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The selective photoreduction of CO, in aqueous media based on earth-
abundant elements only, is today a challenging topic. Here we present the
anchoring of discrete molecular catalysts on organic polymeric semi-
conductors via covalent bonding, generating molecular hybrid materials with
well-defined active sites for CO, photoreduction, exclusively to CO in purely
aqueous media. The molecular catalysts are based on aryl substituted Co
phthalocyanines that can be coordinated by dangling pyridyl attached to a
polymeric covalent triazine framework that acts as a light absorber. This
generates a molecular hybrid material that efficiently and selectively achieves
the photoreduction of CO, to CO in KHCO3; aqueous buffer, giving high yields
in the range of 22 mmol g™ (458 pmol g h™) and turnover numbers above 550
in 48 h, with no deactivation and no detectable H,. The electron transfer
mechanism for the activation of the catalyst is proposed based on the com-
bined results from time-resolved fluorescence spectroscopy, in situ spectro-
scopies and quantum chemical calculations.

Sunlight-driven reduction of CO, to carbon-containing products is a
promising strategy to mitigate the greenhouse effect by constructing a
carbon-neutral cycle, where CO, is utilized as a feedstock for synthons
or to produce renewable energy, thus replacing fossil fuels'. Because
of the inert nature of CO, and strong competition from H, evolution,
extensive research efforts have been concentrated on the design of
light-driven catalytic systems for CO, reduction in a rapid and selective
manner*”.

Organic polymeric semiconductors like carbon nitrides (CN,)®,
covalent triazine frameworks (CTFs)’, covalent organic frameworks

(COFs)"°, etc., constitute a promising type of photocatalysts with broad
design flexibility due to their molecular nature. With the right choice
and well-defined structures, organic polymeric semiconductors can be
as durable, recyclable, and scalable as those inorganic ones. Further, by
combining the merits of molecular and material science, new hybrid
molecular materials can be prepared with superior performances".
Additionally, they can be based on earth-abundant and non-toxic
metals, which make them highly attractive for solar fuels
production®*, In terms of CO, photoreduction, however, most organic
polymeric semiconductors still suffer from the absence of catalytic
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active sites. Hence, their surface electron will inevitably be used for
direct reduction of CO, to CO,”, which demands high negative
potentials up to -1.9V vs. NHE (normal hydrogen electrode unless
otherwise stated, at pH 7.0) under standard conditions®. Thus, the
presence of a CO, reduction catalyst combined with the organic
semiconductor can potentially overcome the challenges of severe
charge recombination and ultimately lead to high activity and
selectivity'*", as well as potentially circumvent the photodegradation
issue during photocatalysis, which leads to false identification of car-
bonaceous products®* %,

With these considerations in mind, based on organic polymeric
semiconductors, non-noble-metal-based molecular CO, reduction
catalysts®”® based on earth-abundant elements include Co
macrocycles", metal porphyrins”*, Co/Fe quaterpyridine complexes™?*,
some of which have been reported to achieve turnover numbers (TONSs)
in the range of 10° for selective CO, photoreduction to CO or formate.
Very recently, a Ni-tris-2,2-bipyridine complex, [Ni(bpy)s]*", coupled with
a semiconducting COF, was reported to show fast CO, photoreduction to
CO in MeCN/TEOA/H,0 (6:2:2) solutions with an overall CO yield of
2.9 mmol g™ %, nonetheless showing a moderate selectivity of 88%.
However, in most cases the work is performed in organic solvents that are
not useful for practical applications where aqueous medium is a
must®~, In contrast, the documented systems in fully aqueous solutions
are quite rare. For example, besides the ones using noble-metal mole-
cular catalysts®®”, an iron porphyrin, FeTCPP (=chloro Fe" tetra(4-car-
boxylphenyl)porphyrin) immobilized on modified CN, was reported®® as
a noble-metal-free system for CO, photoreduction to CO in aqueous
TEOA solutions. However, a low selectivity of 68% and a TON<1 is
reported and thus serves more as a proof of concept than a robust
catalytic system. One more instance is the anchorage of a carboxyl-
derived cobalt quaterpyridine catalyst on poly(triazine-imide) lithium
chloride (PTI-LiCl) as a type of crystalline CN, for photocatalytic CO,-to-
CO conversion in 0.5M KHCO; solution with Na,SO; as the sacrificial
electron donor’. This molecular hybrid affords efficient CO yield up to
3.86 mmol g with a selectivity of 96%, but only under strong UV irra-
diation at 390 nm rather than sunlight/visible light. The above limitations
reveal the key challenges in constructing organic semiconductor-based
molecular systems for high-performance CO, photoreduction in fully
aqueous systems.

