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ARTICLE INFO ABSTRACT

Keywords: Methyl formate (MF), as an important precursor to numerous commercially significant compounds (e.g. dimethyl

Photocatalysis carbonate, methyl acetate, and ethyl glycol etc), is typically synthesised via the condensation reaction or

;[OZh . carbonylation of methanol, requiring relatively high-value precursors (e.g. formic acid or dry CO) while with a
ethano

low conversion or selectivity. Herein, palladium (Pd) and gold (Au) modified TiO, (P25) was designed to use a
very low-cost precursor methanol with the assistance of CO2 to synthesise MF under ambient conditions.
Remarkably, a high conversion of methanol (98.1 %) and selectivity to MF (94.9 %) have been achieved under an
optimised reaction condition using methanol as the major reactant. In this system, Au significantly enhances
charge separation and transfer, and then Pd serves as a final hole acceptor, facilitating the oxidation of methanol
to MF by PdAu-modified P25. This synergy boosts the MF formation rate by 15 times compared to single-metal-
modified P25 under identical reaction conditions. Further studies reveal that formaldehyde is a pivotal inter-
mediate in the formation of MF and employing CO3 as a reaction moderator inhibits the methanol over oxidation.

Methyl formate
Bi-metallic

1. Introduction

Methanol has been utilised as a conventional raw material across
various sectors including agriculture, pharmaceuticals, energy, and
diverse industries[1,2]. In addition, methanol can also serve as an
economical C; building block for self-coupling to Cy or multi-carbon
chemicals. Methyl formate (MF), notable for its market price being 6
times higher than that of methanol and a global production capacity
exceeding 11.25 million metric tonnes annually in 2019[3-6], is crucial
in the chemical industry for producing essential chemicals such as
formamide, dimethylformamide, and formic acid[6]. In addition, recent
study explored the use of MF as a hydrogen carrier, owing to its capacity
for hydrogen storage and the thermodynamic favourability of its dehy-
drogenation compared to other hydrogen carriers[5].

MF is commercially produced through the carbonylation of meth-
anol, catalysed by sodium methoxide while with a low methanol con-
version (30 %) under 4.5 MPa and 80°C[7]. Recent advancements have
introduced MF via the hydrogenation of CO5 in the presence of methanol
[8-11]. However, these methods often suffer from necessitate relatively
high temperatures (200°C)[10]. More importantly, the most commonly
reported methods involve aerobic oxidation of methanol through ther-
mal catalysis[12,13]. There is a growing interest in the self-coupling of
methanol without using oxygen as a reactant for MF synthesis, as such
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H, instead of H30 is produced as a valuable byproduct. Although there
have been some studies on converting methanol to MF[10,11,14,15] or
other value-added chemicals[16-20], these processes either typically
operated under harsh conditions (high temperature or pressures), and/
or yielded low conversion rates or selectivity (Supplementary Table 1).

Photocatalysis, an emerging green technology, employs photon-
induced charge carriers (electrons/holes) to pre-activate stable chemi-
cal bonds[21,22]. This process effectively reduces activation barriers
and facilitates thermodynamically unfavourable chemical reactions,
such as water splitting, CO, reduction, and methanol self-coupling,
under mild conditions. Although engineering the band structure of
photocatalysts by creating heterostructures could modulate the redox
potential, accurately manipulating the photocatalyst to prevent the
overoxidation of methanol remains challenging. Except the hetero-
structures, introducing metallic co-catalysts to photocatalysts is a facile
strategy to improve the effectiveness of photocatalysis by separating
photo-induced charge carriers.

Herein, we report a bi-metallic 0.5Pd1AuP25 photocatalyst for the
conversion of methanol to methyl formate under a mild condition. This
new photocatalyst achieves a methanol conversion of 98.1 % and an MF
selectivity of 94.9 %, together with nearly stoichiometric Hy synthesis
instead of HO. This bimetallic photocatalyst outperforms its single-
metal counterparts in terms of the production rate and selectivity. The
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inclusion of both Pd and Au on P25 enhances charges separation, of-
fering superior performance. Moreover, by introducing COq, the over-
oxidation of methanol is mitigated. In addition, formaldehyde (HCHO)
is identified as a critical intermediate, influencing both the conversion of
methanol and the selectivity towards MF.

