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Fig. S1. Two lowest energy adsorption modes for methyl radical on CTF-1.

Supplementary Note to Fig. S1.

The lowest energy adsorption mode (right) is positioned on the benzene ring whilst the second lowest
energy mode is positioned on the nitrogen in the triazine ring (left). Energies are given in kJ/mol in
relation to the pristine CFT-1 surface and the energy of methane minus half the energy of a hydrogen
molecule in the gas phase. It can be noted that the binding to the most favourable site of the benzene
motif is 28 kJ/mol more exothermic than to the triazine motif site in CTF-1. The blue, gold and gray
denote N, C and H, respectively.
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Fig. S2. Two lowest energy adsorption modes for methyl radical on g-CsNa.

Supplementary Note to Fig. S2.

The lowest energy adsorption mode (right) is positioned on a terminal NH; group whilst the second
lowest energy mode is positioned on the linker NH group (left). Energies are given in kJ/mol in
relation to the pristine g-CsN4 surface and the energy of methane minus half the energy of a
hydrogen molecule in the gas phase.

The results from Figs S1 and S2 indicate that the binding of methyl radicals to the most favourable
site of the benzene motif of CTF-1 is 55 kJ/mol stronger than the favourable adsorption site in g-
CsNa.
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Fig. S3. PXRD pattern for CTF-1 in vacuum.

Supplementary Note to Fig. S3.
The signal drop before 3° is the response of the silica capillary which is the holder of powder samples.

The first peak located at ca. 7.9° is associated with the hexagonal cages. The peak at ca. 24.8°
indicates a multi-layer structure with an interplanar stacking distance of 3.5 A tested

experimentally.’-2
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Fig. S4. Raman spectra of CTF-1 excited by 325 nm laser in the atmosphere.

Supplementary Note to Fig. S4.

The Raman spectrum shows a high degree of conjugation of the synthesised photocatalyst,
indicating a well-ordered planar structure in each layer. The sharp peak located at ca. 1609 cm™ is
assigned as G peak, which involves sp? carbon in the polymer materials and likely indicates a high
degree of conjugation. A small peak at ca. 1400 cm™ is assigned as D peak and related to the sp®

carbon in the structure.®
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Fig. S5. Experimental ATR-FTIR spectra of CTF-1 in atmosphere.

Supplementary Note to Fig. S5.

The two strongest peaks at 1513 and 1350 cm™ represent C-N bonds stretching mode and the in-
plane rings stretching vibrations, respectively, indicating the successful synthesis of triazine rings.*
A major peak at 1024 cm™ and two small peaks at 1160 and 1272 cm™ are related to C-N bond
bending vibrations, confirming the successful polymerisation process.®> Peaks located at 810, 1408
and 1623 cm™* are associated with benzene rings and can be assigned as the bending vibrations of
the out-of-plane C-H bonds, the C-H stretching vibrations and the C-C bonds stretching,

respectively.® The small peak at 2226 cm™ is resulted by the stretching of the terminal -C=N

groups.® Additional peaks at ca. 2360 and 3500-4000 cm™ are associated with the surface-adsorbed

CO> and water in the atmosphere.
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Fig. S6. 13C ssNMR spectra of CTF-1.

Supplementary Note to Fig. S6.
The Peaks assigned as 6 and 7 at ca. 170 ppm are related to the carbon atoms in the triazine unit.

The peak at 139 ppm labelled as 5, 8 and 11 is associated with a-carbon atoms which were
connected to the triazine rings. The strongest peak at 129 ppm assigned as 3, 4, 9 and 10 represents

carbon atoms in the aromatic ring. The weakest peak at the highest field labelled as 1 and 2 is

characteristic of the two types of carbon atoms in the terminal cyanide groups.’



Fig. S7 SEM image of CTF-1.
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Fig. S8. Spectrum of the light source (Perfectlight, PLS-LED 100, A = 365nm) under identical
experimental conditions.

Supplementary Note to Fig. S8.

The light intensity is calibrated by a Newport power meter (1908-R) under identical experimental
conditions.
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Fig. S9. The 'H NMR spectra (700 MHz) of the outlet gas dissolved in CDCls.

Supplementary Note to Fig. S9.

Reaction conditions: gas flow rate 40 mL min™, room temperature and 365 nm LED irradiation. The
three strongest peaks located at 0.21, 1.56 and 7.25 ppm are associated with dissolved methane, water
and deuterated chloroform, respectively. Two multiplets are generated compared with dark conditions.
The triplet at 1.24 ppm is assigned to the CH3 group bound to a CH; group. The quartet at 3.72 ppm are
assigned to the CH; group bound to a-CHs; group. Integration of the peaks gives ca. a ratio of 3:2
(CH3/CHy), indicating the molar ratio of CH3:CH; is 1:1. All these prove that the generated organic

product is ethanol 2

10



Dark condition F\‘—‘—‘—‘
= 0O,
©
2
C CH,
9
£ /”' T
H,O
1 1 1 1 1 "

Time / h

Fig. S10 Mass spectral responses of water (blue line, m/z = 18), methane (green line, m/z = 16),
and oxygen (red line, m/z = 32) in the outlet gas under dark conditions over CTF-1. Reaction
conditions: gas flow rate 40 mL min*and 65 °C.

