfer depends on the 123 

position of the Fermi level, that is, the electrons in R-TiO2 flow to A-TiO2 whereas the holes in A-124 

TiO2 flow to R-TiO2 through the phase junction until their Fermi levels reach an equilibrium. 125 

Thereafter, a built-in electric field is formed and beneficial to the separation of photogenerated 126 

carriers20.  127 

To thoroughly clarify the effectiveness of photogenerated carrier separation at the phase 128 

junction, the time-resolved transient absorption (TA) spectroscopy of A/R-TiO2 is recorded at 355 129 

nm excitation. Fig. 2c displays the time profiles of TA spectra probed at 600 nm. The negative 130 

stimulated emission (SE) signals displayed can be fitted by the two-sided exponential function, 131 

and the fitting result is summarized in Table S4. The short life span (𝜏1) is derived from the 132 
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process of trapping excitons in the defect state, while the long life span ( 𝜏2 ) reflects the 133 

recombination process of photogenerated carriers21. As the ratio of anatase phase in A/R-TiO2 134 

reduces, the 𝜏2 lengthens first and then shortens (top to bottom in Fig. 2c). Notably, the sample 135 

with an anatase ratio of 90% shows the longest lifetime (>350 ps), owning the highest efficiency 136 

of carrier separation. The difference in the separation ability of photogenerated carriers is 137 

validated by the transient photocurrent measurement (Fig. S7), where 90% A-TiO2 exhibits the 138 

highest photocurrent density. 139 

 140 

Photocatalytic methane oxidation performance of A/R-TiO2 141 

Based on the fact that the pipeline transportation pressure of natural gas is up to 200 bar22, high-142 

pressure reaction mode is conducive to making full use of the original energy. Moreover, a high-143 

pressure atmosphere increases the solubility of methane in water, which could boost the efficiency 144 

of methane conversion23. Thus, all the photocatalytic methane oxidation experiments have been 145 

carried out in a pressured reactor at room temperature (Fig. S8). 146 

The methane oxidation performance of 10 mg A/R-TiO2 photocatalysts was investigated under 147 

20 bar methane and 5 bar oxygen in 180 mL water with a 300 W xenon lamp irradiation (300 nm - 148 

1100 nm and 130 mW cm-2, Fig. S9) for 3 h. Liquid products were quantified by colorimetry for 149 

formaldehyde and by NMR with water suppression pulse for others (Fig. S10), while gaseous 150 

products were quantified by gas chromatography (GC). Control experiments manifest that the 151 

presence of photocatalyst, light and methane is necessary for oxygenates production (Table S5). 152 

As shown in Fig. 3a & Fig. S11, in comparison to A-TiO2 and R-TiO2, all A/R-TiO2 samples 153 

containing intrinsic phase junctions show a higher yield of methanol, formaldehyde and CO2. 154 

When the ratio of anatase phase is 90%, the total oxygenates production reaches the maximum 155 

value, which is 5.8 and 2.3 times that of A-TiO2 and R-TiO2, respectively. The specific surface 156 

area of nanoparticles is known to have a large influence on the photocatalytic performance24, thus 157 

the production is normalized by specific surface area for comparison and 90% A-TiO2 still is of 158 

the largest value (Fig. S12a). Besides, under the identical reaction condition, the physical mixture 159 

of 90% A-TiO2 and 10% R-TiO2 has the total oxygenates production of 2.84 mmol g-1, much 160 

smaller than 10.60 mmol g-1 achieved with 90% A-TiO2 (Fig. S12b). These results highlight that 161 
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90% A-TiO2 containing rich A/R TiO2 phase junctions efficiently separates the photogenerated 162 

carriers and thus exhibits the best photocatalytic methane oxidation performance, which is 163 

consistent with TA and photocurrent measurements. 164 

When the oxygen pressure is fixed at 5 bar, the total oxygenates production grows continually 165 

with methane pressure increasing (Fig. 3b), revealing that the cleavage of methane C-H bond is 166 

the rate-determining step (RDS)25. It is noted that when the methane pressure exceeds 20 bar, the 167 

increase rate of formaldehyde production is lower than that of methanol production (0.009 bar-1 for 168 

formaldehyde against 0.029 bar-1 for methanol from 20 bar to 30 bar), leading to a slight drop in 169 

formaldehyde selectivity (from 85.0% to 83.8%). Except for the methane pressure, the effect of 170 

oxygen pressure is investigated (Fig. 3c). In the absence of oxygen, few oxygenates are generated. 171 