2. Results
2.1. Photocatalytic activity

Photocatalysts for MF synthesis were initially selected based on their
reliable oxidation/reduction potentials for methanol conversion. As
shown in Fig. 1a, only P25 and NbyOs show activity for MF production
together with Hy and HCHO as the main byproducts, while the selec-
tivity of MF is lower than 10 % in the liquid. The instability of Nb,Os, a
white powder, is evidenced by its self-reduction to NbOs, a blue powder
[23] (as depicted in Supplementary Fig. 1). Thus, P25, as a mixture of
anatase and rutile TiO,, is selected as the primary photocatalyst for
future studies.

Introducing a co-catalyst to the photocatalyst is an effective strategy
to improve the photocatalytic activity and tailor the reaction selectivity
[24]. In this work, various co-catalysts including Au, Pd, Cu, Ag, Co, and
Ru, each at a 1 wt% loading, were incorporated on P25 and tested for
methanol conversion (Fig. 1b). The results indicate that all co-catalysts
promote the methanol conversion rate, predominantly producing Hy
and HCHO though. Notably, Pd enhances MF production by 29 times
from 0.22 pmol to 6.36 pmol and improves selectivity from 5.4 % to 28
% over a 2 h reaction period. Similarly, Au also significantly increases
MF yield by approximately 46-fold from 0.22 pmol to 10.96 pmol, with
selectivity towards MF reaching 25.8 % among liquid products. Further
optimisation of the loading of Pd and Au to P25 was explored to improve
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the yield and selectivity of MF. (Fig. 1lc, Supplementary Fig. 2a-c).
Optimal loadings were found to be 1 wt% for Au and 0.5 wt% for Pd on
P25. Particularly the bi-metallic co-catalysts exhibits a synergistic effect,
leading to significant enhanced catalytic performances. The combina-
tion of Au and Pd on P25 (0.1Pd1AuP25) shows a dramatic increase in
MEF production to 175.2 pmol, which is nearly 900 times higher than P25
only, and also produces 599 pmol of Hp. However, the selectivity of MF
is the second highest, being 38 % (Fig. 1c and Supplementary Fig. 2c).
The catalyst, 0.5Pd1AuP25, whose real content was analysed by
inductively coupled plasma optical emission spectrometer (ICP-EOS)
and shown in Supplementary Table 2, presents the highest MF selectivity
(45.3 %), which is selected for further improvement. In addition, the
catalyst with different loading sequence was also tested but with worse
performance (Supplementary Fig. 3).

Subsequent optimization of the reaction conditions included reaction
pressures (Supplementary Fig. 4), temperatures (Supplementary Fig. 5),
methanol concentrations (Supplementary Fig. 6), and the reaction time
(Supplementary Fig. 7). As shown in the Supplementary Fig. 5a,
elevated reaction temperature could accelerate the intermediate form-
aldehyde oxidation reaction to CO, as indicated in Supplementary
Fig. 5b. While the formation of MF requires formaldehyde as an
important reactant rather than CO. High temperature quickly consumes
formaldehyde in the system and simultaneously reduces the formation
of MF, leading to a lower MF selectivity. Supplementary Fig. 6a shows
that low methanol concentration leads to a high MF selectivity. When
methanol concentration is increased, the reaction of methanol oxidation
to formaldehyde is facilitated, as presented later in Fig. 5c. Formalde-
hyde is considered the competing product to MF, so higher methanol
concentration generates more formaldehyde, leading to a lower MF
selectivity. On the other hand, methanol would be firstly oxidized to
formaldehyde, which subsequently reacts with methanol to produce MF
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Fig. 1. Catalyst screening for photocatalytic methanol conversion to MF. a Product yield over different photocatalysts. b Product yield over different co-catalyst-
modified P25. ¢ Pd and Au bi-metallic co-catalyst performance. d Temporal methanol conversion with increasing selectivity over 0.5Pd1AuP25 under optimised
reaction condition (Optimised reaction conditions: 10 mg catalyst was dispersed into 40 mL of 0.025 % methanol in acetonitrile and purged with CO, for 30 min. The
system was irradiated by using a 365 nm LED light source at room temperature under the pressure of 6 bar). e Stability test using 0.5Pd1AuP25 catalyst for a 4 h run