Supplementary Note to Fig. S10.

The inline MS spectra were recoreded to monitor the change of reactants under dark conditions at 65
°C. When humidified methane was introduced to the CTF-1 catalyst, the adsorption of methane and
water reaches equilibrium in about 3 hours. Subsequently, O, gas was introduced into the gas mixture
and the overall flow rate was kept at 40 mL min. The water signal remains constant in the first hour
and then slightly decreases. After 5 hours, the water content reaches equilibrium again. This
phenomenon is very similar to that during the photocatalytic process when CHa, O, and H,O were co-
fed into the reactor (Fig. 1E). Hence, the slight decrease of water is unrelated to the partial oxidation of
methane, and likely due to the extra adsorption of water by the very porous catalyst.
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Fig. S11 In situ DRIFTS spectra of CTF-1 for the co-adsorption of CHs+ H,O and CH4 + Oa+
H-0.

Supplementary Note to Fig. S11.

Water adsorption under conditions with and without oxygen gas was investigated by in situ DRIFTS.
The peaks located at ca. 3015 cm represent the methane signal and the peaks located at 3500-3800 cm-
L are assigned to adsorbed water. In the presence of oxygen gas, the water signal greatly increases, and
new peaks appear at lower wavenumbers besides the previous one, which indicates that new adsorption
sites of water molecules are trigged on the surface of CTF-1 in the presence of oxygen.
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Table S1. Photocatalytic activity. Comparison of photocatalytic activities of methane transformation on CTF-1 in a packed bed flow reactor under 365 nm
LED light irradiation under different reaction conditions.

Product selectivity based on Products yield umol/h Reactant flow rate
Photo- Methane carbon®/ % mmol/h
Entry catalyst CH4:0,%  conversion®
/% C;HsOH CH3;OH CO, C2HsOH CHs;0OH CO, CH, 0O
1 CTE-1 1:1 6.1 3.4 i 91.7 10.9 i 582.0 10.4 9.8
(1.1:1) (#0.2) (20.02) (26.6) (20.37) (245.8) (#0.2) (20.2)
2 CTE-1 4:1 3.1 37.3 i 44.2 94.7 i 218.5 16.2 3.8
(4.3:1) (#0.1) (#0.1) (+.7) (#3.7) (10.7) (#0.2) (20.2)
3 CTE-1 16:1 1.7 78.6 i 8.2 122.4 ) 26.0 18.9 1.2
(15.8:1) (30.1) (#.7) (20.5) (%2.6) (#.2) (20.5) (#0.1)
4 CTE-1 32:1 0.7 78.0 i 16.3 50.0 i 20.9 19.4 0.6
(32.3:1) (#0.1) (#.1) (#.2) (25.8) (%2.8) (20.4) (20.1)
5 SiO; 16:1 0 - - - ) ] ] ) )
100%
6 CTF-1 Air (no - 0 0 0 - - - - -
CHy)
7 3wt.% 16:1 2.3 79.6 i 11.8 167.6 i 52.3 17.3 1.1
PtO./CTF-1  (15.7:1) (#0.1) (#.0) (#H.2) (H4.7) (25.8) (#0.3) (#0.1)

8CHa4 source is 20% CHJ/Ar and O, source is air (20% O/Ny).

The ratio is the rounded value (either up or down) of the precise ratio presented in parenthesis.

bThe value is the average methane conversion rate during 4 h light irradiation. The error in the parenthesis is the calculated standard deviation.

®The value is the average product selectivity during 4 h light irradiation. The error in the parenthesis is the calculated standard deviation over 3 hours (9
measurements).

Supplementary Note to Table S1.

The methane conversion rate decreases as the concentration of oxygen is reduced while the selectivity towards ethanol is enhanced (Entries 1-4). The highest
methane conversion rate is 6.1%, generated continuously at a ratio of CH4:0,=1:1, but the major product is undesirable carbon dioxide. When the CH4:0; ratio
increases to 4:1, the ethanol selectivity increases to ca. 40%. Further increasing the methane concentration to CH4:0,=16:1 leads to the highest ethanol selectivity
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of 78.6% with a methane conversion rate of 1.7%. Continuously increasing the CH4:O; ratio to 32:1 results in no evident change in the ethanol selectivity, but
the methane conversion rate is more than halved compared with the 16:1 (CH.:05) entry, which is probably due to the reduced mass transfer of oxygen to the
catalyst surface. Thus, 16:1 is the optimised ratio for the fluid system. Two control experiments were also conducted, as shown in Entries 5 and 6; there is no
methane transformation or ethanol generation detected in the absence of either a light harvesting material or methane. These data show that the final product,
ethanol, is from methane, driven by photocatalysis on CTF-1.
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Table S2 Photocatalytic activity. Comparison of photocatalytic activity of methane transformation on CTF-1 in a packed bed flow reactor under 365 nm
LED light irradiation under different flow rates.?