To overcome these challenges, the judicious design of the organic
polymeric semiconductors and molecular catalysts, along with their
anchoring strategy, is crucial. All these factors can be fine-tuned and
will determine the degree of electronic communication and interfacial
electron transfer kinetics that, in turn, will be the key to their overall
performance. In this context, the molecular nature of the catalysts
bonded by coordinative, covalent bonds to organic semiconductors
represents a step forward in the field that can lead to highly homo-
geneous dispersion with well-defined reactivity that will not suffer
aggregation processes. Moreover, the easy modification of the mole-
cular catalyst by ligand design allows the fine-tuning of both the
thermodynamic and kinetic properties of the catalytic reaction, giving
this type of system a high versatility to be adequately combined with
organic semiconductors, thus providing systems with high apparent
quantum Yyields (AQYs). However, the post-synthetic coordination
anchorage has seldom been reported before in designing molecular
hybrid photocatalysts for CO, photoreduction with organic polymeric
semiconductors.

Here we report a bottom-up approach to synthesize a CTF-based
photocatalyst with dangling pyridine arms (p-CTF-py), which can
provide the means for a covalent, coordinative binding of cobalt
macrocyclic catalysts and the semiconductor, representing the rare
example combining CTFs and molecular catalysts for selective CO,
photoreduction in fully aqueous solutions. The optimal molecular
hybrid photocatalyst based on p-CTF-py can accomplish a high CO
yield of 22.1+0.8mmolg™ and a TON of 559 +20 during 48h of

simulated sunlight irradiation with no H, evolution (-100% CO selec-
tivity) and deactivation.

Results

Synthesis and characterization of CTF-based materials with
immobilization of molecular catalysts

The terphenyl-based monomers, [1,1:4’,1"-terphenyl]-4,4”-dicarboni-
trile (M) and 2’-(2-(pyridin-4-yl)ethyl)-[1,1:4’,1"-terphenyl]-4,4”-dicar-
bonitrile (M-py; see Fig. 1A for a drawing) were prepared in good yields
(see Experimental section for details). Treatment of these monomers
with polyphosphoric acid at 400 °C under vacuum promotes their
polymerization via the formation of triazine units®® generating the
polymeric materials p-CTF and p-CTF-py, respectively (Fig. 1A; see SI
for details).

In contrast to the reported crystalline CTF materials synthesized
via similar methods with the phenyl- or biphenyl-based monomers®,
p-CTF and p-CTF-py are amorphous solids as revealed by powder
X-ray diffraction (Fig. S1). Consequently, the real structure of the as-
prepared CTF samples should be more disordered than the anticipated
structure drawn in Fig. 1A. The chemical compositions of the two CTF-
based materials were also characterized by FT-IR (Figs. S2 and S3),
solid-state *C NMR (Fig. S4) and X-ray photoelectron spectroscopy
(XPS; Figs. S5 and S6), confirming the successful preparation of the
polymeric CTF materials. Their morphologies were examined via
scanning electron microscopy (SEM; Figs. 1B and S7) and transmission
electron microscopy (TEM; Figs. 1C and S8), where both CTF-based
materials consist of stacked, wrinkled, amorphous sheets. The uneven
surface and feathery nature of the CTF particles possibly originate
from the abundant gas release during thermal synthesis*. In addition,
their N, sorption isotherms (Fig. S9A) reveal nearly three times larger
specific surface area of p-CTF-py over that of p-CTF (66.7 vs.
23.4 cm? g™). This might be attributed to the emergence of additional
pores produced by the dangling pyridyl arms intercalated between the
layers of p-CTF-py. The effects of the dangling groups within the
organic frameworks have been extensively utilized to tune the inter-
layer distances and pore volumes®?*‘. The above assumption is also
consistent with a larger number of small pores of ca. 1.2 nm in the
layers of p-CTF-py than in those of p-CTF, as revealed by the pore size
distribution analysis (Fig. S9B). Additionally, both samples possess
pores with sizes around 2.6 and 2.7nm for p-CTF-py and p-CTF
(Fig. S9B), respectively, consistent with the expected hexagon chan-
nels of the CTF structures.

We also evaluated the band energies of p-CTF-py and p-CTF by
UV-vis diffuse reflectance spectroscopy (UV-vis-DRS; Figure S10)
and Mott-Schottky plots (Fig. S11), exhibiting large bandgaps (2.57
and 3.20 eV) as well as flat-band-approximated conduction band (CB)
potentials of —1.15 and -1.03V vs. NHE, which have the sufficient
thermodynamic driving force for the reduction of CO, to
CO (-0.52V).