in each cycle.
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when the concentration of methanol is moderate, which is also indicated
later in Fig. 5. So an appropriate methanol concentration is important
for the selective MF production. Thus, higher temperatures and meth-
anol concentrations can decrease MF selectivity, while extending the
reaction time results in enhanced MF selectivity. Consequently, opti-
mised conditions are a 0.025 % methanol in acetonitrile operating at
room temperature for a prolonged reaction (Fig. 1d). Under these con-
ditions, MF selectivity peaks at 94.9 % and remains stable even after 16
h, indicating an equilibrium between MF and HCHO in the liquid, and
the methanol conversion progressively increases to 98.1 %. Stability test
of the optimized condition, as shown in Fig. 1le, shows consistent MF
yield over eight 4-h cycles, confirming the high stability of the catalyst
during the photocatalytic methanol conversion reaction.

2.2. Photocatalysts characterization

Raman spectra were initially employed to investigate the structure of
the catalysts (Fig. 2a), where all samples exhibited characteristic Raman
peaks of the P25 anatase phase, at 144 cm’l(Eg), 198 cm’l(Eg), 399
cm_l(Blg), 512 cm_l(Alg), and 639 cm_l(Eg), respectively. These re-
sults confirm the stable framework of anatase TiO, after cocatalyst
loading. Additionally, powder X-ray diffraction (PXRD) analysis of
pristine P25 and 0.5Pd1AuP25 presented in Supplementary Fig. 8,
shows peaks indicative of the anatase phase of TiO (JCPDS NO.
84-1286) without detectable Pd and Au peaks. In addition, the catalyst
of 0.5Pd1AuP25 before and after reaction shows the same XRD result.
Combined with the stability test results in Fig. le, it underscores the
robustness of 0.5Pd1AuP25 as a photocatalyst for methanol conversion.

Photoluminescence (PL) spectroscopy, as shown in Fig. 2b, was used
to investigate the charge separation and recombination process of the
photocatalysts. P25 shows the highest PL emission, implying an intense
charge recombination process. Conversely, the addition of Pd and Au
causes a reduction in the PL intensity, with the lowest signals observed
in Pd and Au co-modified P25, suggesting enhanced charge transfer to
Pd and/or Au instead of local recombination within P25.
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Ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS) was
utilised to assess the photon absorption properties (Supplementary
Fig. 9). The absorption profile (both absorption edge and peak) of all
samples remains almost the same, indicating that P25 harvests light for
photon-induced carrier generation. A slightly enhanced light absorption
at the visible light region after the introduction of co-catalyst is
observed, probably due to the interband absorption and/or scattering by
these particles[25]. Au modified catalyst shows the characteristic peak
around 550 nm due to the plasmonic effect. The photoelectric properties
of P25 and metal modified P25 were studied by transient photocurrent
responses and electrochemical impedance spectroscopy (EIS) as shown
in Supplementary Fig. 10. The photocurrent of bi-metallic PdAAuP25 is
much higher than that of mono-metallic modified P25 and bare P25,
indicating that the bi-metallic PdAu cocatalyst shows the highest
photocurrent, which would facilitate methanol oxidation. The electro-
chemical impedance spectra also suggest that PAAuP25 has the smallest
resistance.[26,27].