Reactant flow rate mmol/h

DGFR Product selectivity based on Products yield umol/h
Photo- (EFR) Methane carbon® %
ENUY  Catalyst  / conversion®
mL ht /% CHsOH CH3;OH CO:» C:HsOH CHsOH CO; CH, (O]} CH./O;
. ceq 1000 25 60.4 : 35.1 63.4 ] 35.1 9.4 059 o
(1066) (20.3) (+4.0) (46.9) (48.4) (46.9) (#03)  (20.06) :
5 CTE-1 2000 1.7 78.6 8.2 122.4 ) 26.0 18.9 1.18 16.0
(2143) (20.1) (#1.7) (40.5) (42.6) (#1.2) (40.5) (20.11) :
3 CTE-1 6000 0.3 66.9 13.0 47.7 16.4 56.8 3.52 16.1
(6440) (20.02) (47.5) (45.4) (7.1) (47.5) (#4)  (20.25) :
4 creq 10000 0.1 60.9 10.9 22.8 95 105.4 6.51 162
(11951)  (20.01) (428.6) (#42)  (14.6) (43.4) (436)  (20.35) :

4CH, source is 20% CH4/Ar and O, source is air (20% O2/N,).
bThe value is the average methane conversion rate during 4 h light irradiation. The error in the parenthesis is the calculated standard deviation.
“The value is the average product selectivity during 4 h light irradiation. The error in the parenthesis is the calculated standard deviation over 3 hours (9

measurements).

Supplementary Note to Table S2.
The total inlet dry gas flow rate (DGFR) was set by digital-controlled mass flow meters.
The flow rate in the parenthesis was estimated by the reactant flow rates (EFR) measured at the outlet of the reactor by a soap film flow meter with water

vapor included.

The effects of the flow rate at this ratio of reagents were investigated at different DGFR from 1000 to 10000 mL h'* as shown in entries 1-4. The highest

methane conversion rate is achieved with a DGFR of 2000 mL h.

15
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Fig. S12 SR-PIMS spectra of CTF-1 with a photon energy of 12 eV in (a) CH4, (b) CH4+H.0, (c)

CH4+0;, and (d) CH4+H,0+0:.
Supplementary Note to Fig. S12.

In-situ synchrotron radiation photoionization mass spectrometry (SR-PIMS), which allows for the
detection of various gas-phase intermediates and products with high sensitivity, was used to analyse the
products formed from photocatalytic methane oxidation by CTF-1. The photon energy was firstly fixed
at 12 eV. In pure CH, atmosphere, C2H,, C2Ha, CsH4 and CsHe are observed at m/z ratios of 26, 28, 40,
and 42, respectively (Fig. S12a). In the meantime, a trace amount of C,HsOH is detected at m/z ratios
of 31, 45 and 46, likely due to a trace amount of O, residue in the purged reactor or adsorbed on the
surface of CTF-1. When additional water vapour is introduced into CH4, similar products are detected
to those observed in pure CH,4 (Fig. S12b). However, the intensities of the MS signals are stronger,
suggesting that H,O is a promoter during the photocatalytic partial oxidation of methane. When CH,4
and O are introduced simultaneously, a low concentration of CH;COOH is observed at m/z ratios of
43, 45 and 60, apart from the products detected in the CH4 or (CHs+H.0) environment (Fig. S12c).
This is in agreement with our assumption that O, promotes the formation of products that cannot be
detected using FID-GC. With the co-existence of CH., H,O and Oy, the intensities of the peaks related
to CoHsOH are significantly enhanced, compared to those in CH4, CH4+H>0 or CH4+O; (Fig. S12d).
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This indicates that both O, and H2O are indispensable for the partial oxidation of methane to ethanol
and is highly consistent with the performance analysis in Fig 1. A new signal with a m/z ratio of 30
appears, which originates from the production of C;He. This is also consistent with the hypothesis of
C,Hs as the major intermediate of this photocatalytic process. CH3COOQOH is obtained, similar to that in
CH4+0;. A small amount of CH3sOH is discovered at m/z of 32. C,H2, C2H4, CsH4 and CzHe, which are
present in the products of the previous conditions, are not detected. It is also noted that serval signals at
m/z ratios of 128, 130, 132 and 134, could originate from long-chain products (Table S2) that cannot
be detected using GC-FID only.

17



Table S3 Possible long-chain products generated during photocatalytic methane conversion by

CTF-1.
m/z
Entry
128 130 132 134
1 CsH404 CsHeO4 C4H40s C4HeOs
2 CeHsOs CeH1003 CsHgO4 CsH1004
3 C/H1.0; C/H1:02 CeH1203 C6H1403
4 CgH160 CgH10 C7H1602 CoH100
5 CioH1o CioH12 CioH1s

It can be noted that the long-chain products could be Cs-Cy 0xygenates or C1o hydrocarbons.

18
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Fig. S13 SR-PIMS spectra of CTF-1 with a photon energy of 14.2 eV in CH4+H>0+0..