Next, four cobalt phthalocyanine derivatives, including cobalt
phthalocyanine (CoPc), cobalt tetra-amino phthalocyanine (CoTAPc),
cobalt perfluorinated phthalocyanine (CoFPc) and cobalt tetra-
carboxyl phthalocyanine (CoTCPc; See Fig. 1A for a drawing of their
structures) were immobilized on p-CTF-py by dispersing 10 mg of the
latter in 1 mL of 1.0 mM solution of the Co catalyst and left stirring for 1
day at RT. The formed molecular hybrid materials, COXPc@p-CTF-py
(X=0 meaning no substitution, F, TA, TC) were isolated by cen-
trifugation and washed twice with DMF and water (Fig. 1A; see SI for
details). During the immobilization process, the initial solutions
decolorated roughly up to 60% for X=@, F, TA and up to 85% for
X=TC (Fig. S12) as indicated by UV-vis spectroscopy. A similar strat-
egy was used for the anchoring of CoOTCPc in p-CTF, not containing the
dangling pyridyl group, producing a decoloration of only 45%. All these
results suggest that in the presence of the pyridyl group, the main
interaction of the molecular catalysts with the CTF absorber occurs by
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Fig. 1| Synthesis and characterization. A Synthetic scheme for the amorphous p-
CTF-py and CoXPc@p-CTF-py. B SEM and C TEM images with Fourier transformed
pattern (Inset in C) of p-CTF-py. D EDS mapping of CoTCPc@p-CTF-py.
E Normalized Co K-edge XANES and F Fourier transforms of k>-weighted Co EXAFS
results of CoTCPc (blue) and CoTCPc@p-CTF-py (orange). Inset in E: (i)

Apparent Distance (A)

experimental zoom-in of the pre-edge region; (Il) simulated Co K-edge pre-edge
and rising edge XANES showing the increase in the pre-edge intensity and decrease
of the 1s>4p, transition in CoTCPc@p-CTF-py (orange) relative to CoTCPc (blue).
Inset in F: DFT-calculated structure of CoTCPc@p-CTF-py with unpaired spin
density plots. Source data are provided as a Source Data file.

the formation of a covalent Co-N bond with additional supramolecular
stabilization involving CH-it and -t interactions. This is further sup-
ported by calculations at the MN15* level of theory (see Supplemen-
tary Information for further details), indicating that the coordination
of CoTCPc to p-CTF-py is favored significantly (AE=10.7 kcal/mol)
over adsorption via supramolecular CH-mt and m-1t interactions
(Fig. S13).

The presence of the molecular catalyst anchored on the CTF
absorber was confirmed by inductively coupled plasma mass spec-
trometry (ICP-MS) which gives a loading in the range of 0.19-0.23% of
Co per gram of material (30-40 nmols g’; Table S1) and additionally
supported by IR spectroscopy (Figs. S2 and S3). Further, energy-
dispersive X-ray spectroscopy (EDS; Figs. 1D and S14) shows that cobalt
is homogeneously distributed on each of the CoTCPc-loaded materi-
als. The cross-sectional analysis of the cobalt element on CoTCPc@p-

CTF-py further demonstrates that the Co complex is homogeneously
dispersed into the CTF particles rather than mainly distributed on the
surface (Fig. S15). The substantial dispersion is presumably endowed
by the aforementioned uneven surface and feathery nature of the CTF
particles. The TEM images (Figs. S16 and S17) of both molecular hybrid
photocatalysts show negligible morphological changes compared to
the bare CTF materials.

The cobalt valence state of COTCPc and the effect of the bonding
between CoTCPc and the CTF materials were examined by XPS where
all the CTF-based materials display the C and N elements
(Figs. S5 and S6) while additional Co 2p signals can be observed for
CoTCPc@p-CTF-py and CoTCPc@p-CTF (Fig. S18). More importantly,
the Co 2p binding energy of CoTCPc@p-CTF-py shows a more posi-
tive shift than that of CoTCPc (0.5 vs. 0.3 eV) associated with the Co-
Npyr covalent bond™.
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Fig. 2 | CO, photoreduction. A Comparison of CO yields and TONs among the
molecular hybrid photocatalysts. B Time profiles of photocatalytic CO (circle) and
H, (star) formation using CoTCPc@p-CTF-py (red) and CoTCPc@p-CTF (violet).
After the first run of 48 h photocatalysis (solid lines), the colloidal photocatalyst
was reused for the second run (dashed lines). General conditions: 0.33 g L™ pho-
tocatalyst, 0.1 M KHCO3, 25 mM HAsc, 300 mW cm 2 Xe lamp with AM 1.5 G filter,
1atm CO,, 25°C, 5 x 2 mm stir bar at 1000 rpm. The experimental error bars
represent the standard deviations of three independent measurements. Source
data are provided as a Source Data file.