The morphology and dispersity of the Pd and Au cocatalysts were
examined using high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM). As shown in Fig. 2c, P25 supports
are clearly shown with the size of about 30 nm. Bright dots are also
observed to uniformly disperse on the P25 supports. Detailed exami-
nation of one bright dot (blue rectangle in Fig. 2c) reveals the fine
structure of the co-catalyst with a size of 2 nm (Fig. 2d). And its lattice
fringes are observed with a lattice constant of 0.238 nm (Supplementary
Fig. 11) corresponding to the Au nanoparticle. Energy Dispersive X-Ray
Analysis (EDX) was applied to obtain compositional information of the
nanoparticles (Fig. 2e). Both Au and Pd elements are detected, sug-
gesting the formation of Au nanoparticles on the surface of P25 with
smaller, indistinct Pd clusters on Au nanoparticles. Furthermore, the
used PdAuP25 catalyst was also characterised by HRTEM and EDX as
shown in Supplementary Fig. 12 and Supplementary Fig. 8, indicating a
high stability of the catalyst.

P25

Intensity (a.u.)

PdAuP25

T T T T T
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Fig. 2. Characterisation of the photocatalysts. a Raman spectrum of P25, 1AuP25, 1PdP25, and 0.5Pd1AuP25. b Photoluminescence (PL) of P25, 1AuP25, 1PdP25,
and 0.5Pd1AuP25. ¢ STEM image of 0.5Pd1AuP25. d STEM image of the blue rectangle in c. e EDX elements mapping of 0.5Pd1AuP25.
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2.3. Charge transfer process

The charge transfer process of the optimised photocatalyst
(0.5Pd1AuP25) was investigated by in-situ X-ray photoelectron spec-
troscopy (XPS) under light irradiation. The in-situ XPS spectra of AuP25
and PdP25 were firstly investigated as shown in Fig. 3a and 3b. A 0.2 eV
positive shift of Pd>* 3d peak is detected under the light irradiation (red
line) compared to the dark condition (black line). This shift indicates
that Pd works as a hole accepter which agrees with the previous report
[28]. For AuP25, the in-situ XPS (Fig. 3b) result shows a 0.1 eV positive
shift for Au 4f peak, confirming that Au works as the hole acceptor under
the light irradiation[29]. Further in-situ XPS spectra of the
0.5Pd1AuP25 results (Fig. 3c and d) show a more pronounced positive
shift of 0.4 eV in the Pd%" 3d peak under light irradiation, whereas the
Au 4f peak displays identical binding energy both in dark and under
light irradiation. Taking into account the morphology of 0.5Pd1AuP25
shown in Fig. 2e, the synthetic process outlined in the Methods section,
and the charge transfer process of single-metal-modified P25 discussed
above, this phenomenon suggests that the Au-Pd bimetallic configura-
tion acts as an effective hole acceptor and very likely the photo-induced
holes transferred from P25 to Pd species via Au[30,31]. The charge
transfer discussed by band theory shows the same result shown in
Supplementary Fig. 13.
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2.4. Reaction mechanism

Isotope labelling experiments were carried out to provide deep in-
sights into the reaction mechanism by tracking the carbon source
involved. When methanol labelled with 13C (13CH30H) was combined
with normal CO,, the primary product MF displays a main mass spec-
trometric (MS) peak at m/z = 62, indicating that both carbon atoms in
MF originated from methanol (Fig. 4 al). A secondary, smaller peak at
m/z = 61 suggests the product MF with one carbon atom from labelled
methanol and the other from normal CO,. Concurrently, experiments
using '3CO; to react with normal CH3OH under identical reaction con-
ditions (Fig. 4b1), indicates the same result that the formation of MF is
predominant by methanol conversion and a small portion is from the
reaction between CO2 and CH3OH. Further analysis identifies formal-
dehyde (HCHO) as a critical intermediate in the reaction. When
13CH;0H was used with normal CO,, the peak for HCHO appeared at m/
z = 31 (Fig. 4 a2). While, when 13C02 with normal methanol was used,
the produced HCHO showed a peak at m/z = 30 (Fig. 4 b2). The MS
result indicates that HCHO primarily originates from methanol oxida-
tion rather than CO5 reduction. In addition, the source of carbon in the
product CO was similarly traced using 13CH;0H and 3CO, individually
and the results suggest that CO is mainly from methanol. These exper-
iments clarify methanol as the primary reactant, which is converted into
MF, HCHO, and CO, while only a minimal amount of CO, takes part in
the reaction for the production of MF and CO. Additional tests were
conducted to investigate the overoxidation of methanol to CO, using
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Fig. 3. In-situ XPS results under dark and light irradiation condition for Pd%* 3d of PdP25 (a), Au® 4f of AuP25 (b), Pd%" 3d of PdAuP25 (c), and Au® 4f of

