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Solar-light driven reduction of CO, to CH,4 is a complex process involving multiple electron and proton
transfer processes with various intermediates. Therefore, achieving high CH,4 activity and selectivity
remains a significant challenge. Covalent organic frameworks (COFs) represent an emerging class of
photoactive semiconductors with molecular level structural tunability, modular band gaps, and high
charge carrier generation and transport within the network. Here, we developed a new heterocyclic
triazole ring containing COF, TFPB-TRZ, through the condensation reaction between 1,3,5-tris(4-
formylphenyl)benzene (TFPB) and 3,5-diamino-1,2,4-triazole (TRZ). The TFPB-TRZ COF with multiple
heteroatoms shows suitable visible light absorption, high CO, uptake capability and an appropriate band
diagram for CO, photoreduction. Photocatalysis results reveal a maximum CO, to CH,4 conversion of
234 mmol g! with a rate of 128 umol g=* h™* and high selectivity (~99%) using 1-benzyl-1,4-
dihydronicotinamide (BNAH) and triethylamine (TEA) as sacrificial agents. Under similar reaction
conditions in the presence of direct sunlight, the TFPB-TRZ COF displays a maximum CH, yield of 493
pumol g1 with a rate of 61.62 pmol gt h™%, suggesting the robustness and light-harvesting ability of the
COF photocatalyst. A femtosecond transient absorption (TA) spectroscopy study shows fast decay of
excited state absorption (ESA) in the COF compared to the TFPB building unit due to efficient electron
transfer to the catalytic site in the framework. The mechanism of CO, reduction to CHy, is studied by
DFT-based theoretical calculation, which is further supported by an in situ diffuse reflectance infrared
Fourier transform spectroscopic (DRIFTS) study. The DFT results reveal that the lone pair of electrons on
nitrogen heteroatoms present in the triazole ring of the TRZ moiety help in the stabilization of the CO
intermediate during CO, to CH4 conversion. Overall, this work demonstrates the use of a metal-free,
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Introduction into energy fuels (such as CO, CH,, CH;OH and other C2
products) utilizing inexhaustible solar energy has been regar-
Global industrialization and urbanization inevitably led to the ded as one of the finest and environmentally benign strategies
excessive use of fossil fuels and the concomitant emission of for achieving the virtuous carbon cycle in nature.”** However,
greenhouse gases (mainly CO,) into the earth's atmosphere.* we need to develop active photocatalysts to realize selective and
Consequently, the replacement of traditional fossil fuel with efficient solar fuel production based on CO, photoreduction. A
renewable and clean energy has now become the utmost range of inorganic semiconductors, such as TiO,,'* WO;,*
requirement to mitigate the energy and environmental crisis.*® Bi;WOg,'* CdS,® ZrO,,'® In,03,"7 ZnGa,0,,'* as well as metal
Numerous strategies towards carbon neutralization technolo- chalcogenides' and other carbonaceous materials have been
gies have already been developed. Among them, converting CO, investigated as photocatalysts for CO, reduction. However,
most of them have drawbacks related to visible light absorption,
“Molecular Materials Laboratory, Chemistry and Physics of Materials Unit, School of relatively large band gap, poor mass transfer, binding of the
Advanced Materials (SAMat), Jawaharlal Nehru Centre for Advanced Scientific ~reactant on the catalyst surface, and finally, environment
Research, Jakkur, Bangalore 560064, India. E-mail: tmaji@jncasr.ac.in; Web:  friendliness.?°
:’“Pf://f"wa"‘“s’ -ac.infaculty/tmaji . ' Metal-organic frameworks (MOFs) and covalent organic
;Zilgw;da;d Photochemistry Division, Bhabha Atomic Research Center, Mumbai frameworks (COFs) are two widely explored crystalline porous
Homi l;habha National Institute, Mumbai 400094, India materials with modular porosity and a porous environment.***
The functionalities and application of these porous materials
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chemical nature, size and shape of the organic building
units.***° Suitable electronic band structures and visible light-
absorption ability make them promising CO, photoreduction
catalysts.”>*® To date MOFs have been well studied in the field of
photocatalysis, whereas metal-free organic porous materials
like COF or conjugated microporous polymers are underex-
plored in the field of photocatalytic CO, reduction.**** COFs
have several advantages in terms of structural tunability, suit-
able band gap engineering, visible-light harvesting, and
thermo-chemical stability.**-** Extended conjugation in the COF
structure widens the scope of visible light absorption and facile
charge transfer to the catalytic site.****

