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Abstract

Direct functionalization of methane selectively to value-added chemicals is still one of
the main challenges in modern science. Acetic acid is an important industrial chemical
produced nowadays by expensive and environmentally unfriendly carbonylation of
methanol using homogeneous catalysts. Here, we report a new photocatalytic reaction
route to synthesize acetic acid from CH4 and CO at room temperature using water as
the sole external oxygen source. The optimized photocatalyst consists of TiO> support
and ammonium phosphotungstic polyoxometalate (NPW) clusters anchored with
isolated Pt single atoms (Pt;). It enables a stable synthesis of 5.7 mmol-L! acetic acid
solution in 60 hours with the selectivity over 90 and 66% to acetic acid on liquid-phase
and carbon basis, respectively, with the production of 99 mol of acetic acid per mol of
Pt. Combined isotopic and in-situ spectroscopy investigation suggests that synthesis of
acetic acid proceeds via a photocatalytic oxidative carbonylation of methane over the

Pt; sites, with the methane activation facilitated by water-derived hydroxyl radicals.



Introduction

Methane is one of the most abundant carbonaceous reserve feedstocks and also a
notorious greenhouse gas. Its catalytic conversion towards value-added liquid
oxygenates attracts considerable interest from the scientific community.' The current
industrial route for methane transformation to obtain acetic acid (AcOH) is an energy-
intensive and indirect multistep route through methane reforming to syngas (CO and
H.), methanol synthesis and subsequent methanol carbonylation to AcOH.*> Direct
routes of methane transformation to AcOH under mild conditions also have been
explored in the literature, such as the Pd(II) catalyzed oxidative methane condensation
in liquid sulfuric acid,%’ Ca- and V-complex catalyzed methane carboxylation with
peroxodisulfate and trifluoroacetic acid,®® methane carbonylation with CO and O,
catalyzed by homo- and heterogeneous Rh single sites, etc.'®!> However, the
indispensable use of strong oxidants such as corrosive acid or molecular oxygen
inevitably leads to environmental issues, safety risks, and low selectivity due to the
overoxidation of AcOH to carbon oxides. Consequently, realizing mild selective
oxidation of methane to concentrated AcOH, while avoiding the use of aggressive
chemicals, would be highly desirable.

Environmentally friendly and abundant water is a widely used solvent and oxygen
source in many fundamental catalytic reactions.'*'® Previously, Sushkevich et al.
showed that water could act as both a soft oxidant and an intermediate stabilizer in the
anaerobic oxidation of methane and thus, contribute to high selectivity to methanol.'?
More recently, Liu et al. further elaborated on the promotion effect of water as both O-
provider and site-blocker in the CH4 oxidation to methanol.'® The challenge of the direct
AcOH synthesis from CHs, CO and water, however, lies in the unfavorable
thermodynamics (eq. 1-2 and Figure S1).

CH4 + CO + H20 = CH3COOH + H» (1)
2CH4 + 2H20 = CH3COOH + 4H; 2)

By utilizing photo-excited charge carriers as the driving force for the activation of

chemical bonds, photocatalysis provides an opportunity to overpass the thermodynamic

limitations of conventional thermo-activated catalysis.!”?! Specifically, with suitable
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photocatalytic systems, CH4, CO and water could be activated even under room
temperature (e.g., non-oxidative CH4 coupling to CoHs, overall water splitting, etc.),?*
26 thus, making feasibile and sustainable the above H»O-induced oxidative
transformation of CH4 into AcOH.

Herein, we report a direct photocatalytic synthesis of AcOH from methane and CO
at ambient temperature over a ternary-phase composite constituted of TiO> and Pt;
anchored ammonium phosphotungstic polyoxometalate (i.e., (NH4)xPW12040,
abbreviated as NPW) sub-nano clusters, using water as the sole external oxygen source.
Under an optimized condition, our catalyst enables a stable synthesis of 5.7 mmol-L!
AcOH solution with a liquid-phase selectivity of over 90% in 60 hours and a Turnover

Number (TON) of about 99.

Results and Discussion
Direct photocatalytic synthesis of AcOH from CH4, CO, and H20.