When oxygen is added to the system, the oxygenates production improves dramatically and 172 

reaches the plateaus at the oxygen pressure of 5 bar. After the oxygen pressure surpasses 5 bar, the 173 

amount of overoxidation product CO2 increases significantly11.  174 

The volume of water is also recognized as a key factor of catalytic performance (Fig. 3d). When 175 

the photocatalytic methane oxidation reaction is carried out under anhydrous condition, only CO2 176 

is obtained. As the volume of water increases, the production of CO2 gradually decreases 177 

accompanying with formaldehyde increasing. The reason is attributed to the improved dissolution 178 

of methane as well as participation of water in the desorption process of oxygenates. In addition, 179 

water dilutes as-formed methanol and formaldehyde to inhibit the overoxidation process (Fig. 180 

S13)12. When the volume of water reaches 180 mL, the production of formaldehyde levels off, 181 

which is limited by the active sites of catalyst and the concentration of methane.  182 

To maximize the use of active sites on the surface of the nanoparticles, the mass of catalyst is 183 

optimized (Fig. 3e). Remarkably, when 2 mg 90% A-TiO2 is used as photocatalyst, the 184 

formaldehyde production and selectivity are up to 24.27 mmol g-1 and 97.36%, respectively. In this 185 

reaction system, the production of methanol is too low to be detected by 1H NMR spectroscopy 186 

(Fig. S14), so we purposely select 10 mg 90% A-TiO2 as standard for studying the influence of 187 

varied experimental parameters on all oxidized products including methanol, formaldehyde and 188 

CO2 (Fig. 3). It deserves pointing out that the turnover number (TON) of oxygenates is 1.77, 189 

which proves that the photooxidation of methane over 90% A-TiO2 is a catalytic process (Table 190 
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S6). 191 

The relationship of the photocatalytic performance with the number of photons and wavelength 192 

is explored. As the light intensity increases, the production of oxygenates goes up, showing the 193 

light-driven methane oxidation (Fig. S15). The changing trend of quantum efficiency (QE) is 194 

consistent with that of the UV-vis DRS (Fig. 3f), and the QE is 3.28 % and 2.52 % at 313 nm and 195 

365 nm, respectively (Table S7). 196 

Altogether, the production and selectivity of formaldehyde from methane oxidation over 90% 197 

A-TiO2 upon 300 W Xenon lamp irradiation at room temperature for 3 h reaches 24.27 mmol g-1 198 

(or 8.09 mmol g-1 h-1) and 97.4%, respectively, superior to all the results achieved with the state-199 

of-the-art heterogeneous photocatalysts under similar reaction condition (Table S8). Furthermore, 200 

the stability of 90% A-TiO2 photocatalyst is evaluated. Prolonging the reaction time increases the 201 

production of all oxygenates, but the production of CO2 grows fastest (Fig. S16a), indicating that 202 

a short reaction time is beneficial for avoiding overoxidation. The catalytic performance of 90% 203 

A-TiO2 remains almost stable after five cycles of reaction (Fig. S16b). Both XRD and XPS results 204 

verify that the change of catalyst before and after the reaction is negligible, namely the ratio of 205 

anatase phase in photocatalyst retains 90% (Fig. S17).  206 

 207 

Mechanism insight into activation of methane 208 

To ascertain the carbon source of liquid products, 13CH4 instead of 12CH4 is used as the reactant. 209 

The signals at 49 ppm and 81 ppm in 13C composite pulse decoupling (13C CPD) and 13C 135 210 

distortionless enhancement by polarization transfer (13C 135 DEPT) spectra are ascribed to 211 

13CH3OH and HO13CH2OH, respectively (Fig. 4a). In addition, the peaks of 13CH3OH (δ = 3.08 212 

ppm and 3.44 ppm) are discerned in the 1H NMR, while the signal of 12CH3OH (δ = 3.26 ppm) is 213 

not detected (Fig. S18a). The molecular ion peak of m/z = 45 is indexed to 13CO2 (Fig. S18b). All 214 

the evidences confirm that the products originate from photocatalytic methane oxidation and 215 

methane is the only carbon source.  216 

As for the mechanism of methane C-H activation, the possibility of hydroxyl radical (·OH) 217 

involvement is first ruled out26. Fenton reaction (H2O2 + Fe2+ → Fe3+ + ·OH + OH-, pH = 4) is 218 