PdAuP25 (d).
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Control experiments further highlighted the role of CO5 in the re-
action system. As shown in the control experiments (Supplementary
Fig. 15), group (1) shows that CO5 could be reduced to CO under the

either 13CH?,OH and CO, or CH3OH and 13C0, as reactants
(Supplementary Fig. 14). The results show that all CO, almost come
from the feed gas, rather than the oxidation of methanol.
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optimised condition by 0.5Pd1AuP25. This result, together with the
isotopic experiments proves that CO5 could be a precursor to form MF
through CO. Group (2) and (3) do not produce any products, indicating
that nothing could be produced without methanol as a reactant under
the present condition. Fig. 5a explores the influence of CO; on MF
production, which shows that the amount of MF increases when
replacing Ar with CO; in the system, demonstrating that COz has a
positive impact on converting methanol to MF. To this end, it is
concluded that CO3 in the system not only participates directly in the
reactions but also plays a crucial role in inhibiting the overoxidation of
methanol, which is discussed in Supplementary Fig. 16.

To further analyse the reaction pathway, different feedstocks (HCHO
+ MeOH, CO + MeOH, and HCHO alone) were tested for MF production
(Fig. 5b and Supplementary Fig. 17). When sufficient methanol is pre-
sent in the reaction (Fig. 1), HCHO emerges as a major product in the
liquid phase. Therefore, HCHO was added as one feedstock to react with
methanol, which shows the highest production of MF in the control
experiment (Fig. 5b and Fig. 5c green pathway). In parallel, experiments
where HCHO was replaced by CO for MF formation under identical re-
action conditions were also conducted (Fig. 5b and Fig. 5¢ blue
pathway). Although CO is often reported as an active intermediate in
various reactions, it results in a lower MF in this system. Additionally,
employing HCHO as the only reactant (Fig. 5b and Fig. 5c grey pathway)
shows the lowest MF production, indicating that the formation of MF
does not solely depend on the self-coupling of HCHO. These observa-
tions suggest that the primary pathway for the photocatalytic formation
of MF likely involves the coupling of HCHO and MeOH (green pathway).
Additionally, a secondary pathway also appears plausible, which in-
volves the coupling of MeOH and CO, which is presumably derived from
the reduction of CO; (blue pathway).

Based on the above discussion, the proposed reaction mechanism for
photocatalytic methanol conversion of methanol to MF over
0.5Pd1AuP25 is depicted in Fig. 5d and Supplementary Fig. 13. When
the incident light irradiates P25, electrons in valence band (VB) of P25
would be excited to its conduction band (CB). Meanwhile, the holes
migrate from the VB of P25 to Au particles and subsequently to Pd
species. This transfer leads to the formation of Pd" ions, leaving Au to
neutral. The Pd?" ions act as the active site where methanol can be
oxidised to the methoxy group and a proton (Eq. (1)[32-36]. Then, the
adsorbed methoxy intermediate is oxidised to formaldehyde and a
proton (Eq. (2). Subsequently, the formaldehyde is further oxidised into
a formyl (eCHO) (Eq. (3). Finally, the coupling of methoxy and formyl
leads to the formation of MF (Eq. (4). Concurrently, the protons are
reduced by photoelectrons to produce Hy on P25. The surface adsorption
and possible reaction mechanism are also discussed as shown in Sup-
plementary Fig. 18 and Supplementary Fig. 19.