The photocatalysts, which we used for CH4 transformation reactions are composites
constituted by TiO> (commercial P25) and Pt-anchored NPW. The catalyst synthesis
was realized by stepwise precipitating Pt-anchored NPW particles and mixing them
with TiO2 via grinding and heat treatment (see Methods section in Supporting
Information for more details). The catalysts with other group VIII metals (Pd, Rh, Co,
Ru) and Si0; instead of TiO> have been prepared in the same way. Unless otherwise
specified, metal loading in different M/NPW is kept at 1 wt.% and the preliminary
weight ratio between M/NPW and TiO: is set at 3:5.
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Figure 1. Photocatalytic evaluation of AcOH synthesis. (a) Activities and molar
ratios between produced Hz and [AcOH + CO2] of different catalysts after 4 h
irradiation. (b) Time course evolution of AcOH and H> over NPW/TiO; (3:5) and
(Pt/NPW)/TiO2 (3:5) in 12 h. The inset images are photos of the catalyst-water



suspension before and after 12 h irradiation. (c) '>*C-NMR spectra of liquid products of
(PNPW)/TiOz (3:5) with '2CH4 + 12CO, *CH4 + '2CO, and '2CH4 + *CO. (d) Catalytic
performance and molar ratios between produced H> and [AcOH + CO2] of
(Pt/NPW)/TiO> (3:5) after 4 h irradiation at different CO/CH4 bars. (e) The total
accumulated products and the liquid-phase selectivity of AcOH of (Pt/NPW)/TiO-
(3:10) under 1 bar CO and 10 bar CHs. General reaction conditions: 50 mg catalyst, 10
mL H>O, 20 °C, and a 400 W Hg-Xe lamp as the light source.

The photocatalytic CH4 conversion was performed in a 100 mL batch photoreactor,
with a 400 W Hg-Xe lamp used as a light source. Throughout the reaction, the catalyst-
water suspension (10 mL) was magnetically stirred, and the reaction temperature was
kept at 20 °C. First, the productivities of different catalysts after 4 h light irradiation
under 2 bar CO and 8§ bar CHy4 are summarized in Figure 1a. Pt/TiO can only transform
CO and/or CH4 to COz and Hz without the generation of valuable liquid oxygenates.
The nonstoichiometric ratio between CO2 and Hz, which should be equal to one in the
case of water-gas shift (WGS) reaction, indicates that a part of oxygen species for CO
and/or methane oxidation to CO> comes from the catalysts (see Figure S2 and related
discussion in SI).?” As for Pt/NPW, (Pt/NPW)/SiO; and freshly mixed Pt/NPW + TiO,
(i.e., without grinding and heat treatment), CO> is the only detectable product. The
production of AcOH was observed only for (M/NPW)/TiO; (M = Pt, Pd, Rh, Co and
Ru) and NPW/TiO, that underwent grinding and heat treatment procedures.
Remarkably, (Pt/NPW)/TiO2 shows the highest activity among others, with an AcOH
production of 84.7 umol-ge! after 4 h irradiation. No oxygen was detected during the
CH4 photocatalytic conversion.

When (Pt/NPW)/TiO; was irradiated with visible light (A > 435 nm), only a very tiny
amount of CO; was produced (Figure 1a). Together with the similar catalytic behavior
of Pt/NPW and (Pt/NPW)/Si0; under full irradiation, these results suggest that the
AcOH synthesis over (Pt/NPW)/TiO> is essentially driven by photo-induced charge
carriers from TiO; (see Figure S3 and related discussion in SI).

Egs. (1) and (2) suggest a stable steady-state production of AcOH either from water-