Additional characterization of this hybrid material was carried out
by X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) for CoTCPc@p-CTF-py and for the
CoTCPc reference (blue) (Figs. 1E, F and S19). As shown in Fig. 1E, the
Co K-edge XANES of CoTCPc displays a pre-edge peak at 7710.4 eV
with an area of 7 units (Fig. 1E, inset (i), Fig. S19 and Table S2) together
with a prominent shoulder at 7716.7 eV which corresponds to the
1s->4p, transition and reflects the nature of the 4p, orbital in its square
planar environment®?%, In contrast, COTCPc@p-CTF-py exhibits a
slightly more intense pre-edge peak at 7709.0 and 7710.8 eV with an
area of 8.1 units (Fig. 1E inset (i), Figure S20, Table S2) as well as a
weaker broadened 1s - 4p, peak at 7715.7 eV. Both the increased pre-
edge intensity as well as the broadened 1s>4p, peak of CoTCPc@p-
CTF-py are due to an increase of its Co coordination number and
distortion of the local geometry as supported by time-dependent DFT
in XANES simulations (Fig. 1E inset (II)). As previously reported, the
features in the pre-edge region have been shown to be particularly
sensitive to the geometry**°, Indeed non-centrosymmetric complexes
display an increased intensity in their pre-edge features due to an
increase in the metal 4p mixing into the 3d orbitals contributing
towards the electric dipole 1s to 4p character of this transition*’.
CoTCPc@p-CTF-py with its increased distorted structural conforma-
tion, thus illustrates a slightly larger pre-edge than CoTCPc. The
1s~>4p, transition moreover reflects the coordination environment of
the Co complexes as previously elaborated®***. A change in the coor-
dination geometry of the Co center in COTCPc@p-CTF-py hereby

leads to a greater delocalization of the metal 4p orbitals**** resulting in

a lesser intense and broadened 1s->4p, transition feature (Fig. 1E).

EXAFS studies were further carried out to extract structural infor-
mation of the Co molecular catalyst before and after coordination to the
CTF absorber (Fig. 1F). A prominent peak I is observed in the EXAFS
spectra corresponding to the averaged contribution of the Co-N coor-
dination. Analysis of the EXAFS spectrum for COTCPc reveals the best fits
with four Co-N distances of 1.90 A whereas CoTCPc@p-CTF-py displays
an increase in the amplitude of peak I together with the best fit involving
five Co-N distances at 1.91 A (Fig. S20 and Table S3), in agreement with
their DFT optimized structures (Fig. IF inset and Table S4).

Photocatalytic CO, reduction

Photocatalytic experiments for the reduction of CO, were carried out
in a home-made 8 mL quartz vessel in which 0.5 mg of the molecular
hybrid photocatalysts CoXPc@p-CTF-py were suspended in a 1.5mL
aqueous solution (0.33gL™?) of 01M KHCO; containing 25mM
ascorbic acid (H,Asc, deprotonated to HAsc' by KHCO3) under 1atm
CO,. Then the suspension was irradiated under continuous stirring
with AM 1.5 G light at 300 mW cm™ for 48 h.

All the molecular hybrid photocatalysts show considerable activity
for CO, photoreduction to CO (>99% selectivity) in water with negligible
formation of hydrogen and liquid products (Figs. 2 and S21-23 and
Table 1, Entries 1-5), representing the rare example combining CTFs and
molecular catalysts for selective CO, photoreduction in fully aqueous
solutions. The very high selectivity is mainly attributed to the excellent
intrinsic performances of cobalt phthalocyanine catalysts**". Among
them, CoTCPc@p-CTF-py exhibits the highest CO yield of
22.1+0.8 mmol g™ and TON of 559 +20 during 48 h, consistent with a
production rate of 458+17 pmolg™h™. The best performance of
CoTCPc@p-CTF-py can be partially attributed to the higher loading of
the molecular catalyst along with increasing electron-withdrawing
abilities of the functional groups*®** on the CoXPc backbone
(Figs. 2A and S22 and Table 1, Entries 1-4), suggesting that the carboxyl
groups also contribute to the improved activity. Our previous studies™
have demonstrated the electronic effects of the varied substituents by
cyclic voltammetry in homogeneous phase and theoretical calculations.
We found that with increasingly electron-withdrawing groups on the Co
complexes, the Co" redox potential became more positive, and the
calculated Hirshfeld Co atomic charges increased, mandating lower
overpotentials for catalytic CO, reduction with CoTCPc being the
optimal catalyst studied. This is indeed further confirmed by the parallel
systems with p-CTF loaded with each of the four Co catalysts, where
CoTCPc@p-CTF also displayed the highest CO yield (Fig. S23 and
Table 1, Entries 5-8).

After 48 h of photocatalysis, no increased CO yield could be
observed in the CoTCPc@p-CTF-py system, which is possibly due to
the substantial consumption of HAsc. We determined the chemical
efficiency of HAsc' as 29.5% + 1.1% by the CO yield (22.1+ 0.8 mmol g™)
within 48 h divided by the initial amount of HAsc versus photocatalyst
(75 mmol g™). This value reflects competing reactions including back
electron transfer, as summarized in Figure and discussed thoroughly in
the next section. It is also interesting to realize that these hybrid sys-
tems are also active and selective with a cutoff (>400nm) filter
(Fig. S24 and Table 1, Entry 9) thus showing its potential in visible light-
driven CO; reduction to CO. Moreover, the CO yield of CoTCPc@p-
CTF-py is nearly three times of that from CoTCPc@p-CTF (22.1+0.8
vs. 8.0 +1.3 mmol g™), showing the advantages of the covalent bond
between CTF and the catalyst (Fig. 2B). The parallel systems with other
Co catalysts also show higher activity with p-CTF-py over p-CTF, fur-
ther confirming facilitated photocatalysis with the appended pyridine
arms (Table 1). In addition, the photocatalytic activity of CoTCPc@p-
CTF-py remains intact in the second round of catalysis and thus
achieved a combined TON of 1119, whereas that of CoTCPc@p-CTF
substantially diminishes (Figs. 2B and S25), manifesting once again the
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Table 1| Performance comparison