Supplementary Note to Fig. S13.

The photon energy was fixed at 14.2 eV to detect products with a higher ionisation energy. The signal
at m/z of 44 originates from the overoxidation product CO-. A trace amount of CO is also detected at
m/z of 28 in the spectrum with subtracted backgournd.
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Fig. S14. Pt 4f XPS spectrum of 3 wt.% PtO,/CTF-1.

Supplementary Note to Fig. S14.
Two peaks located at ca. 73 eV and 76.5 eV represent the Pt 4f;, and Pt 4fs, respectively.®
According to the peak integration, Pt species are Pt (1) and Pt (V) states. The Pt (I1) to Pt (IV) ratio

is nearly 1:1.
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Fig. S15. Ru 3p XPS spectrum of 3 wt.% RuO,/CTF-1.

Supplementary Note to Fig. S15.
Two peaks located at ca. 464 eV and 486 eV represent the Ru 3ps, and Ru 3pu, respectively.

The observed Ru species are Ru** (RuO,) according to the peak fitting.



Table S4 Performance comparison. Methane-to-ethanol conversion over new photocatalyst CTF-1, and all g-C3Na4 based catalysts synthesised in
the current study and relevant recently-published literatures, inlcuding reaction condutions and key criteria of methane conversion, ethanol yield,

ethanol selectivity, stability, apparent quantum efficiency, as well as reaction mechanism.

Catalyst Reaction (including light | CH4 EtOH yield / umol | EtOH Stability | Mechanism AQY /%
source or light intensity) conversion | h'! (or pmol h'! g | Selectivity | /h
/% h /%
PtOx-CTF-1 | Flow, CH4+O2+H20— 23 167.6 (167.6) 79.6 12 Methane to 9.4
(This work) C2H50H, 365 nm LED, ethane then to
100 mW cm?, 1 g catalyst ethanol
CTF-1 Flow, CH4+O+H,0— 1.7 122.4 (122.4) 78.6 50 Methane to 6.9
(This work) C>HsOH, 365 nm LED, ethane then to
100 mW cm™, 1 g catalyst ethanol
g-C3Ny Flow, CH4+O,+H,0— 0.6 29.2(29.2) 46.1 / Methane to 1.7
(This work) C2H50H, 365 nm LED, ethane then to
100 mW cm?, 1 g catalyst ethanol
Cu/g-C3N4'!' | Batch, CHs+H,0— / 0.42 (21) 53.8 24 Methane to /
C>Hs0H, 500 W Xe lamp, methanol then
20 mg catalyst to ethanol
Ce0,"? Batch, CHs+H,0— 0.02 0.023 (11.5) 91.5 / Oxygen defects | 0.3
C>HsOH,300 W Xe lamp, dominated
AMI1.5, 100 mW cm?, 2 activity
mg catalyst
P-g-C3N," Batch, CH4+O>+H,0— 0.06 0.255 (51) 62.7 4 Methane to /
C>HsOH, 300 W Xe lamp, methanol then
5 mg catalyst to ethanol
Vacn-g- Batch, CH4+0O,+H>O— 0.16 5.6 (280) 85.1 / Methane to /
C3Ny! C>HsOH, 300 W Xe lamp, methanol then
to ethanol

22




100 mW cm?, 20 mg

catalyst
Fe (III) Batch, CH4++H>O— 0.08 1.29 (171) 86.4 6 Methane to /
encapsulated | C;HsOH, 300 W Xe lamp, methanol then
with g-C3N4'® | 420 nm filter, 7.5 mg to ethanol

catalyst

Supplementary Note to Table S4:

The direct transformation of methane into oxygenates with high selectivity under mild conditions, one of the holy grails in catalysis, is challenging
because catalysts capable of activating the strong primary C-H bonds in methane can typically easily convert the initial products (such as ethanol)
into thermodynamically more stable CO or CO>. This conversion-selectivity trade-off means that higher methane conversions achieved by using
stronger oxidation conditions result in lower selectivities for the desired product. This is illustrated by the g-CsN4 based photocatalysts that have
achieved notable ethanol production rates in terms of “pumol per gram per hour” during the early stages of methane conversion, but with high H20:
oxidant levels found to cause indiscriminate overoxidation of intermediates to low-value products e.g. CO,'*. Our photocatalyst design with
separate sites for methane activation and oxidant generation, and proceeding via a distinct mechanistic pathway that involves ethane as
intermediate, improves the conversion-selectivity trade-off that can be achieved.