induced oxidative CH4 condensation or from CHs carbonylation by CO. The latter
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should be accompanied by the evolution of the equivalent amount of H» to the amount
of produced AcOH. Together with the competitive WGS reaction, the total amount of
COz and AcOH in each batch should be approximately equal to the production of Ha.
Interestingly, only (Pt/NPW)/TiO2, (Pd/NPW)/TiO2 and (Rh/NPW)/TiO2 manifested
an equivalent production of Hz and [CO2 + AcOH] (Figure la). Somewhat lower
hydrogen production for other catalysts can be attributed to the partial reduction of
NPW and metal oxide species with Hz, which do not contain Pt, Pd and Rh.
Consequently, in contrast to the stable AcOH production over (Pt/NPW)/TiO>
(Figure 1b), for NPW/TiO, the production of AcOH was observed only during the
initial period. After 12 h irradiation, both two catalysts changed their color to dark blue
(inset images in Figure 1b). The blue color should be attributed to the formation of
partially reduced NPW (i.e., heteropoly blue).?® This suggests that methane oxidation
over both NPW/TiO> and (Pt/NPW)/TiO might involve NPW lattice oxygen?’:
CH4 + CO + NPW = CH3;COOH + NPW[Ov] 3)
The depletion of these oxygen species may cause the deactivation of NPW/TiOx.
Interestingly, exposing the deactivated NPW/TiO; to air for 2h under stirring can restore
both its color and reactivity for the next cycle (Figure S4). The observed stability of
(Pt/NPW)/Ti0; indicates that Pt species are capable of utilizing H>O as the external
oxidant for regeneration of NPW oxygen species and simultaneously produce Ho.
Furthermore, we studied the influence of CO/CH4 ratios on the catalytic performance
of (Pt/NPW)/TiO,. As shown in Figure 1d, after 4 h irradiation, the highest production
of AcOH of 118.5 umol-ge! was achieved at 1 bar CO and 10 bar CH4. The high
productivity is accompanied by additional acetaldehyde production with a liquid-phase
selectivity to AcOH of 78 %. Acetaldehyde could derive from the intermediates of
AcOH synthesis. Under light irradiation, the transformation of acetaldehyde and H>O
into AcOH and H; is quite facile over (Pt/NPW)/TiO, (see Figure S5 and related
discussion in SI). Notably, decreasing the CO partial pressure from 4 bar to 0.2 bar can
drastically reduce the production of CO> from 363.6 to 126.7 pmol-gea’!, while the total
amount of CO2 and AcOH are approximately equal to the productions of Hz under the

mixed CO/CHs atmospheres for the (Pt/NPW)/TiO,, (Pd/NPW)/TiO> and
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(Rh/NPW)/TiO; catalysts (Figure 1d). Besides, under the atmosphere of 4 bar CO
(without CHy), nearly equal amounts of CO> and H> were observed at different reaction
times (Figure S6). In this case, both CO> and H> were produced by the water gas shift
reaction. No AcOH or acetaldehyde was observed. When the reaction was performed
in 10 bar CH4 at the CO/CHg4 ratio of 0/10, the production of significant amounts of
C2Hes, C3Hg, and Ha suggests that the non-oxidative methane coupling to ethane became
the dominant reaction path, in the meanwhile, the production of AcOH decreased by a
factor of 3 (Figure 1d). The small production of AcOH from methane in the absence
of externally added CO may result from the coupling of methane and CO produced
during methane partial oxidation. In the following catalytic tests, the irradiation time
was extended to 15 h at optimal conditions, which correspond to 1 bar CO and 10 bar
CHa4. These conditions enable the highest AcOH productivity.

The chemical composition of the (Pt/NPW)/TiO> catalysts was optimized by varying
the contents of Pt/NPW and Pt. Eventually, the catalyst with 0.2 wt.% Pt loading and
the weight ratio between Pt/NPW and TiO; at 3:10 exhibited the highest AcOH
productivity (374.4 pmol-ge') among others (Figures S7-S9). Under the 360 nm
monochromatic light, a 2.55 % apparent quantum yield (AQY) was achieved (see
Methods section in Supporting Information for more details). This AQY is
comparable to the most advanced photocatalytic methane transformation systems in
nonoxidative coupling (Table S1).%3 203933 Note that this AQY in this work was
achieved using water as a soft oxidizing agent and without the use of toxic or aggressive
oxidants such as H>O; or O».

