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ABSTRACT

Direct and selective oxidation of CH4 with dioxygen to methanol is a “dream reaction” in modern
catalysis, yet remains a great challenge. Here, we report that TiO2 loaded with dual-cocatalysts,
i.e., nanometals and cobalt oxide (CoOx) nanoclusters, is capable of selectively catalyzing CH4 to
CH30H at room temperature under photoexcitation using abundant and inexpensive Oz as oxidant.
The best activity for the formation of the primary products, CH3OOH and CH3OH, is up to 50.8
umol for 2 h with 95% selectivity. Mechanistic studies elucidate that the superior activity and
selectivity result from the synergistic effect of nanometals and CoOx. Nanometals enhance CH4
conversion by promoting the separation of photoexcited electron and the reduction of O2. The
CoOx mediates a mild CHs oxidation process by suppressing the formation of highly oxidative
‘OH radicals that can further oxidize CH3OH to HCHO and COz, thereby preserving a high
selectivity towards oxygenated products. This work provides a prototype in designing efficient

photocatalysts for selective oxidation of CH4 to CH30H with Oz under mild conditions.

KEYWORDS: Methane oxidation, methanol, photocatalysis, titanium dioxide, dual-cocatalysts,

nanometals, cobalt oxide.



Introduction

The high availability of methane (CH4) from natural gas, shale gas, biogas and coalbed gas makes
it a promising feedstock for the production of fuels and chemical commodities, such as methanol
(CH30H). However, due to the high dissociation energy of first C-H bond in CH4 (439 kJ mol ™),
direct activation of CH4 remains a great challenge.!? Industrially, the production of CH3OH from
CHa is an indirect process, involving the formation of syngas at high temperatures (>700 °C) by
steam reforming and subsequent conversion of syngas to CH3OH under high pressures.>> Direct
oxidation of CH4 to CH30OH is a promising alternative approach, due to the advantage of ideally
avoiding the energy-intensive syngas process.' Recently, many impressive progresses for direct
methane oxidation are achieved under mild conditions using heterogeneous catalysts such as Au-

11 in which methane can be

Pd colloids,® Cu or Fe-zeolites”® and single Fe or Rh atoms catalysts,
selectively oxidized into methyl hydroperoxide (CH3OOH, a liquid oxygenate that can be further
converted into CH3OH®) and/or CH3OH. Although numerous catalysts and catalytic systems have
been developed, thermocatalytic processes for direct oxidation of CHs to CH3OH are currently

subject to practical and economic constraints, such as high reaction temperatures and costly

oxidants (H202 and N20).!»3

Photocatalysis using photoenergy and semiconductor could drive many tough reactions such as
water splitting, N2 fixation and CO: reduction at ambient temperatures.'>!” Recently,
photocatalytic CH4 conversion has attracted increasing interest because it can be operated under
mild reaction conditions.!” Gas phase products such as CO2, CO, C2Hs and H> are the main
products in photocatalytic reaction systems, but most of them are limited by obvious overoxidation

poor sustainability and low efficiency.!®>* TiO2-supported Fe species has recently been reported



as an efficient catalyst for photocatalytic CH4 oxidation to CH3OH in water using H202 as the
oxidant at ambient conditions.>> It is worthy of developing photocatalytic systems for room-
temperature CH4 conversion to CH3OH using the abundant and inexpensive O: as the oxidant.!*26
However, in gas phase reaction systems, the polar CH3OH molecule could be easily adsorbed on
the catalysts surface, thus resulting in the overoxidation of oxygenated product into CO: as the
more thermodynamically stable product.' Our group have recently shown that nanometals-loaded
ZnO are able to photocatalytically oxidize CH4 to liquid oxygenates including CH3OH and
formaldehyde (HCHO) with Oz in water.?” Nonetheless, the selectivity towards CH3OH is still
unsatisfied (<70%) and the performance of ZnO is hampered by its stability. TiO2 is an ideal
photocatalyst for direct CH4 conversion because it is very stable with appreciable performance. A
core problem of TiO2 for CH4 oxidation is that it inclines to deeply oxidize the oxygenated products
by generating highly oxidative hydroxyl radical ("OH) from photooxidation of water.2® To develop
stable photocatalysts with suppressed overoxidation ability for producing oxygenated products

with high selectivity is thus highly desirable.