While catalysis research typically focuses on activity and selectivity, productivity is important when aiming to develop industrial processes and
requires a careful evaluation of catalysts’ stability'®!’. Characterizing the intrinsic activity of photocatalysts is particularly challenging because
photocatalytic conversion can only occur where the photocatalyst is able to absorb photons of an appropriate wavelength. Directly comparing
photocatalysts on the basis of absolute product formation rates determined in different studies using different reactors can therefore be as unreliable
as comparisons on the basis of measured product formation rates normalized by catalyst weight or comparisons on the basis of measured apparent

quantum yields (AQYSs): these performance metrics are all influenced by factors such as the reactor type (batch or flow), reaction pressure and
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temperature, flow rates, reactants’ ratio, light intensity, catalyst loading, fraction of catalyst irradiated by light, etc. And although AQY is widely
recognised as a particularly robust criterion to determine the performance of a photocatalyst*®°, AQY values can be affected by catalyst loading
(if the number of catalyst sites accessible to photons isn’t evaluated), scattering of light in the reactor and the wavelength range of the irradiating
light (https://www.perfectlight.com.cn/solution/mobile-phase/30.html).

The table lists known methane-to-ethanol photocatalysts and their ethanol formation rates in the widely used®2-?® ynit of pmol h™* and also in
umol h'lg? (the latter, despite commonly used in thermal catalysis, less reliable for evaluating photocatalysis as explained above and the
documented®®). Where available, we also list AQY values. We emphasize again, however, that reliable performance comparisons are difficult
because factors that can significantly impact all these performance metrics include the catalyst loading, reactor size and configuration, temperature,
pressure, irradiation source and area, etc, which should be clearly stated and ideally standardized as far as possible to enable meaningful cross-

comparisons between different studies and photocatalysts and thereby more efficient and informed development.
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Fig. S16. Mass spectra of the major product ethanol.
Supplementary Note to Fig. S16.
Ethanol produced when using **CH. (> 99.5 atom % Sigma-Aldrich) + 0, + H,O (top panel) in this

work and the commercially available 2-3C-ethanol from Sigma-Aldrich (99 atom % *C) (bottom

panel) nearly shows the same peaks, indicating that both carbon atoms in ethanol are generated from

methane.
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Fig. S17. Total lon Chromatogram spectrum of all detectable reactants and products.
Supplementary Note to Fig. S17.

The total ion chromatogram (TIC) spectrum presents four evident peaks. The first peak located at ca.
1.7 min is assigned to CO,. After that, although the baseline begins to rise, there is a clear signal at ca.
6.5 min assignable to water. The last peak at ca. 12.9 min is assigned to the product ethanol, confirmed
by the associated mass spectrum. A small peak at ca. 2.65 min as shown in the insert is identified as
ethane by the mass spectrum (Fig. S19), which is a likely intermediate during the reaction thought the
signal is very weak. No signals of other reactants (e.g. Oz, N2 and CHy) are detected as those were
purged out before the detector operation, because the concentrations of these feedstocks are very high

and can result in damage to the ion source.
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Fig. S18 GC-FID spectrum of the products formed in photocatalytic partial oxidation of

methane by CTF-1.

Supplementary Note to Fig. S18.

The products obtained from photocatalytic methane oxidation by CTF-1 were evaluated using GC-FID.
The main product C,HsOH displays the strongest peak with a retention time of 33.1 min. The
intermediate C2Hg and overoxidation product CO; are observed at 6.3 and 12.6 min, respectively. The
two large peaks at 11.3 and 25.2 min originates from the valve switch. The yield of the products is
quantified by the integrated area of the corresponding peaks. The production rates of C2;HsOH, CzHe,

Time (min)

and CO are calculated to be 121.8, 2.6 and 34.3 pmol/h, respectively.
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Fig. S19. Mass spectra of peak at 2.65 min shown in Fig. S13 (top panel) and the standard
mass spectrum (electron ionisation) of ethane from NIST database (NIST MS number 23)
(bottom panel).
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Fig. S20. Mass spectral responses of reactants and products. Ethane (green line, m/z = 30), ethanol
(black line, m/z = 46), water (blue line, m/z = 18), oxygen (red line, m/z = 32) of the outlet gas during
the selective photocatalytic oxidation of methane. Reaction conditions: gas flow rate 40 mL min, 365
nm LED irradiation.

Supplementary Note to Fig. S20.

During the reaction, the CTF-1 catalyst was purged with methane under LED light irradiation. As
indicated by the green line in the top panel, there was no ethane generation without water or oxygen
during the first 310 min. When water was added at 310 min (blue line), ethane was firstly generated
and then decreased for 10 minutes, which may be attributed to the surface poisoning by the adsorbed
protons in the absence of O, (CH4 + H2Ogiss(surf) = HxO(g) + CHs(surf) + H(surf), Ay CTF = +84
kJ/mol). When oxygen gas was added to the system after 490 minutes (red line) to regenerate the
photocatalyst surface by capturing the adsorbed protons, ethanol was generated simultaneously (black
line).
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Water oxidation sites poisoned
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Fig. S21. Formation of methyl radical in the presence of water over CTF-1. The blue, brown,
red and gray denote N, C, O and H, respectively.
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Fig. S22. Mass spectra of CH4 and C,He under the dark condition without a catalyst.
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Fig. S23 DRIFTS spectra of (a) H.O and H,'®O adsorptions on CTF-1 (Py,o = 3 kPa), and (b)
O2+H,0 and '*0,+H.0 co-adsorptions on CTF-1 (total pressure: 1 atm; Py, = 3 kPa) at RT.
Supplementray Note to Fig. S23.