In spite of possessing the aforementioned advantages, CO,
photoreduction using a metal-free COF as a catalyst is only
limited to CO (E, = —0.53 V vs. NHE) or HCOOH (E, = —0.61 V
vs. NHE).>**** However, using a COF as a photocatalyst for
higher order CO, reduction products like CH, (E, = —0.24 V vs.
NHE), which is considered the basic fuel of modern energetics,
is yet to be reported. The redox potential of the photoexcited
electrons, their reaction kinetics, binding energy and stabili-
zation of different intermediates play a significant role in
achieving a higher order multielectron CO, reduction process to
CH,. During the course of the reaction, such complexities can
be controlled and fine-tuned via a suitable choice of building
units for the COF structure. Since stabilization of the CO
intermediate is the main hurdle for a higher order multi-
electron CO, reduction process, in metal-free catalysis, one way
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of stabilizing it is to involve the facile electron donation from
a neighbouring group and satiating the m-accepting properties
of CO species.® In this context, the incorporation of a small
organic building unit like triazole with multiple heteroatoms
into the framework may fulfil the purpose. The lone pair of
electrons on nitrogen atoms present in triazole can provide
a good electron-donating site for CO intermediate stabilization.
Moreover, it is well known that triazole can have two tautomers,
1-H-triazole and 4-H-triazole, in between; the former is more
stable.**** Most importantly, the 1-H form of triazole, when
present in the framework, will have a suitable arrangement of
the lone pair-containing nitrogen atoms, which can stabilize the
intermediate CO species (Scheme 1). Additionally, the overall
electron density in the triazole component decorated with
multiple heteroatoms in the COF would be high, which will
further assist in multielectron CO, reduction beyond CO.
Keeping these attributes in mind herein, we have synthe-
sized a new COF material through the general solvothermal
Schiff base condensation between 1,3,5-tris(4-formylphenyl)
benzene (TFPB) and 3,5-diamino-1,2,4-triazole (TRZ) with C3-
C2 symmetrical topology, denoted as TFPB-TRZ (Scheme 1).
Here, the TFPB moiety helps in bringing the extended -
conjugation into the backbone. The successful formation of the
COF was confirmed by various characterization methods,
including powder X-ray diffraction (PXRD), FT-IR, *C CP-MAS
NMR and N, sorption measurements. The as-synthesized TFPB-
TRZ COF was successfully implemented as a metal-free

—

¢ ¢ Tautomerism |c v ¢

—

1
1
i
Catalytic site N

eighboring group

Stabilization of *CO intermediate leading to CH, formation

Scheme 1 A synthetic scheme for the TFPB-TRZ COF based on a Schiff-base condensation reaction. Top view of the TFPB-TRZ COF. Bottom
panel: tautomerism in 1,2,4-triazole. Schematic of the stabilization of *CO intermediate during CO, reduction by the nitrogen heteroatom of the

1H-triazole form. Color code: H, white; C, grey; N, blue; O, red.
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heterogeneous photocatalyst for visible-light-driven CO,
reduction to CH, with excellent yield (2.34 mmol g~" in 18 h)
and high selectivity (~99%) in the presence of sacrificial agents.
Catalytic activity is further explored under direct sunlight,
where it produces ~493 pumol g " of CH, after 8 h of reaction.
The electron transfer kinetics in the COF for eight electron CO,
reduction to CH, was further supported by the transient
absorption (TA) spectroscopic study.*****' Crucial information
on the reaction intermediates during the conversion of CO, to
CH, has been obtained through an in situ diffuse reflectance
infrared Fourier-transform (DRIFT) study along with the free
energy calculation that supported the thermodynamic feasi-
bility of the formation of different intermediates. The formation
of CH, by a COF-based metal-free photocatalyst provides a new
avenue for the rational design of porous crystalline materials for
multielectron photoreduction.

Results and discussion

The TFPB precursor was synthesized according to the previous
report and characterized using "H NMR spectroscopy (Fig. S17).
After several trial-and-error attempts by varying the reaction
conditions (Table S1 and Fig. S2%), the TFPB-TRZ COF was
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synthesized solvothermally by reacting a 3 :2 mixture of TFPB
and TRZ precursors using a 1:1 mixture of ortho-dichloroben-
zene (0-DCB) and n-butanol in a high-precision glass tube,
which was flame sealed and kept at 120 °C for three days in the
presence of 6 M acetic acid (Scheme 1). The product was first
characterized by a powder X-ray diffraction (PXRD) technique
(Fig. 1a). The structure of the COF was modelled both in
eclipsed (AA) (Fig. 1c) and staggered (AB) stacking arrangements
(Fig. 1e) and compared with the experimental data. The Pawley
refinement using AA stacking was found to be well-matched
with the experimental data in terms of intensity ratios with an
acceptable difference (Ryp, = 1.75%, R;, = 1.37%; Fig. 1a). The AB
stacking model did not replicate the experimentally obtained
data. A typical trigonal lattice with the P31m space group was
obtained with the unit cell parameters of @ = b = 35.60 A, ¢ =
3.49 A, & = 8 = 90°, y = 120°. The PXRD pattern of the TFPB-
TRZ COF showed six prominent diffraction peaks, with the most
intense one at 2.88° indicating the presence of the (100) crystal
plane of the TFPB-TRZ COF (Fig. 1a). Additionally, the other
relatively weak diffractions at 4.9°, 7.4°, 10.3°, 12.6° and 25.9°
indicated the existence of (110), (210), (310), (320) and (001)
facets, respectively (Fig. 1a). The peak at 26 = 25.9° (001 plane)