Herein, we report a dual-cocatalyst, i.e., nanometals (Au, Pd, Ag and Pt) and cobalt oxide
(CoOx) nanoclusters, modified TiO2 photocatalyst for highly selective room-temperature
photocatalytic CH4 oxidation to CH3OH with Oa2. Upon light irradiation, photoexcited electron
separation and Oz reduction are promoted by nanometals modification. While CoOx species tunes
the nature of oxidative sites of photocatalysts and avoids the direct single electron water oxidation
into "'OH as occurs over bare TiOz. Thereby, the overoxidation of CH3OH to HCHO and CO:2 by
highly oxidative ‘OH can be ultimately suppressed. The highest yield of the primary products,
CH300H and CH30H reached 2,540 pmol g h™! with 95% selectivity over Au-CoOx/TiO2, which

is outstanding among recently reported low-temperature CH4 conversion systems.



Experimental section

Synthesis of nanometals/TiO,. Nanometals (Au, Pt, Ag and Pd) nanoparticles were deposited on

TiO2 (P25) using NaBH4 as reducing reagent. In typical, for synthesis of Au/TiO2, 1 g TiO2 and

41.8 mg HAuCls-4H20 were dispersed into 50 mL water. After stirring for 2 h, NaBHa4 aqueous

solution (10 mL, 100 mM) was added into the above mixture. Then, the sample was centrifuged
and washed with deionized water for 5 times. The obtained sample was dried overnight at 60 °C.
Pt/Ti02, Pd/TiO2 and Ag/TiO2 was synthesized via a similar method except changing the
corresponding metal precursors (H2PtCle, Na2PdCls, and AgNO3). The loading amount of Au, Pd,

Ag and Pt was estimated to be 1.0 wt.%.

Synthesis of CoOy/TiOz. 1 g TiO2 was mixed with 10 mL a certain amount of Co(NO3)2-solution.
The slurry was stirred for 6 h and dried at 80 °C. Then, the mixture was annealed at 300 °C with a
heating rate of 2 °C min™! for 4 h in air. The obtained samples were denoted as CoOx/TiO2. The
loading amount of cobalt was calculated assuming the metallic cobalt state. CoOx/TiO2 with
different Co loading amount were obtained by changing the concentration of Co(NO3)2:-6H20

aqueous.

Synthesis of nanometals-CoOx/TiO;. The method is similar to that of nanometals/TiO2 but using

CoOx/TiOz as the support.

Characterization. TEM, HRTEM and STEM-EDS mapping were conducted on a Tecnai G2 F30
microscope. PXRD was performed on a PANalytical diffractometer with Cu Ka radiation.
Inductively coupled plasma atomic emission spectrometry (ICP-AES) was employed to obtain the

amount of nanometals and cobalt loaded on the catalyst. Surface chemical states were analyzed



using XPS (PHI Quantera SXMULVAC-PHI, Japan). A USR-40 spectrophotometer was used to
measure the wavelength and light intensity of light source. A F-7000 Fluorescence
Spectrophotometer (HITACHI) was employed to measure the photoluminescence (PL) spectra
using 300 nm excitation wavelength. The PL measurement was performed without the
pretreatment of samples. /n-situ EPR spectroscopy measurements were conducted using a
Magnettech MS-5000X instrument. To detect methyl radical, catalyst was dispersed into 5 mL
water with CH4 and Oz bubbling; to detect hydroperoxyl radicals, catalyst was dispersed into 5 mL
CH30OH/water mixture (9/1 v/v) with Oz bubbling. 5, 5-Dimethyl-1-pyrroline-N-oxide (DMPO)
was used as the radical trap. A FT/IR-6300 system (JASCO) with a liguid nitrogen cooled mercury-
cadmium-telluride (MCT) detector was used to perform in situ DRIFTS analysis. The reactant
gases CH4/O2 (20/1, v/v) were introduced into the sample for 20 min before test and then the
background was recored under dark condition. After that, the spectra were recorded with UV light
irradiation. The photoluminescence technique with coumarin as the fluorescence probe molecule

was used to determine the production of hydroxyl radicals.