used to replace A/R-TiO2 based photocatalysis for ·OH generation. In this case, no product is 219 
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distinguished (Table S9), displaying that ·OH cannot activate methane in current reaction 220 

condition12, 27.  221 

The in situ diffuse reflectance Fourier transform infrared spectroscopy (DRIFTS) is then 222 

employed to detect the possible activation of methane on A/R-TiO2 surface. In darkness without 223 

oxygen and water, the only signal of gaseous methane (3017 cm-1 and 1305 cm-1) is observed, 224 

showing that methane is not adsorbed on 90% A-TiO2 surface (Fig. S19)28. Once the light is 225 

introduced, a new peak appears at 2872 cm-1 which intensity increases with irradiation time 226 

prolonging (Fig. 4b & Fig. S20). This peak is ascribed to the stretching vibration of C-H bond in 227 

*CH3O12, 29. Moreover, in situ electron spin resonance (ESR) is utilized to probe the active species 228 

produced on 90% A-TiO2 surface (Fig. S21). There is no signal in darkness and dry argon 229 

atmosphere, suggesting that almost no defects exist on the catalyst surface. When the light is 230 

turned on, a peak of g = 2.001 appears immediately and its intensity increases gradually, which is 231 

assigned to the O- species (hole)30. Evidently, methane is activated by the lattice O- of 90% A-TiO2 232 

surface to generate *CH3O species, which subsequently involves the formation of oxygenates31.  233 

Density functional theory (DFT) calculation is adopted to understand the mechanism of 234 

methane activation on A/R-TiO2 surface. The calculated Gibbs free energy manifests that the 235 

process of O- extracting the H atom of methane to *OCH3 on the rutile surface has a much lower 236 

energy of 0.32 eV compared to 1.18 eV on the anatase surface (Fig. 4c & Table S10). After 237 

separating the photogenerated electrons at the phase junction, the photogenerated holes transfer to 238 

the rutile surface to form lattice O-, which is conducive to lowering the barrier of C-H bond 239 

activation and promoting photocatalytic methane conversion (Fig. 2b). Under the anhydrous 240 

condition, CO2 is found to be the only product; after the reaction, treatment of catalyst with water 241 

gives rise to the methanol generation detected by 1H NMR, implying that the surface *OCH3 is 242 

desorbed to form methanol with the help of water (Fig. S22). 243 

 244 

Mechanism insight into aerobic oxidation of methane 245 

A contrast experiment of anaerobic oxidation of methane is carried out to uncover the role of 246 

oxygen. When the reaction time is extended from 3 h to 7 h without adding O2, the production of 247 

oxygenates remains unchanged (Fig. S23a), indicating that the photocatalyst loses its ability to 248 
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activate methane after 3 h reaction. XPS survey is then used to assess the surface state of catalyst 249 

(Fig. S23b). As for pristine 90% A-TiO2, two characteristic O 1s peaks at 529.8 eV and 531.6 eV 250 

are discerned, corresponding to the lattice oxygen (Ti-O) and the hydroxyl group (OH) adsorbed 251 

on the surface oxygen vacancies, respectively32. After the anaerobic reaction, the lattice oxygen is 252 

consumed (dropping from 92.92% to 54.02%) accompanying with generation of more oxygen 253 

vacancies (rising from 7.08% to 29.53%), which demonstrates that lattice oxygen involves in the 254 

formation of oxygenates (Fig. S23c and Table S11). In addition, two new peaks with the ratio of 255 

8.40% and 8.05% appear at 532.7 eV (C-O) and 533.4 eV (C=O), corresponding to surface 256 

adsorbed methanol and formaldehyde, respectively (Fig. S23b)33. The ESR spectrum of 90% A-257 

TiO2 after the reaction also shows a characteristic signal of oxygen vacancy at g = 2.003 (Fig. 258 

S24), which reinforces the consumption of lattice oxygen34. As a comparison, the catalyst after the 259 

aerobic reaction has much less lattice oxygen loss (74.98%) and surface adsorbed C-O/C=O 260 

species (0%/4.9%).  261 

The 18O isotope tracer experiment is performed to explore the reaction mechanism mediated by 262 

lattice oxygen. Owing to the low response of gas chromatography-mass spectrometry (GC-MS) 263 

method towards the main product formaldehyde, H2
18O (m/z = 20) generated by the acetylacetone 264 

color-developing reaction, where the oxygen atom of HCHO is extracted to form H2O, is utilized 265 

to trace the isotopic HCH18O (Fig. S10a)13. When 18O2 is used as the reactant, a distinct H2
18O 266 