CH3;0H+h" —CH30 e +h" (@D)]
CH3;0 e +h" —HCHO +H" (2)
HCHO +h" — ¢« CHO+H" 3
CH30 e + e CHO — C,H,0, @

3. Discussion

In summary, PdAu-decorated P25 has shown the high efficiency and
stability as a photocatalyst for the anaerobic methanol conversion to
methyl formate in a batch reactor under ambient conditions. Remark-
ably, a 98.1 % conversion of methanol is achieved, with a selectivity for
MF of 94.9 %. In the meantime, H; instead of water is obtained as the
main reduction product. Extensive structural characterisations, along
with spectroscopic measurements, and mechanism analysis, reveal that
the bimetallic PdAu cocatalyst can improve the activity more than 15
times compared with individual cocatalyst, which is due to a synergistic
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effect between Au and Pd. This is primarily because the Au nanoparticles
facilitate the efficient transfer of holes from P25 to the Pd cluster,
significantly boosting the activity for MF formation. Furthermore, iso-
topic labelling experiments and control reactions suggest that CO;
suppresses the overoxidation of methanol, leading to efficient utilisation
of reactants. Additionally, CO, shows a minor contribution to the for-
mation of MF by reducing CO, to CO, which is also a reactant in MF
formation. This results in the high selectivity for MF production.

4. Methods
4.1. Photocatalysts synthesis

The single metal (Ru, Co, Ag, Cu, Pd, Au) modified P25 was syn-
thesised using NaBH4 (Sigma Aldrich, > 96 %) reduction method. First,
200 mg P25 was dispersed into 200 mL deionised water under stirring.
Then, taking Au as an example, different amounts of gold (III) chloride
trihydrate (Sigma Aldrich, 99.9 %) aqueous solution (2 mgp,/mL) were
added to the P25 dispersions and stirred for 2 h. After that, a certain
amount of fresh NaBH,4 (0.1 M) with a mole ratio of 5 (NaBH4/Au) was
added to the mixture and stirred for another 1 h. The photocatalyst was
obtained by centrifugation, washed with deionised water for three
times, and dried in a vacuum oven for 12 h at 80 °C. The photocatalyst
synthesized by this method was denoted as AuP25 (the name indicates 1
wt% Au modified P25).

For synthesis of 0.5Pd1AuP25 (the name indicates 0.5 wt% Pd and 1
wt% Au modified P25), 200 mg AuP25 prepared above was dispersed
into 200 ml deionised water under stirring. Then, 1 mL of PdCl,
(Aldrich, 99.999 %) aqueous solution (1 mgpq/mL) was added to the
solution for a 2-hour stirring. After that, a certain amount of NaBH, (0.1
M) with a mole ratio of 5 (NaBH4/Pd) was added to the mixture and
stirred for another 1 h. The photocatalyst was obtained by centrifuga-
tion, washed with deionised water for three times, and dried in the
vacuum oven for 12 h at 80 °C. The photocatalyst synthesized was
denoted as 0.5Pd1AuP25.

4.2. Characterisation

The powder X-ray (XRD) spectra were measured with a Rigaku
SmartLab SE using a Cu Ka1 source (60 kV, 60 mA). Raman spectroscopy
was performed at Horiba LabRAM HR Evolution with a 532 nm laser.
Ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS) was
recorded by an Agilent Cary 5000 in reflectance mode using standard
BaSO4 powder as a reference. The chemical environment was evaluated
using X-ray photoelectron spectroscopy (XPS) with an Axis Supra
(Kratos Analytical Ltd., UK) system equipped with an Al Ka X-ray source
(1486.6 eV) operating at 200 W for survey scans and 300 W for core
level spectra. The binding energy was calibrated by the C 1 s peak at
284.8 eV. In-situ XPS experiment was conducted using the same XPS
machine mentioned above by equipping a 365 LED light source. PL
spectroscopy was collected by Horiba LabRAM HR Evolution with a 325
nm excitation laser. STEM imaging was conducted using Cs-corrected
scanning transmission electron microscope (FEI Titan Cubed Themis
G2 300) operated at 300 kV with a dwell time of 10 ps. The elemental
mapping was obtained by energy-dispersive spectroscopy (EDS) in the
same Cs-corrected scanning transmission electron microscope (FEI Titan
Cubed Themis G2 300) with a dwell time of 20 ps. In-situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) experi-
ments were performed on a FTIR spectrometer (Thermo Nicolet iS50,
with Harrick Diffuse Reflectance). Agilent-5110 inductively coupled
plasma optical emission spectrometer was used for element content
measurement.