Moreover, the optimized (Pt/NPW)/TiO2 (3:10) catalyst demonstrated superior
photochemical stability and selectivity (Figure 1e). In the absence of any regeneration
treatment, under 1 bar CO and 10 bar CHa, 1166 pmol-gea' AcOH was produced after
four reaction cycles for a total of 60 h irradiation. The production rate of AcOH was
24.9 pmol-h'gey! in the first 15h, 16.5 umol-h''ges!, between 15 and 30 h, 17.9
pmol-h™'ge ! in the 30-45 h time period and 18.4 pmol-h™'ge.! between 45 and 60 h.
The decrease in the AcOH amount after the first cycle can be attributed to its slow

decomposition (Figure S10). The reaction proceeded with a TON of 99 assuming that
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the reaction involves Pt sites and yielded an aqueous AcOH solution with a
concentration of 5.7 mmol-L™!. Besides, over the whole cyclic test, the AcOH selectivity
of the (Pt/NPW)/Ti02 (3:10) remained around 80 — 90 % in the liquid-phase with only
a small amount of acetaldehyde and formic acid as side products (Figure S8).
Interestingly, CO adsorption over Pt sites during the reaction preserves the AcCOH from
rapid decomposition (see Figure S10 and related discussion in SI). This suggests that
CO can block the sites of acetic acid decomposition. Remarkably, compared to previous
studies including both homogeneous and heterogeneous catalytic systems, our
optimized (Pt/NPW)/TiO, (3:10) catalyst also demonstrates a higher liquid-phase
selectivity towards AcOH in the long reaction process (Table S$2).6 °-10. 12-13, 34-36
Importantly, different to previous reports, high AcOH productivities in the present work
were achieved at ambient temperature. The details of the reaction mechanism of AcOH
photocatalytic synthesis from methane, CO and water are discussed below in a

dedicated section.
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Figure 2. Structural characterizations of (Pt/NPW)/TiO: composites. (a) XRD
patterns of different catalysts. HAADF-STEM and corresponding EDS-mapping
images of Pt/NPW (b) and (Pt/NPW)/TiO2 (3:10) (c-d). (¢) Atomic-resolved HAADF-
STEM image of Pt/NPW/TiO> (3:10), the inset image represents the monomer of
Keggin-structured NPW with isolated Pt atoms anchored at 4-fold hollow site of W-O-
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W, color code: red (oxygen), grey (tungsten), blue (phosphorus), purple (platinum). (f)
IR spectra of temperature-programmed CO desorption over (Pt/NPW)/TiO> (3:10).

Besides selectivity, the conversion and product yield are highly important for
industrial applications due to the high energy consumption for separation and recycling.
The conversion of CHs in a 100 mL reactor after 60 h irradiation is around 0.15 %. By
increasing the amount of catalyst to 250 mg and decreasing the gaseous volume of the
reactor to 45 mL, the 0.33% CH4 conversion was achieved after 15 h irradiation. Note
that this yield of AcOH was achieved at ambient temperature using water as a soft

oxidizing agent.

Catalyst characterization

In order to provide further insights into the catalytic active sites for AcOH production,
we investigated the structure of (Pt/NPW)/TiO,. The XRD patterns of Pt/NPW, Pt/TiO»,
and (Pt/NPW)/TiO, with different Pt/NPW contents are shown in Figure 2a. Pure
Pt/NPW shows narrow diffraction peaks characteristic of the Keggin-type NPW
(PDF#50-0305) crystalline phase. This indicates large crystallite sizes of Pt/NPW. The
(Pt/NPW)/TiO, composites demonstrate the presence of both TiO, and Keggin-type
NPW crystalline phases. With the decrease in the (Pt/NPW) content, the intensity of
NPW signals decreases accordingly, until almost complete disappearance of NPW XRD
peaks at the (Pt/NPW)/TiO> ratio of 1:20.

The space-resolved atomic-scale structures of the (Pt/NPW)/TiO, samples are probed
by aberration-corrected scanning transmission electron microscopy (STEM). Without
TiO2, STEM images of Pt/NPW show large polyhedral particles with a diameter of
several hundred nanometers (Figure 2b). The high-angle annular dark-field (HAADF)
imaging cannot distinguish Pt from W due to the similar atomic weights. The energy-
dispersive X-ray spectroscopy (EDS) mapping uncovered in the samples the Pt species
homogeneously dispersed over individual NPW polyhedrons (Figure 2b). Surprisingly,
grinding together Pt/NPW and TiO: followed by calcination gives rise to the formation
of a sub-monolayer coating of polyoxometalate clusters over TiO> nanocrystals. Taking