(m/z = 20) signal appears via the acetylacetone color-developing reaction (Fig. 4d). Note that 267 

H2
18O signal is absent in the solution before the acetylacetone color-developing reaction (Fig. 268 

S25a). The above results disclose that 18O2 involves in the formation of HCH18O. To judge 269 

whether the lattice oxygen of A/R-TiO2 can be supplemented by 18O2 (denoted as 18O-TiO2) in the 270 

process of aerobic methane oxidation, the second round photocatalytic reaction is carried out using 271 

the recycled 18O-TiO2 catalyst and 16O2 reactant. The solution after the second round of catalysis is 272 

then subject to the acetylacetone color-developed reaction (Fig. S25b), and a clear H2
18O signal 273 

appears in the GC-MS spectrum (Fig. 4d). In brief, the lattice oxygen of A/R-TiO2 participates in 274 

the formation of formaldehyde, and O2 supplements the consumed lattice oxygen to maintain the 275 

stability of photocatalyst. Alternatively, water is another possible oxygen source in the reaction 276 

system. Similar H2
18O isotope experiments disclose that water also participates in the formation of 277 
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oxygenates, but it cannot supplement the lattice oxygen of photocatalyst (Fig. S25c). 278 

After understanding the lattice oxygen determined cleavage of methane C-H bond in RDS 279 

followed by methanol formation with the aid of water, another crucial question is why the 280 

formaldehyde of high production and selectivity is acquired in our system. For the convenience of 281 

study, methanol is directly used as the substrate instead of methane. In comparison to methane 282 

reactant, the similar ratio of formaldehyde and CO2 products is obtained with methanol substrate 283 

under the identical reaction condition (Table S12), suggesting that methanol acts as the key 284 

intermediate for the formation of formaldehyde. The in situ ESR experiment using 5,5-dimethyl-1-285 

pyrroline-N-oxide (DMPO) as a radical-trapping agent further shows the transformation of 286 

methanol to hydroxymethyl radical (·CH2OH, AH = 20.5 G and AN = 15.0 G) on A/R-TiO2 under 287 

photoirradiation (Fig. 4e). The ·CH2OH radical from the reaction of methanol with hydroxyl 288 

radical (·OH) is known as the intermediate for formaldehyde formation35. Fig. 4f presents the 289 

1:2:2:1 quadruple signal of hydroxyl radical generated by light irradiation. Compared with A-TiO2 290 

and R-TiO2, the signal of hydroxyl radical is markedly enhanced on 90% A-TiO2; meanwhile, 291 

replacement of argon with oxygen in the reaction system results in 7.5 times the signal intensity of 292 

hydroxyl radical (Fig. S26). The above results are in good agreement with the energy band 293 

structure of A/R-TiO2 (Fig. 2b). Namely, hydroxyl radicals are simultaneously generated by the 294 

oxidation of water (∙OH/H2O = 2.380 V vs NHE) and the reduction of oxygen (O2/H2O2 = 0.695 V 295 

and H2O2/∙OH = 1.14 V vs NHE). The A/R-TiO2 phase junction promotes the separation of 296 

photogenerated carriers and the generation of hydroxyl radicals, resulting in high formaldehyde 297 

production and selectivity. 298 

Fig. 5 illustrates the entire process of photocatalytic aerobic oxidation of methane on A/R-TiO2. 299 

Under light irradiation, the carriers are generated inside A/R-TiO2, where electrons in R-TiO2 flow 300 

to A-TiO2 and holes in A-TiO2 flow to R-TiO2. Afterwards, methane is activated by the 301 

photogenerated O- species mostly on the R-TiO2 surface to form *CH3O, which transforms to 302 

methanol and then desorbs with the help of water. The O- species originates from the lattice 303 

oxygen of TiO2 and O2 supplements the left oxygen vacancy of TiO2. Finally, photogenerated 304 

hydroxyl radical (·OH) from both water oxidation and oxygen reduction converts the intermediate 305 

methanol in solution to formaldehyde in high yield and selectivity. 306 
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 307 