Photocatalytic methane oxidation evaluation. The photooxidation of CHa reactions were
performed in a batch-reactor (230 mL). In general, 10 mg catalyst was dispersed into 100 mL water.
After introducing oxygen for 20 min to remove air, 0.1 MPa Oz and 2.0 MPa CH4 were introduced
into the reactor. 300 W Xe lamp (450 mW cm!, 300-500 nm) was employed as the light source.
The reaction temperature at 2542 °C by utilization of a cold-water bath. After reaction, the reactor
was put a refrigerator to reduce the temperature to 8 °C. The reaction gas products were measured
by using GC-FID-Methanator. The liquid products (CH3;OOH and CH3OH) were quantified by 'H
NMR. Briefly, 0.1 mL D20 and 0.05 pL. DMSO (dimethyl sulfoxide, as an internal standard) were

mixed with 0.5 mL product solution. The amount of CH3OOH and CH3OH were quantified



according to the calibration curves.”’” The amount of formaldehyde was quantified using
colorimetric method.?’ Briefly, 2.0 mL colorimetric reagent (0.3 mL acetic acid, 15 g ammonium
acetate, 0.2 mL acetylacetone in 100 mL water) was mixed with 0.5 mL product solution. The
mixed solution was held 35 °C for around 0.5 h. The absorption intensity of the solution was
detected using UV-visible absorption spectroscopy. The amount of HCHO was calculated

according to the standard curve.?’

Computational details. First principle calculations with Vienna Ab initio Simulation package was
used to perform all calculations.’® The projected augmented wave was utilized to generate the
pseudopotential. The generalized gradient approximation (GGA) with the Perdew-Burke-

Ernzerhfunctional was employed as the exchange-correlation functional.’!

Along the out-plane-
direction, we utilized a vacuum layer (16 A). Co304 (311) with 164 atoms was used as the model.
Its in-plane parameter a is 19.935 A and b is 11.509 A. The 1x2x1 k-point mesh-set was utilized
for structural relaxing, and the kinetic cut-off energy was set to 400 eV. All structural models were

completely relaxed until the convergence of forces and energy were less than 0.01 eV A™! and

1x107° eV, respectively.

Results and discussion

In our previous study, we demonstrated that TiO2 (P25) enabled direct oxidation of CH4 to HCHO
in the presence of O2 under mild light (300 <A< 500 nm, 100 mW cm?) irradiation in aqueous
solution, while no CH3OOH or CH3OH was detected by 'H NMR even by loading 0.1 wt% Au,
Pd, Ag and Pt on TiO2.?’ Considering that HCHO was the product of CH3OH oxidation, we
speculate that TiOz is able to photocatalytically oxidize CH4 to CH3OH with Oz, and the low

CH30H concentration in the aqueous solution was probably lower than the limitation of 'H NMR.



To promote CH3OH production, the light intensity was increased to 450 mW cm and the loading
amount of Au, Pd, Ag and Pt was increased to 1.0 wt% (the samples were denoted as Au/TiOz,
Pd/TiO2, Ag/TiO2 and Pt/TiO2) (Table S1). The typical photocatalytic CH4 oxidation was also
carried out in 100 mL water at 2542 °C for 2 h with 0.1 MPa Oz and 2 MPa CH4. Encouragingly,
the primary products (CH3OOH and CH3OH) was detected by '"H NMR (Figure S1). As shown in
Figure 1a, Pt/TiO2, Pd/Ti02 and Au/TiO2 showed the similar performance for the production of
the primary products with the yield of ~ 50 umol for 2 h reaction. And a higher yield of the primary
products (65.8 pmol) was obtained over Ag/TiO2. Nonetheless, since the primary products
underwent facile overoxidation over nanometals/TiOz, the total amounts of HCHO and CO2 were
higher than those of the primary products, ultimately resulting in low selectivity (< 45%) over all

photocatalysts (Figure 1a).