(a) ——Experimental (b) E: _-:_l 532\
w=Pawley Refined o,
100 — AA Stacking
—— AB Stacking
—_—~
=‘- —— Difference
& ®
~ 110
z 210 349 320 001
7] S ——
g >
N P! | "
=
[T
[ | | Y " N
¢
Bl _— Y j —
2 2 2 2 2 A o 2 2 2 2
5 10 15 20 25 30 220 200 180 160 140 120 100 80 60 40 20

Chemical shift (ppm)

Fig. 1

(@) Comparison between the experimental and theoretical PXRD patterns. Pawley refinement (red) showing good fit (AA stacking) to the

experimental data (black) with minimal differences (olive). (b) Solid-state *C CP-MAS NMR spectrum of the TFPB-TRZ COF. (c and e) Possible
eclipsed and staggered conformations of the TFPB-TRZ COF. (d) Stacking distance between the two adjacent layers.
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was possibly due to the interlayer stacking of the COF, and
distances between the individual (001) planes were 3.43 A.

The chemical constitution of the obtained TFPB-TRZ COF
was further analyzed using Fourier transform infrared (FT-IR)
and "C cross-polarization/magic angle spinning solid-state
nuclear magnetic resonance (CP/MAS ssNMR) spectroscopy
(Fig. S3at and 1b). The FTIR spectrum of the TFPB-TRZ COF
showed a band at 1690 cm ' corresponding to -C=N-
stretching and also the disappearance of -N-H stretching bands
of the TRZ monomer, supporting the formation of the COF by
a Schiff base condensation reaction (Fig. S3at). The peak at 163
ppm in the solid-state "*C NMR spectrum of the TFPB-TRZ COF
was attributed to the -C=N- bonds in the COF (Fig. 1b). Signals
around 120 to 140 ppm belong to the aromatic carbons (Fig. 1b).
Thus, FT-IR and *C CP-MAS NMR provided unequivocal
evidence of the successful condensation of the aldehyde and
amine into an imine linked structure. Thermogravimetric
analysis (TGA) under nitrogen was also employed to test the
thermal stability of the TFPB-TRZ COF, which showed that the
as-synthesized COF retained structural stability until 300 °C
(Fig. S3bt). Since no significant weight loss was observed before
the onset of decomposition, it can be concluded that the
framework was virtually free of trapped guest molecules (Fig.
S3b¥).
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The scanning electron microscopy (SEM) image revealed the
short fibrous morphology of the TFPB-TRZ COF (Fig. 2a).
Homogeneous distribution of C and N throughout the entire
framework was seen from the SEM elemental mapping (Fig.
S4t). A transmission electron microscopy (TEM) image
confirmed the fibrous morphology of the crystalline framework
(Fig. 2b). The high-resolution transmission electron microscopy
(HR-TEM) image revealed a lattice spacing of 3.4 A, which can
be attributed to the regular arrangement of the 2D network
(Fig. 2c). The selected area electron diffraction (SAED) pattern
additionally confirmed the highly crystalline nature of the COF
(inset, Fig. 2c). Atomic force microscopy (AFM) imaging
confirmed the fibrous morphology, and height profile analysis
suggested that the height and width were within the range of 15
+ 0.5 nm and 100 + 10 nm, respectively (Fig. 2d).

The porosity of the TFPB-TRZ COF was examined by N,
adsorption-desorption measurement at 77 K and showed a type
II adsorption isotherm, unveiling the micro and mesoporous
characteristics of the COF (Fig. 2e). The Brunauer-Emmett-
Teller (BET) surface area of the TFPB-TRZ COF was determined
to be 385 m* g~ *. The wide pore size distribution obtained from
the non-linear density functional theory (NLDFT) calculation
can be attributed to the inherent porosity and fibrous
morphology of the COF (Fig. S5t). Furthermore, CO, (kinetic
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(a) SEM image of the TFPB-TRZ COF showing fibrous morphology. (b) TEM image of the TFPB-TRZ COF showing entangled fiber like

morphology. (c) HR-TEM image exhibiting lattice fringes with an interplanar distance of 0.34 nm. Inset shows the corresponding SAED pattern.
(d) Tapping mode AFM images of the COF showing the fibers. Inset: height profile analysis suggests that the height and width of the tubes are
within the range of 15 + 0.5 nm and 100 + 10 nm. (e) N, adsorption isotherm for the TFPB-TRZ COF measured at 77 K. (f) CO, adsorption

isotherm measured at 195 K.
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diameter 3.3 A) adsorption measurement was performed at 195
K for the TFPB-TRZ COF exhibiting a typical type-I profile with
an uptake amount of 120 cm® g~ " again suggesting the micro-
porous nature of the framework (Fig. 2f).