4.3. Photocatalytic methanol conversion

The photocatalytic methanol conversion was conducted in a batch
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reactor (150 mL with a quartz window on the top, and a thermal couple
inside the reactor). A 365 nm LED light (Beijing Perfect Light, PLS-LED
100) was used as the light source. In the catalyst screening experiment
and stability test, 20 mg of sample was dispersed in 40 mL of 0.25 %
methanol (Supra Solv Methanol for GCMS, Sigma) in acetonitrile
(Sinopharm), and the mixture was allowed to sonicate for 15 min to
achieve a good dispersion. Afterward, CO (Air Liquide, 99.999 %) was
used to purge the system for 30 min to remove the oxygen in the batch
reactor, and to increase the CO5, pressure to 6 bar. Then, the 365 nm LED
(80 W) irradiated from the top quartz window of the reactor for two
hours at room temperature. During the reaction, the mixture was
continuously stirred to facilitate the mass transfer. After the reaction,
gas phase products were firstly analysed by GC (Shimadzu GC-2023,
equipped with Barrier Discharge Ionization Detector, through the 5A
collum). For liquid products, the photocatalyst was separated by filtra-
tion first, and the solution was analysed using GC (Shimadzu GC-2023,
equipped with Barrier Discharge Ionization Detector, through the DB-
WAX collum). All products in the reaction mixture were quantified
with an external calibration method. Under the optimised reaction
condition (Fig. 1d), 10 mg 0.5Pd1AuP25 was dispersed into a 40 mL
mixture (10 pL methanol and 40 mL acetonitrile). Then, CO, was used to
purge the system for 30 min following with a two-hour 365 nm LED (80
W) irradiation. The reaction conditions for the control experiments
(Supplementary Fig. 15) were conducted under the same condition of
the screening experiments but different for the solvents, where pure
water, pure acetonitrile and pure methanol were used. In the stability
test, the used photocatalyst was filtered and then washed for the next
cycle of the stability test.

4.4. Isotope labelling experiment

For the isotope labelling experiment, a similar photocatalytic process
was conducted except 13CH30H (*3C enrichment > 99 % atom, Shanghai
Institute of Chemical Engineering) or 13C02 (*3C enrichment > 99 %
atom, Shanghai Institute of Chemical Engineering) was used as the feed
gas. Typically, 20 mg 0.5Pd1AuP25 photocatalyst was used in the batch
reactor. For the labelled methanol experiment, the feedstocks were 50
pL 13CH30H in 40 mL MeCN and 1 bar CO,. On the contrary, for the
labelled CO; experiment, the feed stocks were 50 pL. CH3OH in 40 mL
MeCN and 1 bar 13C02. All were introduced under a 100 W LED with
365 nm light source for 3 h. The products containing C-isotope were
analysed by GCMS-QP2020 NX (Shimadzu).

4.5. Calculation of MF selectivity

The selectivity of MF was calculated based on the measured liquid
products, which include formaldehyde and methyl formate. The selec-
tivity was calculated using the following equation:

2 X Nyp

— x 100%
2 X Ny + Nycro

MFselectivity =
where n is the yield of products.

4.6. Calculation of methanol conversion

The conversion of methanol was calculated depending on the initial
amount of methanol (n;) and the amount of methanol after the reaction
(ng).

n —ny

MethanolConversion = x 100%

i

Here n; was the amount of methanol after CO, purging for 30 min, as
some loss occured during purging. For the condition with the best
methanol conversion, the amount of methanol added into the reactor
was 10 pL (equivalent to 247 pmol). After a 30-min purge, the amount
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decreased to 147 pmol, which was n; in the system.
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