To prevent overoxidation of the desired primary products, cobalt oxide species was loaded on
TiO2 before loading metal cocatalysts (the samples were denoted as Au-CoOx/TiO2 Pd- CoOx/TiO2,
Ag-CoOx/TiO2 and Pt-CoOx/Ti0O2). The loading amount of cobalt was 1 wt% (Table S1).
Intriguingly, the production of HCHO and CO:2 was remarkably suppressed over nanometals-
CoOx/Ti0Oz, although the measured yield of the primary products was slightly decreased (Figure
1b). Among these catalysts, Au-CoOx/TiO2 showed the lowest production rate of HCHO and CO2
and the highest selectivity towards the primary products (95 %); the total amounts of HCHO and
COz decreased from 88.8 to 2.7 umol after loading CoOx, whereas the yield of the primary products
only decreased from 53.1 to 50.8 pmol. Ag-CoOx/TiO2 showed higher yield of the primary
products than Au-CoOx/TiO2, yet the selectivity increased only to 71.3%. The apparent quantum
efficiency (AQE) of the primary products was determined to be 1.2 % at 368 nm (Table S2). The

loading amount of cobalt oxide species has a remarkable effect on the selectivity and activity of



the primary products (Figure S2). The production of the primary products remained almost
unchanged and the selectivity continuously increased. with increase of cobalt loading up to 1.0
wt%. The photocatalytic activity declined when loading exceeded 1.0 wt%, probably because the
excessive coverage of TiO:z surface by CoOx species suppressed the photoexcitation of TiO2. With
increasing irradiation time, the yield of the primary products increased gradually over Au-
CoOx/TiOz2 (Figure S3a). When the irradiation time exceeded 3 h, the yield of the primary products
gradually became saturated, while the yields of HCHO and CO: gradually increased, and the
selectivity towards the primary products thus decreased with irradiation time. A similar trend was
observed over Au/TiO2 (Figure S3b). The CH4 conversion over Au-CoOx/TiOz2 is approximately
0.07% and 0.1% at 2 h and 4 h, respectively. While the O2 conversion is approximately 1.0% and
1.7% at 2 h and 4 h, respectively. The formation rate of the primary products over Au-CoOx/Ti02
is higher than most of previously reported photocatalytic CH4 oxidation to CH3OH at the similar
CHa4 conversion level (Table S3).27-*%34 In addition, both CH3OOH and CH3OH were produced on
Au- and Ag-CoO«/TiO2, while only CH30H was produced on Pt- and Pd-CoOx/TiO2. This is
probably because Pt and Pd cocatalysts are more active than Au and Ag cocatalysts for the further
reduction of CH3OOH into CH3OH through a two-electron transfer process (CH;OOH +2¢™ +2H"

— CH3OH+ H20).27
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Figure 1. Direct photocatalytic CH4 oxidation to CH3OH with O,. (a) Product yields and primary products
selectivity on TiO; loaded with or without nanometals after 2 h reaction. (b) Product yields and primary

products selectivity on CoOx/TiO: loaded with or without nanometals after 2 h reaction.

Blank experiments without CHa4, light, photocatalysts and O2 demonstrated that no product was
formed (Table S4), revealing that the oxygenates were produced through photocatalytic CHa
oxidation and Oz was required to form the primary products. *CHa isotope experiment was carried
out with Au-CoOx/TiO2 to demonstrate carbon source in the primaryproducts. Figure 2a shows
that two clear peaks appeared at 49 and 65 ppm in the '3C NMR spectrum assigning to CH;OH
and CH3OOH, respectively, which clearly demonstrates that the formed liquid oxygenates

originate from CH4.” Stability is an important issue in catalytic reactions. We investigated the
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stability of Au-CoOx/TiOz catalyst in 5 runs under a total of 10 hours of light irradiation (Figure
2b). The catalyst maintained a relatively stable yield and selectivity of the primary products, with
only a small decrease. ICP-AES measurement showed no presence of Ti*" in the reaction solution
after light irradiation for 2 hours, revealing that no photo-corrosion took place over TiO2-based
catalyst. This result confirms good stability of Au-CoOx/TiO: catalyst. In addition, the turnover

number (TON) was calculated to be 2.0 with respect to the amount of TiOz after 5 cycling tests.
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Figure 2. Evidence and stability of photocatalytic CH, oxidation to CH;OH with O,. (a) *C NMR spectrum
for the reaction solution using 0.4 MPa *CH4 on Au-CoO,/TiO; after 4 h reaction. (b) Stability tests of
photocatalytic CH4 oxidation on Au-CoOx/TiOz in 5 runs with a total of 10 h of light irradiation.