the optimal (Pt/NPW)/TiO2 (3:10) composite as an example, STEM and corresponding
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EDS-mapping images demonstrated highly dispersed W-, P- and Pt- species on TiO>
(Figure 2c¢-d). The atomic-resolved HAADF imaging showed that these highly
dispersed species were isolated Keggin-type NPW clusters (Figure 2e). A large-scale
STEM imaging uncovered that undispersed Pt/NPW polyhedrons were localized
around TiO» (Figure S11). The (Pt/NPW)/TiO: (1:20) catalyst with the lowest Pt/NPW
content exhibited similar high dispersion of Pt/NPW. However, the surface coverage of
TiO, with Pt/NPW was much lower (Figure S12). Characterization of (Pt/NPW)/TiO>
(3:10) after 15 h photocatalytic reaction using STEM and corresponding EDS images
showed stability of the fine atomic structure. This observation is consistent with the
excellent (Pt/NPW)/TiO: photocatalytic stability (Figure S13).

According to previous studies, transition metals could be anchored by Keggin-type
polyoxometalate in an atomically dispersed state, with one metal atom placed at the 4-
fold hollow site, coordinated by 4 oxygen atoms of polyoxometalate.>’° To evaluate
the Pt dispersion, the temperature-programmed desorption (TPD) of CO with the
simultaneous characterization of surface species by IR was performed for
(Pt/NPW)/TiO> (3:10). The catalyst has been pretreated in-situ in the atmosphere of
CH4 and CO (0.1 bar CO and 0.9 bar CHs) under UV light irradiation. After 60 min
irradiation, an intense absorption band centered at 2086 cm™! was observed and assigned
to the CO adsorption over Pt species (Figure 2f).***! An increase in the temperature
from 20 to 250 °C in the vacuum without irradiation resulted in the gradual desorption
of CO from the catalyst. The band position of CO was kept consistently at 2086 cm™!
along with the reduction of CO coverage, indicating the absence of the dipole-dipole
interaction between the adsorbed CO molecules and confirming atomic dispersion of
primary Pt species over the catalyst.***

Thus, the characterization results are indicative of a high dispersion of Pt; anchored
NPW polyhedrons over TiO,. According to our previous study, the precipitated
phosphotungstic polyoxometalates exhibit noticeable acidity.? Therefore, during the
heat treatment process, it is believed that the acidity drives the Pt/NPW aggregates
disassembling over the basic TiO; surface. Indeed, the dispersion of Pt/NPW aggregates

is significantly higher over supports containing basic sites (e.g., TiO2, Al,O3 and ZnO)
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than more acid supports such as SiO» (Figure S14-16).**° Since these sub-nanometric
Pt/NPW clusters played a key role in the catalytic performance of AcOH synthesis
(Figure 1), eventually, the catalyst with a lesser content of Pt/NPW exhibited even
higher dispersion of Pt/NPW active phase and consequently higher Pt-normalized

activity in the AcOH production (Figure S7).

Reaction mechanism of the catalytic synthesis of AcOH.

Generally, the light excitation of semiconductors, the spatial separation and transfer
of photo-excited charge carriers and the surface catalytic reaction constituted the three
key steps within a photocatalytic reaction. In the following section, we investigated the
mechanism of photocatalytic synthesis of AcOH from methane, CO and water using a

combination of in-situ spectroscopic and isotope methods.
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flow under dark and light irradiation. (b) In-situ IR spectra recorded during the
interaction between (Pt/NPW)/TiO> (3:5) and atmospheric CO/CH4 mixture under dark
and light irradiation conditions. (c) In-situ EPR spectra recorded at room temperature
during the interaction of different catalysts with CH4 under dark and light irradiation

conditions in the presence of DMPO.