UV-vis diffuse reflectance spectroscopy (DRS) and photo-
luminescence (PL) spectroscopy were used to study the photo-
physical properties of the COF (Fig. 3a and b). The TFPB-TRZ
COF exhibited a broad visible light absorption with a maximum
of around 440 nm. In comparison to the TFPB-TRZ COF, the
monomer TRZ showed an absorption maximum at ~300 nm
and TFPB displayed a broad absorption in the range of ~350-
500 nm (Fig. 3a). This suggested that the imine conjugated
TFPB unit in the TFPB-TRZ COF is the main component for
visible light absorption (Fig. 3a). To verify that, time-dependent
density functional theory (TDDFT) calculation was performed
on a TFPB-imine fragment, which revealed a band appearing at
453.24 nm due to the transition between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO). The molecular orbital analysis further
disclosed that the band at ~440 nm of the COF appeared due to
the extended conjugation through imine bonds with the TFPB
core (Fig. 3e and Table S2%). The calculated energy corre-
sponding to the HOMO-LUMO transition is 2.74 eV, which is in
close agreement with the experimentally determined optical
band gap of 2.55 eV obtained from the Tauc plot (inset, Fig. 3a).
The solid phase PL spectrum of the TFPB-TRZ COF showed
a significantly red-shifted emission (A, = 530 nm, A, = 410
nm) compared to its corresponding monomers TFPB (Aax =
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405 nm, Aex = 350 nm) and TRZ (Aax = 445 nm, A, = 290 nm)
which can be attributed to the extended m-conjugation in the
COF skeleton (Fig. 3b).****> Time-correlated single-photon
counting (TCSPC) measurement revealed a relatively shorter
average lifetime of ~0.88 ns for the TFPB-TRZ COF in compar-
ison to the average lifetime of 1.92 ns for the TFPB building
block (Fig. S6 and Table S3+).

Furthermore, Mott-Schottky (MS) measurements were con-
ducted on the TFPB-TRZ COF at a frequency of 500, 1000, 1500,
and 2000 Hz at pH 7 in a 0.2 M Na,SO, electrolyte to determine
the conduction-band (CB) position (Fig. 3c). The CB position
was estimated to be —0.61 V vs. normal hydrogen electrode
(NHE), which is more negative than the reduction potential of
CO, to CO/CH, (—0.53/—0.24 V vs. NHE at pH 7) (Fig. 3c). The
valence band (VB) position is 1.94 V as obtained from the band
gap and CB position (Fig. 3d). A schematic representation of the
band diagram towards a feasible CO, reduction process is pre-
sented in Fig. 3d. Furthermore, volumetric CO, adsorption
measurements were conducted on the activated sample at 298 K
as well as at 273 K, and the CO, uptake amounts were found to
be ~12 and ~18 cm® g~ ' (Fig. 3f). The isosteric heat of
adsorption of the COF is about 22.5 k] mol ', indicating that
the TFPB-TRZ COF has a good affinity toward CO, (Fig. S77).

The TFPB-TRZ COF was tested as the photocatalyst for the
photoreduction of CO, under different conditions under xenon
lamp irradiation (800 > A > 400 nm, 300 W xenon lamp). The
photo-reduced gaseous products were analyzed and quantified
by gas chromatography-mass spectrometry (GC-MS) analysis