A "pause-flowing" reactor for scale-up production of formaldehyde 308 

We suppose that the flowing photocatalytic system, which has a narrow optical path facilitating 309 

uniform irradiation and a backpressure valve increasing the pressure of methane, will possibly 310 

scale up the formaldehyde production36-38. However, the conventional continuous flowing reactor 311 

employed in homogeneous photocatalysis would suffer from solid sedimentation, leading to 312 

ununiform distribution or clogging of heterogeneous photocatalysts39, 40. The gas-liquid-solid 313 

segmented flowing system has been proved as a good solution. The flowing suspension is divided 314 

into smaller subunits by the gas space, and a series of small gas-solid-liquid (G-S-L) batch 315 

reactors (SMBRs) utilize the toroidal vortices in the segmented flow pattern to produce the well-316 

stirred micro-suspension containing the photocatalysts41, 42.  317 

Encouraged by SMBRs, a "pause-flowing" microtube reactor is designed with the unique 318 

advantages of flexible control over the reaction time as well as sufficient mixing of reactants and 319 

catalysts (Fig. 6a-b & Fig. S27). In detail, a catalyst suspension formed by A/R-TiO2 and water 320 

mixed with methane and oxygen in T-mixer generates a segmented gas-suspension flow in 321 

perfluoroalkoxyalkane tube with a rich G-S-L contact interface. Next, needle valves and pressure 322 

gauges are used to switch the flowing and pause modes and control the pressure of the reaction 323 

system. At a pressure of 5 bar, a flow time of 15 min and a pause time of 1 h, the average 324 

production of formaldehyde reaches 13.94 mmol g-1 h-1 L-1 and its selectivity is around 100% in 325 

the liquid phase, which is significantly higher than 0.26 mmol g-1 h-1 L-1 obtained by the batch 326 

reactor under the same reaction condition (Fig. S28 & S29). Furthermore, the stable long-term 327 

production of formaldehyde is realized, which is of high potential in scale-up production (Fig. 6c). 328 

 329 

Conclusion 330 

Unlike the conventional heterogeneous structures that are composed of two types of different 331 

materials, the phase junction in sole TiO2 enables the efficient separation of photogenerated 332 

carriers thanks to the suitable band structure alignment. More importantly, the direct chemical 333 

bonding between the anatase phase and rutile phase not only maximizes the separation of 334 

photogenerated carriers but also guarantees catalyst stability during photocatalytic methane 335 
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oxidation. These A/R-TiO2 photocatalysts are further applied in the "pause-flowing" reactor for a 336 

scale-up generation. As a result, we realize the efficient, selective, continuous and stable 337 

production of formaldehyde via photocatalytic methane oxidation under mild condition. This work 338 

offers a paradigm to approach the industrial photocatalytic transformation of low carbon 339 

feedstocks including but not limited to methane via rational design of both catalysts and reactors. 340 

 341 

Methods 342 

Chemicals. Nano-TiO2 (99.8% metals basis, 5-10 nm) was purchased from Aladdin. Hydrogen 343 

peroxide aqueous solution (30% w/w) was bought from Gaoheng (Beijing). Deuterium oxide (99.9 344 

atom% D) and dimethyl sulfoxide (DMSO) were obtained from Innochem. Deionized water with a 345 

resistivity of 18.2 MΩ cm-1 was used in all experiments. All chemicals were used as received and 346 

without further purification. 347 

 348 

Anatase-rutile phase junction TiO2 (A/R-TiO2) preparation. A/R-TiO2 was prepared through a 349 

simple thermal treatment method. 200 mg commercial nano-TiO2 power (A-TiO2) was calcinated 350 

at different temperatures (600C, 650C, 700C and 800C) in a muffle furnace for 2 h at a heating 351 

rate of 5°C/min. Finally, A/R TiO2 with different anatase and rutile ratios was obtained. According 352 

to the XRD results (Table S1), the anatase ratio was 100% (A-TiO2), 90% (600°C), 70% (650°C), 353 

30% (700°C) and 100% (800°C), named as A-TiO2, 90% A-TiO2, 70% A-TiO2, 30% A-TiO2 and 354 

R-TiO2, respectively. 355 

 356 

Characterization. Transmission electron microscopy (TEM) imaging was carried out using 357 

Tecnai G2 F20 S-TWIN at 200 kV. Powder X-ray diffraction (PXRD) data were collected on 358 

D/MAX-TTRIII (CBO) with Cu Kα radiation (λ = 1.542 Å) operating at 40 kV and 200 mA. 359 

Raman spectra were recorded on Renishaw inVia plus. X-ray photoelectron spectroscopy (XPS) 360 

spectra were acquired in an ESCALAB 20 Xi XPS system, where the analysis chamber was 1.5 × 361 