To figure out the activity-structure relationship in photocatalytic CH4 oxidation by noble metals
and cobalt oxide loaded TiO2, the morphology and structure of these catalysts were investigated.
The XRD patterns (Figure S4) shows that all peaks are indexed to TiO2 and no peak assigned to
Pt, Pd, Au, Ag and cobalt oxides are observed, probably because of the small size of loaded noble
metals and cobalt oxides. Transmission electron microscopy (TEM) image shows that CoOx
nanoclusters are highly distributed on TiO2 surface and theirs sizes are approximately 1-2 nm,

without obvious aggregation (Figure S5). The size of Au nanoparticles (NPs) dispersed on the
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CoOx/TiOz is in the range of 4 to 8 nm (Figure 3a). High-resolution TEM image (Figure 3b) reveals
that Au nanoparticles and CoOx nanoclusters are dispersed on TiO2 surface. The SAED pattern
(Figure S6) shows that two sets of ring patterns indexed to TiO2 and Au, and no ring pattern
attributed to CoOx nanoclusters, probably due to their amorphous nature.’® The energy-dispersive
X-ray elemental mapping images shows suggested that Au, Co, Ti and O, are uniformly distributed
over Au-CoOx/Ti102 (Figure 3c and 3d). X-ray photoelectron spectroscopy (XPS) analysis was
used to study the chemical states of Au NPs and cobalt oxide species on TiO2. The Au 4f spectra
(Figure 3e) of Au-CoOx/TiO2 show two peaks 86.9 and 83.2 eV, revealing the metallic state of Au
nanoparticles in Au-CoOx/Ti02.>” Figure 3f shows that two peaks at 781.2 ¢V and 796.3 eV are
atrributed to the Co 2p3/2 and Co 2p1/2, with two satellite peaks of cobalt oxides.*®* Compared
with the peak at 780.1 eV attributed to Co3Os peaks, the corresponding peak of Au-CoOx/T10: are
shifted to 781.2 eV, implying that the loaded cobalt oxide species are slightly cationic than pure
Co0304 and are thus represented as CoOx.*® The positive shift of Co 2p peaks agrees well with
previous studies and probably results from the strong electronic interaction between CoOx and

Ti0,.38

12
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To study the process of photocatalytic CHs oxidation with Oz over Au-CoOx/TiO: catalyst, in-
situ electron paramagnetic resonance (EPR) technique was used with DMPO as the radical trap.
Figure 4a shows that the signals of ‘CH3 and "OH radicals are observed under light irradiation.*®
This result suggests that CH4 oxidation on TiO2 photocatalyst undergo a radical process with the
participation of *CHs.%*° The intensities of ‘CH3 and "OH signals were increased with increasing
the illumination time. EPR measurement was performed in methanol aqueous solution dissolving
O: to measure the intermediate species of Oz photoreduction.*! The observed signals are ascribed
to radicals, and similarly, increasing the irradiation time could increase the intensity of ‘OOH
signals (Figure 4b). The coulpling reaction between ‘CHs and ‘OOH could take place for the
formation of CH3;OOH, which could further decompose to form CH3OH.¢ Loading CoOx species
slightly decreases the formation of *CH3 and "OOH radicals (Figure S7), consistent with the results

of photocatalytic activity.