a ~——TFPB 405 445 TFPB =3=500 kHz CJ
( ) —TRZ (b) I e = ——TRZ ((:')5 | —o—1000kHz @
——TFPB-TRZ o f\ ——TFPB-TRZ : —o—1500 kHz
~ = —0—2000 kHz
w»
= £ o °
& 2 = o
= = 10 o o
g - = o d
s 3 ¥ ° o
= 2.55eV N -~ o® o
i = &) 20% ,0°
=) < ' 909 %"
Z g =05k 081V 2% o9 599 g000
<« 2.0 2. 3.0 =) o 02,00 '0"0009
__hv(ev) 283090
wfveV) z dg:oaoooooﬁ
. i . i . P P 0.089 e e i o d
200 300 400 500 600 700 300 350 400 450 500 550 600 650 700 750 800 15 1.0 05 00 05 10 15 20
Wavelength (nm) Wavelength (nm) Potential (V) vs. Ag/AgCl
.‘ s 20
Y (i) -@— Adsorption_273 K
“15p 29 - ]
(d) . . . . (e) ‘j“ 18 —O=Desorption_273 K 6»9'0
o} 2061V LuMO LUMO &...‘ d _16F  —o—Adsorption 298K ey
E-O 5 — 053V ¢ g "o 14k —O—Desorption 298 K _ 070"
- ] -
R . gl
¢ oo Coe S
> % P 2 °F
> osf o CO,/CH, ; 2
= w 453.24 nm = °r
= 1.0} ~ s
= 3 = °r
= = A
% 15k 3 , @ o 4L
£ ool . HOMO ""D‘a o 2F
Jis 1.94V HOMO 0
£] e
P 2L N N N N N
@ 2’ 0.0 0.2 0.4 0.6 0.8 1.0
@@ le Relative pressure (P/P )

Fig. 3

(a) Diffuse reflectance UV-visible spectra (inset: band gap of the TFPB-TRZ COF determined by the Tauc plot) and (b) emission spectra of

the TFPB-TRZ COF, TFPB and TRZ monomers. (c) Mott—Schottky plot of the TFPB-TRZ COF showing the flat band potential using the
conventional three electrode system in a 0.2 M Na,SO, solution. (d) Band diagram for the TFPB-TRZ COF based on the Mott—Schottky analysis
and optical band gap measurement (in the NHE scale at pH 7). (e) Frontier molecular orbitals of the repeating unit of the TFPB-TRZ COF based on
TDDFT calculation using the 6-31+G** basis set in the B3LYP-D3 method. (f) CO, adsorption isotherms at 273 K (red) and 298 K (blue).
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from the head-space of the reactor every two hours. At first, we
explored the catalytic activity of the TFPB-TRZ COF in a pure
aqueous medium without any sacrificial agent (Fig. S10af).
After 18 h of reaction, 140 umol g~ * of CH, and ~10 pmol g * of
CO were formed in pure water medium (Fig. S8, S9 and S10aft).
Then, we investigated the photocatalytic activity in an acetoni-
trile (ACN)-water (H,O) (2 : 1) mixed solvent system using only
triethylamine (TEA) as the sacrificial electron donor where 190
umol g~ ' of CH, and ~20 umol g~ * of CO were evolved after 18 h
of photocatalysis (Fig. S10b¥). Afterwards, the photocatalytic
CO, reduction performance of TFPB-TRZ was checked in
aqueous medium using the combination of 1-benzyl-1,4-dihy-
dronicotinamide (BNAH) and TEA as sacrificial agents (Fig.
S10ct). As shown in Fig. S10c,T ~331 umol g~ of CH, and ~15
umol g~ of CO were formed after 18 h of reaction. Finally, in an
ACN-H,0 (2: 1) mixed solvent system using BNAH and TEA as
sacrificial agents, a significant amount of CH, (~2304 umol g~ )
and a negligible amount of CO (~194 pumol g~') and H, (~40
umol g~ ') were produced in 18 h (Fig. 4a). However, no liquid
product was formed in the course of photocatalysis, as
confirmed by the "H NMR study (Fig. S117). The production rate
and selectivity of CH, formation were found to be 128 pmol g’1
h™' and ~99%, respectively. To the best of our knowledge, this
is the first report on visible light-driven 8e™ reduction of CO, to
CH, by a COF (Table S47). Interestingly, when the photocatalytic
experiment was performed using only BNAH as a sacrificial
agent in the mixed solvent system, the catalytic activity was not
significant (CO: 7.0 umol g~ ; CH,4: 50.0 umol ¢~ in 18 h) (Fig.
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S127). Several other control experiments were performed in the
dark, under an N, atmosphere and without the catalyst, in
which no CO, reduction product was found, indicating the
profound role of the TFPB-TRZ catalyst towards successful
photocatalytic CO, reduction (Fig. S13t). The enhanced cata-
Iytic efficiency in the presence of both BNAH and TEA can be
attributed to the following reasons. First, BNAH (Eo, — 0.57 V vs.
SCE) is a stronger reducing agent compared to TEA (Eox = 0.69 V
vs. SCE). As a result, BNAH is easier to oxidize than the other
sacrificial electron donors, which helps in faster quenching of
the hole during photocatalysis under visible light irradiation.
Secondly, one-electron oxidation of BNAH induces deprotona-
tion to yield BNA" which can easily dimerize to form BNA, and
its reduction power (EJ, _ 0.26 Vvs. SCE) is stronger than that of
BNAH, enabling faster reductive quenching of the
excitons.***°¢ Additionally, due to the better solubility of CO,,
the sacrificial agents in ACN medium propelled faster diffusion
of the CO, to the catalytic site of the COF, leading towards
enhanced catalytic activity. To mimic the natural photosyn-
thesis process, we next verified the TFPB-TRZ COF catalyzed
CO, reduction in the mixed solvent system using BNAH and
TEA under direct sunlight between 9:00 am and 5:00 pm for five
days from 15th to 19th July 2022 (Fig. 4b). On the sunniest day
of 19th July, ~493 umol g~ of CH, production upon 8 h (activity
= 61.62 pmol g ' h™") of sunlight irradiation was realized,
suggesting the robustness and sunlight-harvesting ability of the
TFPB-TRZ COF (Fig. 4b). The photocurrent response of the
TFPB-TRZ COF was then conducted to understand the charge
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(a) Time-dependent CO, reduction product formation in ACN-H,O (2 : 1) medium in the presence of BNAH and TEA involving the TFPB-