10−9 mbar and the size of the X-ray spot was 500 μm. The binding energies were referenced to the 362 

C 1s line at the binding energy of 284.8 eV from adventitious carbon. The nitrogen adsorption and 363 

desorption isotherms were measured at 77 K using a Micromeritics ASAP 2020-4 system. The 364 
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samples were outgassed at 200°C for 2 h before measurement. Surface areas were calculated from 365 

the adsorption data using Langmuir and Brunauer-Emmett-Teller (BET) methods. In situ electron 366 

spin spectra (ESR) were detected at 9.43 GHz and room temperature using a Bruker E500 367 

spectrometer. In situ diffuse reflectance Fourier transform infrared spectroscopy (DRIFTS) was 368 

obtained by Thermo Scientific Nicolet IS50. 369 

 370 

Photoelectric performance measurement and energy band structure determination. Taking 371 

Al2O3 as the reference sample, the UV-vis diffuse reflectance spectrum (DRS) was recorded by a 372 

Hitachi U-3010 UV-visible spectrometer. For the Mott-Schottky and photocurrent test, 6 mg 373 

sample was ultrasonically dispersed in a mixed solution (580 μL ethanol and 20 μL 5% Nafion) 374 

before it was added dropwise onto 1 * 1 cm indium tin oxide (ITO) as the working electrode. 375 

Using Ag/AgCl as the reference electrode and platinum mesh as the counter electrode, the Mott-376 

Schottky plots were obtained using CHI-760E electrochemical workstation where samples in 1 M 377 

Na2SO4 were tested at a frequency of 700 Hz; meanwhile, the photocurrent was determined at 1 V.  378 

  379 

Transient absorption spectroscopy 380 

The femtosecond transient absorption (fs-TA) measurements were obtained by the light 381 

conversion commercial fs-TA system. Fundamental 800 nm pulse (33 kHz, 190 fs) from a 382 

Coherent Astrella regenerative amplifier was used to pump an optical parametric amplifier 383 

(Coherent, OperA Solo) to obtain a frequency-tunable pump beam across the visible light region. 384 

The pump beam was severed and focused at the sample with a beam waist of approximately 300 385 

μm. The pump light wavelength was 355 nm. A white-light continuum probe beam from 420 nm 386 

to 820 nm was acquired by focusing a weak part of the fundamental 800 nm beam on a sapphire 387 

window. The sample was placed in the overlapped position of the pump beam and the white-light 388 

continuum probe beam. All samples in measurements were in water solution and obtained with 1 389 

mm quartz cuvettes. The recovery signal was fitted by multi-exponential decay function with a 390 

lifetime  𝜏𝑖, convoluted by a Gaussian response function: 391 

 392 
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 393 

where 𝑖 was set as 3, 𝑦0 was baseline height and 𝑠0 was the laser pulse width. For each 𝜏𝑖 , its 394 

proportion 𝑝𝑖 was calculated by 𝑝𝑖 = 𝐴𝑖𝜏𝑖∑ 𝐴𝑖𝜏𝑖. Fitting results were given in Table S4. 395 

 396 

Photocatalytic methane oxidation. The photocatalytic methane oxidation was carried out in a 397 

stainless-steel autoclave (Fig. S8). The photocatalysis experiment was carried out at the given 398 

methane and oxygen pressure and room temperature (25°C). The catalyst was dispersed in a 399 

specific volume of water, which was then added to the reactor. After the reactor was sealed, 400 

methane was continuously injected for 5 min to remove the dissolved oxygen in the water. Then 401 

methane and oxygen at the given pressure were charged into the system. A xenon lamp (emission 402 

wavelength of 300 nm -1100 nm and light intensity of 130 mW cm-1, PerfectLight) was used to 403 

initiate the photocatalytic reaction. In the experiments of measuring the quantum yield, bandpass 404 

filters at the corresponding wavelengths were used to obtain monochromatic light.  405 