The isotopic O, and H,O adsorption measurements by DRIFTS were carried out to monitor the
exchange. Isotopic H,*0 adsorption spectra of CTF-1 are shown in Fig. S23a. The band at 3646 cm™
is ascribed to OH vibration in HO and a shift of the band to 3632 cm™ is observed when H,*0 is used.
The shoulder band at 3450 cm™ originates from the N-H structure in CTF-1, no shift of this band is
detected as only O is isotopically labelled. Then, the adsorption of H2O in the presence of O, gas was
carried out. No visible difference in the band position of the DRIFTS spectra (Fig. S23b) is observed
when O is replaced by 80,. This indicates that there is no detectable exchange between O, and H.O
in the reactant.
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Fig. S24. Argon, methane and water adsorption on CTF-1 surface under ambient conditions
(25°C, 1 bar).
Supplementary Note to Fig. S24.
There is no weight increase indicating no argon adsorption on CTF-1 under such conditions (the
left insert). Thereafter, water molecules were carried by argon to the reactor to investigate the water
adsorption ability of CTF-1 (black line 0-12 h). After that argon was replaced by methane to study
the methane adsorption on humidified CTF-1 surface (black line 12-20 h). Compared to the
methane adsorption on dry CTF-1 surface (blue line in the right insert), water does not have an
obvious influence on methane adsorption as under both cases, weight increase by methane

adsorption is very similar, about 5%.
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Fig. S25. Methane activation barriers for methane conversion by the CTF-1 polymer with and
without water dissociation.

Supplementary Note to Fig. S25.

Energies are given in kJ/mol (C, N, H, and O atoms are displayed in gold, blue, white and red,
respectively). Without the dissociation of water on the catalyst surface, the activation energy of the
methane molecule is ca. 294 kJ/mol on CTF-1. While after water dissociation on the surface of CTF-1,
the barrier for the methane activation is only about 108 kJ/mol, indicating the key role of dissociated
water on the surface of CTF-1 to accelerate the reaction. The blue, brown, red and gray denote N, C, O
and H, respectively.
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Fig. S26 Reaction pathways and energy profile for the formation of ethanol from two surface-
bound methyl radicals over CTF-1. Reaction energies are given in kJ/mol (C, N, H, and O atoms
are displayed in gold, blue, white and red, respectively).

Supplementary Note to Fig. S26.

The formation of ethane is 116 kJ/mol more exothermic than the further C-H cleavage of methyl radicals
to form C;Hs radicals. Therefore, two methyl radicals prefer to recombine first to form an ethane
molecule.

There are two transient steps with similar energy barriers competing to be the rate-limiting step for the
formation of ethanol. The ethane activation step (TS,c2+5.0n) and the ethanol formation step (TS, eton)
show barriers of 149 and 143 kJ/mol respectively, both being considerably higher than the 108 kJ/mol
associated with the methane activation (see Fig S25). Thus, the partial oxidation of the intermediate,
ethane, is more favourable under O, atmosphere The blue, brown, red and gray denote N, C, O and H,
respectively.
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Fig. S27. C k-edge NEXAFS spectra of CTF-1 in the presence or absence of LED light (320 nm)
irradiation, respectively.

Supplementary Note to Fig. S27.

The NEXAFS represents the excitation of electrons from a core level to partially filled or empty states
(the conduction band). As shown in Fig. 3B, the bands at 397.1 eV are due to the rt transition of N 1s

—N 2p in the triazine unit. The broad band at 403-405 eV was associated with the ¢ transition of the N

atoms. When the sample is irradiated by LED light, the increase in the intensity of the N K-edge
spectrum indicates that more electrons are able to be accepted by the N 2p orbitals, which implies that
hot electrons are transferred away, while holes are accumulated on the N sites of the triazine unit in the
presence of LED irradiation. As shown in Fig.S27, the bands at 284.8 and 286.5 eV are due to the 1t

transition of C 1s—C 2p in the benzene rings (labelled as n*C-C) and the triazine motifs (labelled as

n*C-N), respectively. An evident intensity of n*C-C decays under LED light irradiation, while the
intensity of m*C-N remains unchanged, indicating that the unoccupied states in the C 2p orbitals of the
benzene units are reduced under LED light irradiation, i.e. the photo-excited electrons are likely
transferred to /accumulated at the carbon sites of the benzene units. This reduces the amount of the
excited electrons in 7*C-C under the synchrotron radiation, leading to a weaker NEXAFS intensity for
the case of LED light irradiation. In total, the comparative NEXAFS results clearly confirm that the hot
electrons are able to be transferred to the benzene units, whereas photo-holes accumulate in the triazine
motifs in the CTF-1 sample.
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Fig. S28. Photoluminescence (PL) spectra of g-CsNsand CTF-1.
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Fig. S29. UV-Vis absorption spectra of g-CsNsand CTF-1.
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Fig. S30. DRIFTS spectra of H,O adsorption on (A) TiO,, (B) CTF-1 and (C) g-CsN4 at RT
(Ph20=3 kPa). H,'%0O and H'®0 are presented by black and red lines.