TRZ COF as the photocatalyst. (b) Sunlight-driven CO, reduction with the TFPB-TRZ COF in ACN—-H,O mixture for 8 h. (c) Transient photo-
current response of the TFPB-TRZ COF in 0.2 M Na,SO4 aqueous solution under visible-light irradiation. (d) Electrochemical impedance spectra
(Nyquist plot) of the TFPB-TRZ COF showing the charge transfer resistance under light (orange) and in the dark (green). (e) AQE of the CO,RR for
the TFPB-TRZ COF at different wavelengths of monochromatic light under irradiation for 6 h. (f) Recyclability plot of CH,4 production during 12 h

of photocatalysis for each run.
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separation by light irradiation (Fig. 4c). The generation of high
photocurrent (35 wA cm™~?) further supports the efficient charge
separation ability of the COF under light irradiation (Fig. 4c).
The charge transfer ability of the TFPB-TRZ COF was further
validated by an electrochemical impedance spectroscopy (EIS)
study under both light and dark conditions (Fig. 4d). The
semicircle radius in the Nyquist plot decreased significantly in
the presence of light, which indicates much better charge
transfer under light irradiated conditions in comparison to the
dark, benefitting the photocatalytic activity (Fig. 4d). Apparent
quantum efficiencies (AQEs) for the TFPB-TRZ photocatalyst
were measured under various wavelengths and were found in
parallel agreement with the HOMO-LUMO band gap of the
TFPB-imine fragment (Fig. 4e). The TFPB-TRZ COF manifested
a maximum AQE value of 1.6% under monochromatic light
irradiation of 450 nm (see the ESI} for more details). Next, the
recyclability of the TFPB-TRZ photocatalyst was evaluated for up
to five consecutive cycles under a mixed solvent system in the
presence of BNAH and TEA (Fig. 4f). After each catalytic cycle,
the catalyst was recovered from the reaction mixture and again
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utilized for the next cycle under similar conditions, which
showed no significant change in the yield for five consecutive
cycles, hence suggesting the durability and reusability of the
COF as a photocatalyst (Fig. 4f). An isotope labeling experiment
was performed with **CO,, which produced '*CH,, which
unambiguously confirmed that the origin of CH, is from the
reduction of CO, (Fig. S14%). Other than the decrease in the
intensity ratios, no obvious change was seen in the PXRD
pattern of the post-catalytic sample in comparison to the pris-
tine COF, indicating the robustness of the COF structure (Fig.
S15t). FT-IR and TEM analysis of the recovered sample further
supports the molecular connectivity, and the structure of the
COF skeleton remained intact after photocatalysis (Fig. S167).
Femtosecond transient absorption (TA) experiments were
performed to further confirm the electron transfer from the
TFPB moiety to the catalytic site in the COF. The TA absorption
spectra of TFPB in acetonitrile solution showed an excited state
absorption (ESA) band peaking at ~525 nm with a tailing broad
absorption extending beyond 700 nm (Fig. 5a). The decay trace
recorded at 525 nm was characterized by two growth
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Fig. 5 Transient absorption spectra of (a) TFPB and (b) TFPB-TRZ COF at different time delays between the pump and probe pulse. (c) Decay
kinetics for TFPB (525 nm) and TFPB-TRZ COF (575 nm). The dashed curves show the fitting of the experimental data. (d) /n situ DRIFT
measurement for photocatalytic CO, reduction using the TFPB-TRZ COF as a catalyst in the presence of CO,, BNAH, TEA, and H,O vapor under