 406 

Product analysis. Analysis and quantification of CH3OH were carried out by 1H NMR with water 407 

suppression pulse using dimethyl sulfoxide (DMSO) as an internal standard. Typically, 0.2 mL 408 

post-reaction liquid was mixed with 0.4 mL D2O and 0.07 μmol DMSO. The concentration of 409 

methanol standard solutions was plotted versus the corresponding area ratio to DMSO to obtain 410 

the calibration curves. The products were quantified by comparing the 1H NMR signal against the 411 

calibration curve (Fig. S10b). A Shimadzu GC-MS QP2010 Ultra was used for monitoring the 412 

generation of 13CH3OH, H2
18O and 13CO2. The 1H NMR, 13C CPD and 13C DEPT-135 spectra 413 

were recorded by a Bruker AVANCE III HD 400 MHz NMR spectrometer.  414 

The production of HCHO in water was assessed through the acetylacetone color-developing 415 

method. A portion of the product solution (3 mL) was mixed with as-prepared 0.25% (v/v) 416 

acetylacetone solution (2 mL) before being heated for 3 min in boiling water. Through absorbance 417 

intensity detection at 413 nm against the calibration curve, the HCHO content was obtained (Fig. 418 

𝐷(𝑡) = 𝑦0 + ∑ 𝐴𝑖 exp( 𝑡𝜏𝑖) [1 − erf (− 𝑡 − 𝑠02𝜏𝑖𝑠0 ) ]  
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S10a & c).  419 

 420 

Preparation of 0.25% (v/v) acetylacetone solution. Ammonium acetate (25 g) was dissolved in 421 

water (10 mL). Subsequently, acetic acid (3 mL) and acetylacetone (0.25 mL) were added in 422 

sequence. Afterward, the solution volume was diluted with deionized water to 100 mL. With the 423 

pH adjusted to 6, the solution was stored at 2oC - 5oC, at which temperature would remain stable 424 

for one month. 425 

 426 

Computational method  427 

The Vienna Ab Initio Simulation Package (VASP) was employed to perform all the density 428 

functional theory (DFT) calculations within the generalized gradient approximation (GGA) using 429 

the Perdew-Burke-Ernzerhof (PBE) formulation. The projected augmented wave (PAW) potentials 430 

were chosen to describe the ionic cores. Valence electrons were taken into account by using a 431 

plane-wave basis set with a kinetic energy cutoff of 450 eV. Partial occupancies of the 432 

Kohn−Sham orbitals were allowed using the Gaussian smearing method and a width of 0.05 eV. 433 

The electronic energy was considered self-consistent when the energy change was smaller than 434 

10−5 eV. Geometry optimization was considered convergent when the energy change was smaller 435 

than 0.03 eV/Å. The brillouin zone was sampled with 2 × 2 × 1 Monkhorst mesh. 436 

The free energy on the surface was calculated as follows: 437 

∆G = ΔE (DFT)+ ΔE (ZPE) – TΔS 438 

where E (DFT) was the total energy for the adsorption of CH4* and OCH3*, ΔE (ZPE) was the 439 

zero-point energy change and ΔS was the entropy change. 440 

 441 

Photocatalytic methane oxidation in “pause-flowing” reactor  442 

A schematic overview of the "pause-flowing" reactor was given in Fig. S27. The tube reactor was 443 

constructed using perfluoroalkoxyalkane (PFA) tube (outside diameter = 3 mm, inside diameter = 444 

1 mm, length = 30 m, volume = 25 mL), which was wrapped around the outer wall of a cylinder. 445 

Meanwhile, near-UV LED strip (2.5 m, 365 nm, 120 W) was attached to the inner wall of hollow 446 

cylinder with a larger diameter to form photobox. The above two cylinders were assembled to 447 
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fabricate a photoreactor. The gas flow rate (CH4 and O2) and CH4/O2 ratio (CH4/O2 = 4/1) were 448 

monitored and controlled by a mass flow controller (MFC). The catalyst suspension was pumped 449 

via a gear pump. All reactants including catalyst suspension, CH4 and O2 were mixed in a T-mixer 450 

and the 1:1 gas/suspension segmented flow was introduced in the tube reactor. Two needle valves 451 

were located at each end of the reactor to switch the flowing and pause modes. The pressure inside 452 

the reactor was regulated by needle valves and pressure gauge to be 5 bar. 453 

When the flowing mode started, valve 1 and valve 2 were opened, and the tube reactor was 454 

filled by the segmented gas/suspension flow. When the set pressure reached, both valve 1 and 455 

valve 2 were closed to start the pause mode. After 1 h reaction, valve 2 was opened, and the 456 

mixture of suspension and product in the tube reactor automatically run down to the collector. At 457 

the same time, valve 1 was opened to replace the reaction stream in the tube reactor with a new 458 

segmented gas-suspension flow. After 15 min flowing, both valve 1 and valve 2 were closed again 459 

to start the next round of reaction. Finally, the mixture of suspension and product in the collector 460 

were separated and the resulting solution was used to quantify the production of methanol and 461 

formaldehyde.  462 
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 575 

Fig. 1 | Synthesis and characterization of A/R-TiO2. (a) Scheme of phase transformation from 576 