Entry Catalyst Medium Mol Cat® Sacrificial reagent  CO yield H, yield TON(CO)° Maximum AQY CO%
(umol g™ (concentration) (mmolg™) (umolg™)
1 CoTCPc@p-CTF-py 0.1MKHCO3; 39.6 HAsc (25 mM) 221+0.8 n.d. M8 (559+20 0.25+0.06% at 100%
ineach 2runs) 395nm0.12+0.03% at
405nm 0.04+0.01%
at 425 nm
2 CoFPc@p-CTF-py 32.2 15.2+0.5 n.d. 472 +14 n.a. 100%
3 CoPc@p-CTF-py 316 137+0.6  n.d. 432+18 n.a. 100%
4 CoTAPc@p-CTF-py 36.6 11.4+15 n.d. 312+42 n.a. 100%
5 CoTCPc@p-CTF 18.6 8.0+1.3 n.d. 429+70 n.a. 100%
6 CoFPc@p-CTF 13.6 56+0.5 n.d. 403+37 n.a. 100%
7 CoPc@p-CTF 13.8 42+0.2 177+£32 304+14 n.a. 96%
8 CoTAPc@p-CTF 16.2 3.9+0.3 199+ 30 241+18 n.a. 95%
9d CoTCPc@p-CTF-py 39.6 12.5+1.1 n.d. 316 £27 n.a. 100%
10° CoTCPc@p-CTF-py 39.6 9.2+1.0 513+123 233+25 0.45+0.12% at 395 nm 96%
i Co-qpy-Ph- MeCN 1.48 BIH (0.05 M) 2.28 0.07 254 0.25% > 400 nm 97%
COOH@CN,
122 Fe-qpy-Ph- 0.21 BIH (0.05 M) 6.38 425 2554 0.10% at 460 nm 95%
CHO@CN, TEA (20 v%)
13%  Ni(bpy)s**@BtE- MeCN:H,0 550 TEOA (20 v%) 2.9 395 5.3 n.a. 88%
COF =31
14%° FeTCPP@CN, H,O 86.4 TEOA (10 v%) 1.4x107 0.67 0.26 n.a. 68%
15" Co-qpy-Ph- 0.5MKHCO; 9.5 Na,SO; (0.2 M) 3.86 176 406 2% at 390 nm 96%

COOH@PTI-LIiCl

Parameters describing the performances of selected molecular catalyst anchored on organic and inorganic semiconductors, for light-induced CO, reduction.

General conditions used: 1.5 mL aqueous solution with 0.5 mg photocatalyst hybrid material, (0.33 g L™"; 39.6 pmol g™ of Co catalyst), 25 mM H,Asc (deprotonated to HAsc' by KHCOs; implying
75mmol g™ and 0.1M KHCO3 under 1atm CO,, under the irradiation of AM 1.5 G light at 300 mW cm™ for 48 h (irradiated area is ca. 2.4 cm?). The results of blank experiments are shown in Table S5.
The experimental error bars represent the standard deviations of three independent measurements.

qpy-Ph-COOH is a quaterpyridine (qpy) ligand 4-substituted by benzoic acid; qpy-Ph-CHO is a gpy ligand 4-substituted by benzaldehyde; BtE-COF is a COF between benzotrithiophene
tricarbaldehyde and 2,5-diethoxyterephthalohydrazide; FeTCPP is chloro Fe(lll) tetra(4-carboxyl)phenyl porphyrin.

Mol Cat stands for mols of catalysts per gram of sample. For the CTF samples it was calculated by ICP-MS (Table S1).

°TON =mols of CO/mols of catalyst.
dLight source is 2400 nm cut-off light (300 mW cm, irradiated area is ca. 2.4 cm?).

importance of the Co-Np,, covalent bond to avoid catalyst detach-
ment. The use of bare p-CTF-py or p-CTF mixed with dissolved
CoTCPc in the parallel systems could not initiate the formation of CO
as well (Table S5), which highlights the importance of pre-installed
coordinative bonding to assure effective photocatalysis and also rules
out the possibility of CoTCPc itself serving as a semiconductor as well
as the photocatalyst.

The high stability of CoTCPc@p-CTF-py was further confirmed
by its XANES and EXAFS before and after photocatalysis (Fig. S26 and
Table S3), where no significant changes of the Co center were observed
with retention of its molecular nature, also precluding the formation of
Co-based nanoparticles as the unexpected catalyst. Although the
organic polymeric semiconductors may decompose and produce CO
upon irradiation*'*’8, such side reaction was not observed in our
experiments. On one hand, the 2CO, isotope labeling experiments
confirm that CO was dominantly generated via CO, photoreduction
rather than the decomposition of organic materials (Fig. S27). On the
other hand, the systematic blank experiments, especially the ones with
bare CTF materials (Table S3, Entries 7 and 8), did not produce any CO
product, which also excludes the possibility of the decomposed
organic materials as the CO source.