visible light irradiation (LED lamp, A > 400 nm).
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components of 2.6 ps and 280 ps (Fig. 5¢). Considering the polar
nature of the solvent, the faster growth component of 2.6 ps was
assigned due to the solvent relaxation process in the excited
state of TFPB. Since TFPB consists of three 4-formylphenyl
groups connected to the central benzene moiety through single
bonds, there was a high probability that the torsional motion of
the 4-formylphenyl group around the single bond could take
place in its excited state. Such excited state torsional motion is
well known for molecular rotors.””*® Hence, the longer growth
component of 280 ps was assigned to the excited state torsional
dynamics in TFPB. Besides such a growth component, the ESA
signal of TFPB showed a long decay time (>2 ns) which could
not be determined accurately due to the limited temporal
window of our measurements (2.5 ns). Such a long excited state
decay time constant is also supported by the nanosecond decay
component observed in the TRPL measurements (Fig. S6 and
Table S31). The transient absorption spectra of the TFPB-TRZ
COF showed a red-shifted ESA band having maxima at ~575 nm
(Fig. 5b). The red shift of ~50 nm in the ESA band was due to the
introduction of extended m-conjugation between TFPB and TRZ
in the COF.*® However, unlike TFPB, no growth in the ESA band
in the TFPB-TRZ COF was observed. This is expected due to the
formation of a large and closed chemical network between TFPB
and TRZ. The formation of such a network completely sup-
pressed the torsional dynamics in the excited state.’* The fitting
of the ESA signal of the TFPB-TRZ COF results in the decay time
constants of 55 ps (18%) and 510 ps (76%) along with a low
amplitude (6%) residual signal which can have a longer decay
time constant compared to our temporal window of TA setup.
This residual signal is mainly responsible for the longer decay
observed in the TRPL measurements of the TFPB-TRZ COF (Fig.
S6 and Table S3t). The faster decay time constant observed in
the TFPB-TRZ COF than in TFPB is mainly due to the electron
transfer from TFPB to the catalytic site. Thus, the transient
absorption data further support the faster transport of charge
carriers in the TFPB-TRZ COF, resulting in higher ordered CO,
reduction products.

We have performed an in situ diffuse reflectance infrared
Fourier transform (DRIFT) spectroscopic study to probe reac-
tion intermediates during photocatalytic CO, reduction to CH,
associated with the TFPB-TRZ COF photocatalyst in a mixed
solvent system using BNAH and TEA as sacrificial electron
donors (Fig. 5d). Peaks appearing at 1421 and 1666 cm ™" were
ascribed to the symmetric and asymmetric stretching of HCO; ™,
respectively.*® Peaks at 1325 and 1625 cm ™' corresponded to
a *COOH species, which is a crucial intermediate during the
photochemical conversion of CO, to CH, or CO.»**** Notably,
stretching vibration for the *CO intermediate was observed at
2010 cm ™. The peak observed at 1724 cm ™ is attributed to the
stretching vibration of aldehyde C=0.%> The presence of the
*CH,O intermediate was supported by the band at 1140 cm ™.
The observation of new IR peaks at 1043 and 1200 cm™ " was
attributed to the *CH;0 intermediate,* suggesting that *CH,O
and *CH;O are intermediate species of CO, photoreduction to
CH,. In addition to that, the peak at 2947 cm ™" corresponds to
the asymmetric (v,5) stretching vibration of -CH,.*>**-%* Besides,
peaks at 2890 and 3000 cm ™~ were ascribed to the symmetric (v)
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and asymmetric (v,s) stretching vibrations of the -CHj inter-
mediate, respectively.>*** Hence, the detection of the key
intermediates clearly suggested the progress of the photo-
chemical 8e™ reduction of CO, to CH,.