The in-situ X-ray absorption spectroscopy has provided detailed information about
the variation of the oxidation state of tungsten during the photocatalytic reaction in the
catalyst with a lower Pt/NPW content. In Figure 3a, the X-ray absorption near edge
structure (XANES) spectra of W Ls-edge of (Pt/NPW)/TiO, (3:20) were recorded
during the interaction with different gases (i.e., CH4/CO or Ar/H20). The intensity of
W Ls-edge white line (as a consequence of electron transition from 2ps state to vacant
5d state*®) correlates to the oxidation state of tungsten.*” Only marginal variations of
the white line have been noticed upon light irradiation of the catalyst in both CH4/CO
and Ar/H20 (spectra 2 and 3). A slight decrease in the intensity of the white line was
observed after long exposure of the catalyst to CH4/CO (spectra 4 and 5), which could
be indicative of the gradual reduction of W species. This is consistent with the earlier
observed color changes of (Pt/NPW)/TiO2, which corresponds to the partial reduction
of tungsten species in CH4/CO. No AcOH and acetaldehyde productions were observed
for both (Pt/NPW)/Ti0O2 and (NPW)/TiO. without water (Figure S17).

To confirm the roles of CH4 and CO in the AcOH synthesis process, we performed
isotopic labelling tests with the '3C-labelled reactants over (Pt/NPW)/TiO, (3:5). As
shown in Figure 1c, when '*CH4 + CO or CHs + '*CO are used as reactants, 3C NMR
spectra manifest respectively prominent signals at & = 20.8 and 6 = 178, which are
ascribed to *CH3COOH and CH3'3COOH. This suggests that the methyl groups are
derived from CHj4, while acyl groups of AcOH are produced from CO.

Only negligible **CO; production was observed when 3CH; + '2CO are used as
reactants (Figure S18). This suggests that CO- is principally produced from CO by the
photocatalytic water-gas shift reaction. The oxidation of CHs to CO: is, therefore,
negligible under these conditions.

In-situ FTIR measurements were performed to understand the evolution of surface
13



intermediates under irradiation (Figure 3b). Under vacuum and in the dark, the fresh
(Pt/NPW)/TiO> (3:5) composite manifests two intense absorption bands at 1420 and
1620 cm™!, corresponding respectively to the vibration of NH4" in NPW and adsorbed
H,0 species.’”*8 Introducing 0.1 bar CO and 0.9 bar CHs to the catalyst only brings the
peak of adsorbed CO on the cationic Pt species between 2150 to 2100 cm™.
Significantly, upon irradiation, except for the evolution of CO adsorption bands over
reduced Pt; sites at 2074 cm’!, newly formed bands centered at 1486 and 1542 cm™, are
immediately observed. They are attributed to the symmetric (vs) and asymmetric (Vas)
vibration of bidentate acetate (*CH3COO, the asterisk denotes as adsorbed states).**-!
With the prolongation of irradiation time, the band of vas(*CH3COQ) became more and
more intense, while the intensity of the peak at 1620 cm™ gradually decreases. The
decrease in the intensity of the band at 1620 cm™ corresponds to the consumption of
adsorbed H>O by the photocatalytic reaction. This observation is consistent with the
essential role of H>O in the catalytic synthesis of AcOH from CH4 and CO.

The solid-state electron paramagnetic resonance (EPR) spectra of TiO2, and
(P/NPW)/TiO2 (3:10) that were recorded at 120 K are shown in Figure S19. They
exhibit the signals attributed to lattice-trapped electrons in both anatase (g_=1.993) and
rutile (g1.=1.985) and surface-trapped holes.>? The oxygen-centered radical, due to the
trapping of holes on the surface of titania, is characterized by gx = 2.006, gy = 2.016,
and g; = 2.030 and can be assigned to the (Ti**O™)surt paramagnetic species. The higher
intensity of these signals in (Pt/NPW)/TiO. (3:10) compared to TiO2 indicates
enhanced charge carrier separation in the (Pt/NPW)/TiO2 composite photocatalyst.
According to a recent study by Streb et al., phosphotungstic polyoxometalate can act as
electron storage sites during photocatalysis, accepting photo-excited electrons and
releasing them in the absence of light.5% In line with their study, higher intensity of
lattice trapped electrons in the dark suggests an electron backflow from Pt/NPW to TiO..
Together with the prominent color variation of the catalysts under light irradiation, it is
indicated that the sub-nanometric Pt/NPW clusters promoted the charge separation
efficiency of TiO2 by accepting photo-excited electrons.