Among the molecular hybrid organic photocatalysts beyond
CTFs, such as CN, or COFs, for CO, photoreduction, most of them
were operated in organic solvents'*****53 or water-containing®**
solutions, such as various immobilizations of iron or cobalt qua-
terpyridine complexes with CN,2*%, which afforded 10>-10*> TONs in
MeCN medium (two instances in Table 1, Entries 10 and 11). The
[Ni(bpy)s]** coupled with the semiconducting COF could drive CO,
photoreduction to CO in water-organic solutions with an overall CO
yield of 2.9 mmol g™ with 88% selectivity” (Table 1, Entry 12). For the

purely aqueous systems with earth-abundant elements, the FeTCPP/
CN, system® was reported to be active in aqueous TEOA solutions,
nonetheless affording low selectivity (68%) and TON <1 (Table 1, Entry
13). The more recent PTI-LiCl-supported carboxyl-derived cobalt qua-
terpyridine catalyst achieved fast photocatalytic CO,-to-CO conver-
sion up to 2.1mmol g h™ with a selectivity of 96% in 0.5M KHCO;
solution, but only under strong UV irradiation at 390 nm rather than
sunlight/visible light (Table 1, Entry 14)*. The above comparisons
highlight the remarkable performance and mild conditions of our
CoTCPc@p-CTF-py system. Moreover, the AQY for CO production
was initially estimated as 0.25+ 0.06%, 0.12 + 0.03%, and 0.04 + 0.01%
at 395, 405, and 425 nm, respectively. The AQY at 395 nm was further
enhanced to 0.45 + 0.12% when a larger quartz reactor> was used with
5.0 mg CoTCPc@p-CTF-py (see Figure S28, Table 1, Entry 10 and SI for
details), higher than those of the organic systems but lower than that
of the PTI-LiCl-based system® where an advanced flow device was
employed and also a future target in our lab (Table 1).

Electron transfer properties and mechanism
We further investigated the charge-transfer process by photo-
luminescence (PL) spectroscopy. Figure 3A displays the steady-state PL
spectra of p-CTF and p-CTF-py in colloidal systems with DMF
(0.5gL™) which forms more stable suspensions than in water that is
crucial for the measurements. Each sample reveals a structureless
emission band ranging from 370 to 650 nm upon 350 nm excitation.
Further, normalized time-resolved photoluminescence (TRPL) decays
of the samples from 424 to 496 nm were collected using time-
correlated single-photon counting (TCSPC), as illustrated in Fig. 3B-F.
For both p-CTF and p-CTF-py, the best fit for the PL decay is
obtained through four exponential decay functions with their
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Fig. 3 | Photoluminescence spectroscopy. A Intensity-normalized steady-state PL
spectra of p-CTF and p-CTF-py. B-E Time-resolved PL decay traces of p-CTF and
p-CTF-py (B), p-CTF and CoTCPc@p-CTF (C), p-CTF-py and CoTCPc@p-CTF-py
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(D), p-CTF without or with HAsc™ (E), p-CTF-py without or with HAsc™ (F). The solid
was suspended in deaerated DMF (0.5 g L™) for measurements. Source data are
provided as a Source Data file.

parameters summarized in Table S6. The observed multi-exponential
decay behavior can be ascribed to the broad distribution of electron
and hole trap states. As shown in Fig. 3B, for p-CTF, the majority of PL
signal (83.8%) decays within an instrument response-function (IRF;
Fig. S29) limited timescale, giving an average PL decay lifetime of
0.43 +0.06 ns. However, for p-CTF-py, no IRF-limited decay compo-
nent is observed, exhibiting an extended average PL decay lifetime of
3.46+0.47ns. In the charge-separated states associated with the
excited states of CTF materials, the negative charge is mainly located at
the triazine moiety due to its strong electron acceptor nature® 5,
Therefore, the positive charge is associated with the aromatic ring
linking the triazine moieties. In the case of the p-CTF-py, the negative
charge is also located at the triazine moiety, but now the positive
charge can be at least partially located at the dangling pyridyl, repre-
sented as [CTF-py‘T*. Thus the lifetime enhancement of p-CTF-py can
be associated with the charge separation structure at the excited state,
[CTF-py']*, that further spatially separates the charges, as compared to
p-CTF, and thus reduces back electron transfer kinetics.

The transfer of electrons or holes on the CTF-based semi-
conductors was further analyzed by comparing their PL decay kinetics
in the presence of the CoTCPc-immobilized hybrid materials and in the
presence of sodium ascorbate (HAsc"), as hole scavenger. The para-
meters obtained are listed in Table S7.