Furthermore, density functional theory (DFT) calculations
were performed to understand the underlying catalytic mecha-
nism behind the photocatalytic conversion of CO, to CH, on the
TFPB-TRZ COF catalyst (Fig. 6). The DFT calculations were
performed with the guidance of earlier literature reports and
the intermediates traced from the in situ DRIFT study.®**** For
theoretical calculations, a small fragment of the TFPB-TRZ COF
catalyst consisting of two TFPB and one TRZ unit was taken into
consideration, which can be represented as TFPB-TRZ-TFPB (*).
The photocatalytic process was initiated with one electron
photoreduction of the initial catalyst TFPB-TRZ-TFPB (*), which
formed the intermediate [TFPB-TRZ-TFPB]|™ (*7) (AG = —0.93
eV). Next, the reactant CO, was bound on the intermediate
[TFPB-TRZ-TFPB] ™ (*7), which was the most crucial step for CO,
reduction catalysis. In order to identify the CO,-binding site on
[TFPB-TRZ-TFPB]~ (*7), we performed CO,-binding energy
calculation which revealed that the imine nitrogen was the most
suitable active center for CO,-binding during catalysis (Fig.
S177). The CO,-binding to the intermediate [TFPB-TRZ-TFPB] "
(*7) resulted in the formation of the *CO, ™~ intermediate, which
was a slightly uphill process (AG = +0.12 eV) with an activation
barrier of 0.48 eV. In the next step of the catalytic process,
*CO,~ intermediate underwent protonation to generate the
*COOH intermediate (AG = —0.40 eV), which after photore-
duction afforded the *COOH ™ intermediate (AG = —0.88 eV).
Next, the intermediate *COOH ™ after subsequent protonation
and water elimination resulted in the formation of the *CO
intermediate (AG = +1.54 eV). In metal-free CO, reduction
catalysis, the challenging aspect is to prevent the desorption of
CO to achieve the higher-ordered CO, reduction product.
Reportedly, the stabilization of the *CO intermediate on the
metal-free catalyst can be achieved through additional electron
donation to the adsorbed *CO by an electron-rich neighboring
group.® Interestingly, DFT calculations revealed that the TFPB-
TRZ COF catalyst is capable of doing that. The 1,2,4-triazole
moiety present in this catalyst was reported to exist in rapid
equilibrium between its two tautomeric forms, namely, 1H-tri-
azole and 4H-triazole (Fig. 6b).**® In the TFPB-TRZ COF cata-
lyst, the TRZ in its 1H-triazole form was able to stabilize the *CO
intermediate by donating electrons to the CO species (Fig. 6¢
and S18t). The presence of the mild base TEA during the
catalysis can easily trigger the interconversion between the two
tautomers (Fig. 6d). This could be verified by the experimental
results of photocatalysis performed in the absence of the base
TEA. The catalysis performed with only the BNAH sacrificial
agent displayed poorer catalytic activity than the solely used
TEA (Fig. S12t), which indicated that the basicity of the sacri-
ficial agent also plays an important role along with the reductive
quenching of the exciton. In the next step of the catalytic
mechanism, the intermediate *CO would undergo proton-
coupled reduction to form the *CHO intermediate (AG = —5.23
eV) as the release of CO from the *CO intermediate was less
feasible (AG = —3.66 eV) (Fig. S18t), which justified the high

© 2024 The Author(s). Published by the Royal Society of Chemistry
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selectivity of CH, production over CO during photocatalysis. quite expected from the highly reactive *CO containing
The rapid conversion of the *CO intermediate could be easily a strained four-member ring. In the following steps, successive
perceived from its highly exergonic conversion steps, which is  proton-coupled reductions converted the *CHO intermediate to
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*OCH, (AG = —2.09 eV) to *OCH; (AG = —1.73 eV). Further
proton-coupled reduction of the *OCHj; intermediate led to the
generation of the *O intermediate®* and CH, was produced in
the process (AG = —1.31 eV). After proton-coupled reduction,
the *O intermediate converted to the *OH intermediate (AG =
—3.52 eV), which subsequently released water after another
proton-coupled reduction to regenerate the initial catalyst
[TFPB-TRZ-TFPB] (*) (AG = —3.41 eV). Thus, the recovered
initial catalyst TFPB-TRZ-TFPB (*) again entered into the cata-
lytic process (Fig. 6a and S18t). An important point to be noted:
in the whole catalytic process, the formation of the *CO inter-
mediate was the most uphill process (AG = +1.54 eV), which
suggested that the rate-determining step of the photocatalytic
process was the *CO formation step. Further details about the
DFT calculations are presented in the ESI (Fig. S17, S18, and
Tables S5-S30).1

Conclusions

In summary, we have demonstrated how photocatalytic CO,
reduction can be manipulated via a suitable selection of
monomer building unit in the COF material. Here, a TFPB-TRZ
COF was synthesized through the solvothermal method,
employing 1,3,5-tris(4-formylphenyl)benzene and 3,5-diamino-
1,2,4-triazole monomer building units. The metal-free TFPB-
TRZ COF displayed CO, to CH, conversion with an impressive
rate and high selectivity (~99%) under visible-light irradiation.
Furthermore, the TFPB-TRZ COF showed promising catalytic
activity under direct sunlight irradiation, suggesting an efficient
light-harvesting ability. Femtosecond transient absorption (TA)
spectroscopy revealed the fast electron transfer kinetics in the
COF compared to the TFPB monomer, facilitating the higher-
order CO, photoreduction. In situ DRIFT analysis indicated the
real-time reaction progress of the CO, to CH, photoreduction
process. Theoretical studies based on these observations
provided mechanistic insights of 8e™ reduction of CO, to CH,
by the TFPB-TRZ COF photocatalyst. The nitrogen heteroatoms
present in the triazole ring of TRZ help in the stabilization of the
CO intermediate by electron donation, benefitting CO, to CH,
conversion. In a nutshell, photocatalytic proficiency in CO,
reduction to CH, in a COF-based system underscores the
superiority and uniqueness and offers valuable perspectives for
the design and synthesis of high-performance, cheap and
robust metal-free photocatalysts.
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