A-TiO2 to x% A-TiO2 and R-TiO2 upon calcination temperature increasing. (b) XRD patterns and 577 

(c) Raman spectra of A-TiO2, x% A-TiO2 and R-TiO2 (from top to bottom). The Raman spectra are 578 

excited at 514 nm. (d) HRTEM image of A/R-TiO2, and the inset is the corresponding fast Fourier 579 

transform (FFT) image. 580 

  581 
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 582 

 583 

Fig. 2 | Optical property and photogenerated carrier separation of A/R-TiO2. (a) UV-vis DRS 584 

of A-TiO2, x% A-TiO2 and R-TiO2. (b) Scheme of charge transfer pathway between anatase phase 585 

and rutile phase in TiO2. (c) Ultrafast transient absorption signal as a function of probe delay for 586 

A-TiO2, x% A-TiO2 and R-TiO2 (probed at 600 nm). All the data are recorded with a 355 nm 587 

pump. Note that the time constant 𝜏2 given in the plot is derived from the exponential fitting of the 588 

relevant kinetic trace.  589 
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590 

Fig. 3 | Photocatalytic methane oxidation performance. Production for oxygenates (a) using A-591 

TiO2, x% A-TiO2 and R-TiO2 as photocatalysts, (b) at varied CH4 pressures, (c) at varied O2 592 

pressures, (d) using different amounts of H2O, (e) with different mass of catalyst. Reaction 593 

conditions: 10 mg 90% A-TiO2 (or other catalysts in (a)), 5 bar O2, 20 bar CH4, 180 mL H2O, 3 h 594 

reaction time, Xe lamp with wavelength range of 300 nm to 1100 nm and irradiation intensity of 595 

130 mW cm-2. Other condition variables are changed according to the parameters shown in the 596 

figures. (f) QE values at varied monochromatic wavelengths along with UV-vis DRS of 90% A-597 

TiO2. Error bars represent standard deviation (s.d.) with three independent experiments. 598 
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 599 

Fig. 4 | Reaction mechanism of photocatalytic methane oxidation. (a) 13C CPD (top) and 13C 600 

DEPT-135 (middle) spectra of products from 13CH4 oxidation. The contrast experiment shows 601 

there are no detected signals from 12CH4 oxidation (bottom). (b) In situ DRIFTS spectra of 602 

photocatalytic CH4 oxidation over 90% A-TiO2. (c) Gibbs free energy of lattice O- activated 603 

methane to *OCH3 on anatase (101) and rutile (110) surfaces, and corresponding calculation 604 

models. Note that anatase (101) and rutile (110) are major exposed surfaces of A/R-TiO2 discerned 605 

by XRD patterns. (d) GC-MS spectra of H2O from HCHO via acetylacetone color-developing 606 

reaction. The HCHO is generated using 18O2 or 18O-TiO2. The m/z peaks at 18, 19 and 20 stand for 607 

H2
16O, [H2

16O + 1]+ and H2
18O, respectively, and H2

16O originates from solvent water. (e) ESR 608 

spectra over 90% A-TiO2 under light irradiation in methanol. (f) ESR spectra over A-TiO2, 90% A-609 

TiO2 and R-TiO2 under light irradiation in water. 610 

  611 
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 612 

 613 

Fig. 5 | Proposed mechanism of photocatalytic methane oxidation on A/R-TiO2. Scheme of 614 

photocatalytic conversion of CH4 to HCHO on A/R-TiO2. 615 

  616 
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 617 

  618 

Fig. 6 | Photocatalytic methane oxidation in “pause-flowing” reactor for scale-up application. 619 

(a) Scheme of “pause-flowing” reactor. MFC is abbreviation of mass flow controller. (b) 620 

Comparison of “pause-flowing” reactor and conventional continuous flowing reactor. (c) Time-621 

dependent photocatalytic formaldehyde production over 90% A-TiO2 in “pause-flowing” reactor 622 

and the diagram of pause and flowing operation. Reaction conditions: 0.055 g/L 90% A-TiO2 and 623 

water suspension, 5 bar reaction pressure (CH4/O2 = 4/1), 15 min flowing time and 1 h pause time, 624 

120 W 365 nm LED strip as light source. 625 
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