The PL experiments in Fig. 3E show that for p-CTF the excited
state is not affected by the presence of HAsc as hole scavenger indi-
cating that the recombination process is faster than the potential
reaction of p-CTF* and HAsc'. In sharp contrast, in the presence of the
Co catalyst, for the CoTCPc@p-CTF material, the PL decay rate slightly
increases with electron transfer time constant of 7., =0.73+ 0.27 ns as
can be observed in Fig. 3C, due to the interaction between the excited
CTF and the Co(ll) catalyst, forming [*CTF-Co(l)]. The latter then in the
presence of HAsc as sacrificial electron donor generates [CTF-Co(l)].
The detailed mechanisms of CO, reduction mediated by the immobi-
lized Co phthalocyanines*’ *' have been well documented, where their
active states are the singly reduced, formally Co(l) species in aqueous

bicarbonate buffer. Consequently, the [CTF-Co(l)] can react with CO,
and be further reduced with the second light interaction to generate
CO%%3, completing the catalytic cycle (Fig. 4A).

In the case of p-CTF-py, the PL experiments in Fig. 3D show that
the excited state, [CTF-py*-Col*, has nearly identical lifetime as in the
absence of the Co catalysts [CTF-py]* (Table S6), suggesting that the
recombination is faster than electron transfer from p-CTF-py to the Co
center. Interestingly, for the case of p-CTF-py the PL experiments in
Fig. 3F show that the excited state, [CTF-py‘]*, can be quenched by
HAsc with an average hole transfer time constant of
7, =69.2 £ 16.6 ns, in competition with the electron-hole recombina-
tion process. Thus, as proposed in Fig. 4B, in the present case the
catalytic process is fostered by the reaction of the excited state with
HAsc, generating the [CTF-py-Co(ll)] species that further forms the
reduced species [CTF-py-Co(I)]. The Co(l) center can activate CO,**°,
followed by subsequent proton-coupled electron transfer®* by a sec-
ond photon to eventually forming CO thus closing the catalytic cycle.

To elucidate the nature of the charge-transfer processes within
CoTCPc@p-CTF-py, DFT and constrained DFT (CDFT) calculations at
the MN15% level of theory were performed (see Fig. 5, S30-S32 and
Supplementary Information for further details). The CDFT calculations
indicate that the excited state (‘?(CTF-2C0"]°) could be quenched by
HAsc generating the reduced CTF species C[2CTF-*Co"]) which will
spontaneously (AE=-0.30eV) convert to a reduced catalytic inter-
mediate (‘'['CTF-'Co']). Alternatively, the excited state (‘[?CTF->Co"1°)
could initially evolve to a charge separate stated (*[*CTF*-'Co'l by
oxidation of CTF before reacting with HAsc to generate the reduced
catalytic intermediate ([*CTF-'Co']) in an exothermic step (AE=
-0.76 eV). In the presence of high HAsc" concentration, the former
pathway is expected to dominate in agreement with our proposed
mechanism in Fig. 4B.

To further shed light on the photo-induced electron transfer pro-
cesses, in situ light-induced XPS was applied on CoTCPc@p-CTF-py.
Under illumination (Fig. 6A), the Co binding energy values all show
significant negative shifts, in agreement with the Co(ll)/Co(I) reduction
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Unpaired spin density plots of key CoTCPc@p-CTF-py species are shown. Source
data are provided in Supplementary Data 1.

powered by the electron injection into COTCPc from the excited states
of p-CTF-py*’. Meanwhile, we also operated in situ light-induced EPR on
p-CTF-py and CoTCPc@p-CTF-py. The Co-free p-CTF-py displayed an
intense g-signal value of 2.00, assignable to the delocalized m-electrons
on the C species of the aromatic rings®>*°, which was negligibly changed
upon illumination (Fig. S33). In contrast, an additional g-signal value of
2.17 which originates from the high-spin Co" species®” could be detected
in the case of CoTCPc@p-CTF-py (Fig. 6B). Upon illumination, this EPR
signal was weakened (Fig. 6B inset), indicative of the paramagnetic
Co(ll) was reduced to the EPR-silent Co(l) intermediate®**’, consistent
with the in situ XPS results. Overall, the above in situ spectroscopic
results confirm the effective Co(ll)/Co(l) reduction under light excita-
tion, supporting the mechanism proposed in Fig. 4.

Subsequent electrochemical impedance spectroscopy (EIS) and
photocurrent measurements show consistent results with the above
TRPL analysis. On one hand, p-CTF-py deposited on FTO slides show a
smaller charge-transfer resistance than that of p-CTF, showing the
better intrinsic charge separation of the former semiconductor

(Fig. 6C). This is in good agreement with the photocurrent evaluations,
where the non-biased photocurrent of p-CTF-py is markedly higher
than that of p-CTF (Fig. 6D). Further EIS outcome (Fig. 6C) and pho-
tocurrent comparison (Fig. 6D) also reveal the remarkably decreased
charge-transfer resistance and enhanced photocurrent with immobi-
lization of COTCPc on p-CTF-py, respectively, demonstrating a much-
expedited charge separation rather than charge recombination with
the graft of the cobalt catalyst under catalytic conditions. These
experiments, together with the TRPL analysis, indicate that compared
to the increased electron transfer rate, a longer-lived electron-hole
lifetime plays a key role in yielding a faster CO, reduction reaction.