To further obtain more insights into the details of photocatalytic CH4 oxidation, in-situ diffuse
reflectance infrared fourier transform spectroscopy (DRIFTS) of photocatalysts in the presence of
CH4 and O2 was carried out. Figure 4c shows time-resolved DRIFT spectra of the oxygenated
species of CHa photooxidation over Au/TiOz. Under light irradiation, a peak at 2869 cm™! appears
and the corrsponding intensity increases with light illumination. This new band is attributed to the
stretching vibration of C-H bond in CH3OH,*** revealing that CH3OH is formed in the oxidation
process. In addition, the newly emerged bands in the region from 1600-1280 cm™ that can be
attributed to the overoxidation products (formate HCOO?*, formaldehyde HCOO*, and
dioxymethylene CH200* species) also appear,*** the intensity of which grows continuously with
increase of irradiation time. Likewise, a substantial increase of the bands of CO2 at 2361 cm™ and

2330 cm™' is also detected. These results confirm the severe overoxidation of CHs over Au/TiO2
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photocatalysts. On the contrary, after loading CoOx on TiOz2, the intensities of gaseous CO2 bands
and the bands attributed to HCOO*, HCOO*, and CH200%* species are much lower over Au-
CoOx/TiOz2 (Figure 4d), indicating that the overoxidation of the CH3OH produced is suppressed to
a large extent. The signals of trace COz is still detected, probably because water was not introduced
in the DRIFT measurement. The presence of water in the photocatalytic CH4 oxidation could assist

CH30H production and desorption, thus avoiding overoxidation.****

a * DMPO-CH, b * DMPO-OOH
¢ DMPO-OH

3 R El

5 @©
= [2min A U VY [ A =
z E
g 3
£ £

W/\/\/W/\\/\N\/\ﬂ\ s

332 334 336 338 340 342 332 334 336 338 340 342
Field (mT) Field (mT)

15 min

Intensity (a.u.)

Intensity (a.u.)

Wavelength (cm™) Wavelength (cm™)
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The photoluminescence (PL) spectra of catalysts were studied in order to study the role of CoOx
species and nanometals in photocatalytic CHa4 oxidation. After loading Au NPs and CoOx species,
the PL intensity of TiO2 decreases remarkably (Figure 5a), suggesting that Au NPs and CoOx
species favorably facilitate photo-induced electron-hole pairs separation. According to the results
of photocatalytic activity, loading CoOx species resultes in the decrease in the production of HCHO
and CO2. We assume that HCHO and CO: are originated from photocatalytic CH3OH oxidation in
the presence of O2. To confirm this, CH3OH was used as the reactant instead of CH4. A large
amount of HCHO and CO: were indeed detected in the products over Au/TiO2 (Figure S8).
Whereas, the amounts of HCHO and CO:2 were significantly decreased over Au-CoOx/TiO2
(Figure S8), agreeing well with the photocatalytic performances. It is well known that the
photooxidation of CH3OH to HCHO and CO: could be driven by photo-induced holes (h") and/or
"OH radicals from water.*® To distinguish which one exert the dominant role in overoxidation of
CHa, experiments using isotopically labeled 302 or H2!'80 were conducted. Figure 5b shows the
80-isotpoe distribution of CO2 in photocatalytic CH4 oxidation over Au-CoOx/TiO2. When 802
and H2'°0 was used, a trace of C'°0'0 (m/z=46) (5%) was generated, and most of the product
was C'°0'%0 (m/z=44) (95%). When the reactants were replaced with %02 and H2'®0, the amount
of C'%0'°0 (m/z=44), C'%0'®0 (m/z=46) and C'*0'30 (m/z=48) accounted for 11%, 35% and 54%,
respectively. A similar result was obtained over Au/TiO2 (Figure S9). These results distinctly
demonstrate that the oxygen atoms of produced CO:z are mainly derived from water. Therefore, we
can draw the conclusion that ‘OH radicals from the photooxidation of water has a dominated effect
on the formation of COz in photocatalytic CH4 oxidation. This can be further supported by the
experimental results of "“OH radicals production over photocatalysts. As shown in Figure 5c, Au,

Pd, Ag or Pd -CoOx/T102 produced much less "OH radicals, as compared to their counterparts Au,

16



Pd, Ag or Pd-TiOz2, and the low concentration of “OH radicals results in low extent of overoxidation

of produced CH30H to HCHO and CO:a.