Subsequently, to gain more insight into the H>O-induced oxidative methane
14



activation process, we performed in-situ EPR analysis under simulated reaction
conditions. During the test, 5,5-dimethyl-1-pyrrolyne N-oxide (DMPQO) was used as the
radical trapping agent. Intensive signals of hydroxyl radical (-OH) were immediately
observed upon irradiation, while the signals of methyl radical (-CH3) were hardly
noticed in both CH4/CO mixture and the pure CH4 atmosphere (Figure 3c and Figure
S20). The absence of methyl radicals suggests that methyl group could be immediately
consumed over Pt; sites during the reaction.> Scavenging of reactive oxygen species
(ROS) using salicylic acid and sodium oxalate indicate that -OH also played
fundamental roles in promoting methane activation. In the absence of -OH, the
generation of AcOH and H» was ceased completely (Figure S21). Note that we did not
detect hydrogen peroxide (H202) by iodine method during AcOH synthesis process
(Figure S22).
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Figure 4. Reaction mechanism illustration. (a) Schematic illustration of the
generation of photo-excited charge carriers and proposed mechanism of the

photocatalytic AcOH generation process over a 4-fold oxygen coordinated Pt; site. Note
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that from states B to E, the * marks the reduction state of NPW due to accepting photo-
excited electrons from TiO». (b) The reaction energies (eV) corresponding to the
elementary steps of gas phase reaction over Pti/NPW moiety for AcOH and
acetaldehyde synthesis.

The proposed mechanism of AcOH synthesis from methane, CO and water is shown
in Figure 4a. In agreement with the EPR results (Figure S19), the photo-excited
electrons from TiO2 upon UV irradiation, migrate to the surface of Pt/NPW clusters,
while the holes remain on TiO; and react directly with H>O to produce H protons (H")
and -OH. FTIR data suggest that CO adsorption takes place preferentially at Pt; sites
(step I). Methane is activated over Pt; sites by -OH produced from water under
irradiation and forms an acetyl group detected by FTIR which forms through C-C
coupling with adsorbed CO (step 2).

Then, the acetyl group oxidizes into acetate and desorbs as AcOH (step 3a). Note
that the AcOH desorption generates oxygen vacancies adjacent to Pt; sites and leads to
the reduction of W¢* to W**. These oxygen vacancies are then filled by oxygen from
H.0 molecules with the generation of Hz and reoxidation of W** back to W®* (step 4).
Water dissociation over oxygen vacancies linked to single-atom Pt; species is well
known in the literature and widely used in HER reaction for hydrogen generation.’ The
catalytic reaction involves lattice oxygen species of Pt/NPW dispersed over TiO» (Path
I). Alternatively, AcOH also can be produced either via oxidation of acetaldehyde
intermediate (step 3b in Path II) or the direct oxidation of the acetyl groups by -OH
(step 3c in Path III). We performed theoretical calculations to evaluate these
possibilities. First, it appears that CO adsorption (step 1) is always highly exothermic
(Figure 4b). At the same time, the coupling step to acetyl group is only slightly
endothermic. As shown in Figure 4b, due to higher endothermicity, the formation of
acetaldehyde through Path Il is a less favorable route compared to that of AcOH. As for
Path I and III, they exhibit similar energies to complete the reaction cycle. The most
energy demanding step in the proposed MvK mechanism is the regeneration of the

oxygen vacancies by H>O (step 4). However, our in-situ XANES experiments showing
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partial tungsten reduction (Figure 3a) and Bader charge analysis (Figure S23) give

evidence in favor of the Mars van Krevelen type mechanism.

Conclusion

In summary, we demonstrated a new photocatalytic route, occurring at ambient
temperature for direct conversion of CH4, CO, and H>O into AcOH over a composite,
which is constituted by TiO> support and Pt; anchored NPW sub-nano clusters. The
photocatalyst enables the selective and stable synthesis of AcOH, with a liquid-phase
selectivity over 90 % and yielding the acetic acid solution with a concentration of 5.7
mmol-L!. Driven by the photo-generated charge carriers, CHs is activated by -OH
radicals and reacts with a CO molecule adsorbed over Pt; surface sites yielding an

acetyl group. Further oxidation of acetyl group leads to acetic acid.
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