Supplementary Note to Fig. S30.

When normal H:O is replaced by H>'®0, a band shift was observed in TiO,, CTF-1 and g-CsNa,
respectively, from 3700 to 3681 cm, 3646 to 3632 cm, and 3544 to 3534 cm™*. This indicates that the
bands in the range from 3500 to 3700 cm™ are resulted from the adsorbed water. The shoulder band in
the spectrum of CTF-1 at 3450 cm™ does not shift, which is ascribed to the N-H vibration mode, as a
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similar result (at 3451 cm) is also observed on g-CsNa4. The normal water IR peak on CTF-1 is located
at 3646 cm™, different from that on g-C3N4 (3544 cm?), suggesting that the water adsorption site (or
micro-environment) on CTF-1 is different from that on g-CsN4. Therefore, the results are consistent
with the computational simulation shown in Fig. 3C and Fig. S31.
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Fig. S31. Calculated water adsorption site on g-CsNa. (C, N, H, and O atoms are displayed in gold,
blue, white and red, respectively).
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Fig. S32. In-situ DMPO-OH-’ spin-trapping EPR spectra over CTF-1, g-CsN4 and TiO> in water
under 90 seconds LED irradiation (A =365 nm, 10 W).
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Fig. S33. DRIFTS of H,O saturated CTF-1, g-CsN4s and TiO; at RT under light irradiation. The
spectra are the subtracted one from that monitored when the light is off. This negative peak observed
on CTF-1 indicates efficient desorption of *OH radicals.

Supplementary Note to Fig. S33.
The broad peak observed for the TiO, sample shifts from ca. 3200 to ca. 3400-3500 cm™, indicating

the generation of *OH radicals adsorbed on the surface of TiO>. In contrast, the CTF-1 sample shows a
negative peak at ca. 3680 cm™, suggesting the dissociation of water due to its reaction with photoholes
and the detachment of the *OH radicals under light irradiation, which to some extent shed light on the
favourable activation of water on CTF-1. On the other hand, g-CsN. does not show any difference in
water activation with light irradiation.
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Fig. S34. The monitored temperature of CTF-1 under methane conversion reaction conditions.

Supplementary Note to Fig. S34.

To rule out the possibility that thermal effects caused by light irradiation play a significant role, the
surface temperature of the photocatalyst was monitored for a period of 30 min during the photocatalytic
methane conversion reaction. The surface temperature of the catalysts vary slightly between 62 °C and

67 °C under identical experimental conditions.
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Fig. S35. DRIFTS spectra of CTF-1 in the presence of water vapor at RT and 65 °C under dark
conditions.

Supplementary Note to Fig. S35.

The corresponding spectra of CTF-1 in argon and in dark were used as the background. The intensity
of the water adsorption peak at 65 °C under dark conditions is similar to that at room temperature,
indicating that the negative peak under light irradiation in Fig. S33 is due to water oxidation by

photoholes, rather than the catalyst’s surface warming by light irradiation.
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Fig. S36. Calculated methane adsorption sites on CTF-1, (left) physically adsorbed states before
water dissociation; (right) physically adsorbed states after water dissociation.

Supplementary Note to Fig. S36.

The corresponding energy for methane sorption without (left) and with the water (right) is 15 and 1
kJ/mol, respectively (C, N, H, and O atoms are displayed in gold, blue, white and red, respectively).
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Fig. S37. Isothermal adsorption (A) and calorimetric measurements (B) of O, (5% O- in He)
over 50 mg Oz-saturated CTF-1, g-C3sN4 and TiO; at 173 K.

Supplementary Note to Fig. S37.

Both of CTF-1 and g-C3N4 show a smaller amount of O, adsorption and smaller energy compared with
TiO.. For CTF-1, negative peaks present on both isothermal desorption and calorimetric measurement
at the first few seconds, which is likely owing to the replacement of adsorbed water residual by adsorbed
O.. The sample is degassed thoroughly in helium at high temperature and then decreased to 173 K, thus
only adsorbed water can exist in the system, which likely indicates a strong chemisorption of water on
CTF-1 surface.
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Fig. S38. (al1-a3) TCD signals during CHsOH pulse adsorption process on various catalysts at 333
K with P(CH;OH)=27864 Pa. (catalyst amount, TiO, 0.1g, g-CsN. 0.08g, CTF-1 0.2g). (b1-b3)
TCD signals during CH;CH>OH pulse adsorption process at 333 K with P(CH3CH,OH)=13330
Pa. (catalyst amount, TiO, 0.1g, g-CsN40.16 g, CTF-10.2 g).

Supplementary Note to Fig. S38.