According to the above results, a potential reaction process of selective photooxidation of CHa
to CH300H and CH30H can be proposed (Figure 5d). For nanometals/TiO2 (taking Au/TiOz as
an example), upon light irradiation, photo-induced electrons on nanometals can readily reduce O2
can be readily with proton to produce “OOH, and the holes on the surface of TiO2 can oxidize not
only methane to "CH3s, and but also water to "OH. Isotopic experiments with oxygen demonstrated
that the oxygen atoms of formed primary products came from O (Figure S10), consistent with our
previously reported work.?” Thus, "CHs would interact with “OOH or dissolved Oz in aqueous
reaction solution to form CH3OOH, which can be further converted to CH3OH.®?’ The "OH
radicals generated from photo-oxidation of water could further oxidize CH3OOH and/or CH3:OH
to form HCHO and CO: (Figure 5d, left), leading to a low selectivity towards the primary products.
For CoOx species modified Au/TiO2, as the valence band (VB) of Co304 (~2.4 VNHE) is negative
than that of TiO2 (~3.0 VnrE),*’ a portion of photoexcited holes from TiO2 would migrate to the
surface of CoOx species, thereby promoting photoinduced holes separation (Figure 5d, right).
Because the VB of Co3Os is negative than the potential of ‘OH production from water
(E°COH/H20) = 2.8 Vnae),* it is unable to oxidize water to produce "OH (Figure 5d, right). The
first C-H bond cleavage is regarded as the rate-determining step in CHs conversion.!> DFT
calculations reveal the barrier of 3.25 eV for first C-H cleavage on Co0304 is (Figure S11), much
higher than that on TiO2 (2.15 eV),?” revealing that methane is more difficult to be activated on
C0304 than on TiO:2 from a thermodynamic point of view. In addition, CH4 conversion was reduced
after loading CoOx species (the amounts of the total products were reduced, Figure 1), indicating

that loading CoOx species on TiO2 seems unfavorable to CH4 conversion. Both of these two results
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confirm that the dissociation of first C-H bond in methane is more likely to be driven by the holes
on TiO2 surface, instead of on CoOx surface. The holes on CoOx species are more likely to be
consumed for oxygen evolution reaction since CoOx species is a well-known catalyst for water
oxidation in CoOx/TiOz system.*®* Isotopic experiment using H2'®O as the reactant failed to detect
the 1802, probably because only a trace amount of '*O2 was produced and the produced '*0: could
be further reduced to H2'®0. The decreased ‘OH production inhibits the overoxidation of
CH300H/CH30H by "‘OH to HCHO/COz2. The lowest formation rate of ‘OH on Au-CoOx/TiO2
results in the highest selectivity towards the primary products (Figure 5c). Au is the best cocatalyst
probably due to: it has an appropriate work function to ensure the necessary charge separation®*-!;
it has a mild ability to reduce O2 to reactive oxygen species (Oz27, ‘OOH, or ‘OH) to inhibit
overoxidation of methanol to HCHO and CO:. Therefore, in selective photocatalytic CHa

oxidation, inhibiting the production of ‘OH in the aqueous medium is an important factor to

achieve excellent selectivity for CH3OH.
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Figure 5. Mechanism of selective photocatalytic CH,4 oxidation to CH3OH. (a) PL spectra of photocatalysts.
(b) GC-MS spectra of CO, produced in the presence of '°0, and H,'*0 or '*0, and H,'°0 Au-CoO,/TiO,.
(c) "OH production of photocatalysts in 1 mM coumarin aqueous solution. (d) Proposed reaction process of

photocatalytic CH4 oxidation on Au/TiO; and Au-CoO,/TiO- using O as the oxidant.

Conclusions

In conclusion, direct and highly selective photooxidation of CH4 to CH3OH with Oz as the sole
oxidant at room temperature was achieved over nanometals and CoOx modified TiO2
photocatalysts. Nanometals cocatalysts facilitated the production of oxygenated products, and
CoOx species suppress the formation of highly oxidative ‘OH radicals production, which

efficiently prevented the overoxidation of CH3OH to HCHO and COz. The synergistic effect of
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nanometals and CoOx nanoclusters resulted in high activity and selectivity for methanol production.
Up to 50.8 umol of the primary products for 2 h with 95% selectivity was achieved over 10 mg of
optimized Au-CoOx/TiO2 catalyst. This work offers an approach to direct and selective

photocatalytic oxidation of CH4 to CH30H with Oa.
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