The difference between the blank curve (red) and the sample curve (black) is attributed to the adsorbed

alcohol. The pulse chemisorption is used to measure the irreversible adsorption of methanol and ethanol
on three samples.
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Fig. S39. (al-a2) The integral peak area as a function of CH3;OH and CH3;CH,OH pulse adsorption
number over various catalysts. (b1-b2) Calculated irreversible adsorption amount (umol/g) of
CH30OH and CH3;CH,OH on various catalysts based on the data presented in al and a2 where
arrows indicate the change from irreversible adsorption to reversible adsorption of the reactants.
Supplementary Note to Fig. S39.

TiO- shows a strong adsorption capability for both methanol and ethanol, thus favoring CO; production
other than alcohols. CTF-1 is able to adsorb methanol at an amount of 139.2 pumol/g, which is much
higher than g-C3Na (8.5 umol/g). The difference in methanol and ethanol adsorption amount on CTF-1
is 130.2. umol/g, much bigger than that on g-C3N4 (8.6 pmol/g). All these indicate a high selectivity to
ethanol on CTF-1 can be in part explained by the alcohol adsorption difference.
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Table S5. In silico adsorption energies. The most exothermic adsorption energies calculated for
each polymeric photocatalyst. All results are given in kJ/mol.

Adsorbate AEags 0f g-C3Ny AEqgs of CTF-1
0o +29.38 +119.49

0> -7.91 -28.00
H.0 —26.83 —35.18
CHs -10.48 -15.26
CH3OH —30.56 —39.81
CoHs -16.47 -18.12
CH3CH,0OH —28.82 -17.99
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Fig. S40. Online ethanol (blue line) and CO; (red line) generation during photocatalytic
methane transformation by CTF-1 under identical reaction conditions in the presence
(bottom panel) or absence (top panel) of methanol in the feed gas source.
Supplementary Note to Fig. S40.
Reaction conditions: 100 W 365 nm LED irradiation, GHSV= 2000 mL h, 16:1 methane (20%
methane/Argon) to oxygen (humidified air, 20% oxygen/nitrogen) flow ratio. After introducing
methanol into the feed gas, the ethanol generation shows no evident change, but the CO; generation
rate greatly increases. Thus, methanol is preferentially over-oxidised to CO; rather than reacting
with methyl radicals to form ethanol on the CTF-1 catalyst, which also indicates that there are

different activation sites for ethanol generation and methanol over-oxidation.
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Fig. S41. Reaction energies for methane to methyl radical by dissociated water on CTF-1.

Supplementary Note to Fig. S41.

The modelling result in part indicates that water activation is endothermic on both the surface of g-CsN.
and CTF-1. Whilst, OH radical generation is much more endothermic on CTF-1, this drastically
decreases the relative barrier of methane activation. Subsequently, methane activation is the rate
determine step in g-CsN4 with an activation barrier of 244 kJ/mol. Energies are given in kd/mol (C, N,
H, and O atoms are displayed in gold, blue, white and red, respectively).
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Fig. S42. Reaction energies for methyl radical to methanol conversion on CTF-1 and g-CsNa.

Supplementary Note to Fig. S42.

There is no CH,OH intermediate (Icn2on) for g-CsNa because there is a concerted CH2:OH bond
formation affecting proton transfer from the methyl radical to the bond hydroxyl. Importantly, the rate
limiting step for CFT-1 is the formation of the same CH,OH species (TSch20n), With a barrier of 190
kJ/mol. Therefore, the competing rate limiting barrier(s) for methane conversion to ethanol are lower
than those for methane to methanol conversion (see Fig. S26).
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Fig. S43 Stability test of 3 wt.% PtO./CTF-1: (a) Methane conversion rate, (b) ethanol and carbon
dioxide production rates. Reaction conditions: 100 W 365 nm LED irradiation, GHSV=2000 mL h*,
16:1 methane (20% methane/argon) to oxygen (water-saturated air, 20% oxygen/nitrogen) flow ratio.
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Fig. S44 Solid state *°C NMR spectra of CTF-1 before and after 50 h of photocatalytic methane
conversion reaction.

The sample after reaction was dried under vacuum at room temperature to avoid the influence of the
adsorbed water. A total of 100 mg catalysts were used for the samples before and after stability test.
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Fig. S45. FTIR spectra before and after 12-hour photocatalytic methane activation reaction.
Supplementary Note to Fig. S43.
The sample after reaction was dried under vacuum at room temperature to avoid the influence of

the adsorbed water.
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Fig. S46. Raman spectra excited by 325 nm laser in the atmosphere before and after 12-hour
photocatalytic methane activation reaction.

Supplementary Note to Fig. S44.
The sample after reaction was dried under vacuum at room temperature.
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Fig. S47. Mass spectrum of CO- obtained by the photocatalytic oxidation of **CH,4 (upper panel),
and Mass spectrum of standard *2CO; (lower panel).
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Fig. S48 The flow reactor used for photocatalytic methane conversion. (a) Front view, (b) top view,
(c) Upper and bottom parts showing the inner structures, (d) Upper and bottom parts with CTF-1 packed
in the reactor.
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Fig. S49 A diagram showing the batch reactor used for the isotopic labelling experiments. Part 1
shows the reactor, and Part 2 shows the cap.
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