Discussion

To sum up, we present the rare examples combining organic polymeric
semiconductors and molecular catalysts for selective CO, photo-
reduction in fully aqueous solutions where the catalyst is solely bonded
to the CTF (p-CTF) via covalent coordination bonding with a dangling
pyridyl ligand (p-CTF-py). In the p-CTF case, the excited state is
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quenched intramolecularly whereas in the p-CTF-py the presence of the
pyridyl group favors a bimolecular quenching with HAsc". The photo-
catalytic hybrid material with the pyridyl pendant axially coordinating
to a carboxyl-derived Co(ll) phthalocyanine (CoTCPc@p-CTF-py) has a
charge-transfer time constant that is two orders of magnitude longer
than the CTF case (CoTCPc@p-CTF) and thus efficiently mediates the
CO, photoreduction to CO in KHCO; aqueous buffer, achieving a high
COyield of 22.1+ 0.8 mmol g™ (458 +17 pmol g™ h™) and a high TON of
559 +20 within 48 h with no deactivation and detectable H, (1119 for
two runs). Driven by solar/visible light, the present system displays the
best performance reported so far in terms of both TONs and selectivity
in water with earth-abundant catalysts and organic semiconductors.
Further the covalent bonding of p-CTF-py to the molecular catalysts
strongly enhances the stability of the hybrid material for the photo-
catalytic reduction of CO, to CO.

Systematic experiments coupled with quantum chemical calcu-
lations indicate the charge-transfer mechanism which is significantly
altered by the dangling pyridine arms, via tuning the semiconducting
properties as well as the interfacial electron transfer processes.

Ultimately, the present CoTCPc@p-CTF-py molecular hybrid
systems show the benefit of combining molecules and materials via a
covalent bonding and represents a sustainable alternative to those
inorganic semiconductors generally featuring precious and/or heavy
metals.

Methods

General information

All the chemicals were provided by commercial sources and used
without further purification. The monomer, M-py, was prepared
according to our reported methods®® with modifications indicated in
the Supplementary Information, along with other synthetic materials.
The water used was prepared by using a Milli-Q ultrapure water pur-
ification system. Liquid-phase NMR spectra were obtained on Bruker
advance Il instruments (400/500 MHz). Solid-state >*C NMR was con-
ducted on a Bruker NMR machine (Ascend 400 MHz). UV-vis spectra
of homogeneous solutions were collected on a Shimadzu UV-2410
spectrophotometer. UV-vis spectra of DMF suspensions were
obtained on a PerkinElmer Lambda 1050 spectrophotometer with an
integration sphere and a near-IR detector. FT-IR data of solid samples
were acquired from a Bruker FT-IR-ATR instrument (ALPHA-E). PXRD
data were collected on a Smart X-ray diffractometer (SmartLab 9 KW,
Rigaku, Japan) with Cu/Ka radiation (A=1.54178 A). The evolved CO
and H, were monitored by using Agilent 7820 A gas chromatography.
The liquid phase of the reaction system was analyzed by 'H NMR with
solvent-suppression mode. Electrochemical measurements were
operated on a CHI660D or a CHI730C workstation. Scanning electron
microscopy (SEM) images were recorded on Si wafers at a high-
resolution scanning electron microscope (FEI, Scios 2). Transmission
electron microscopy (TEM) and EDS analyses were performed on Cu
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grids at a high-resolution transmission electron microscope of atomic
resolution (JEOL F200) working at 200 kV with a resolution point of
1.4 A. The Co contents were determined by ICP-MS (Agilent 7700).
X-ray photoelectron spectroscopy (XPS) was operated on an ESCA
LAB250 instrument (THERMO SCIENTIFIC, United Kingdom). XPS data
were fitted by Thermo Avantage (v5.948) software. The PL character-
izations were collected by Horiba Scientific Fluoromax-plus spectro-
meter with excitation of 350 nm.

X-ray absorption spectroscopy (XAS) methods

X-ray absorption spectra were collected at Diamond Light Source at
bending magnet beamline BM-18 at a storage-ring electron energy of
7GeV and average current of 100 mA. The radiation was mono-
chromatized by Si(111) crystal monochromators, and the XAS data
were recorded in fluorescence mode. The intensity of the X-ray was
monitored by three ion chambers (lp, I; and 1) filled with 70% nitrogen
and 30% argon and placed before the sample (lp) and after the sample
(I; and I,). Co metal was placed between ion chambers I; and I, and its
absorption was recorded with each scan for energy calibration. Co XAS
energy was calibrated by the first maxima in the derivative of the
cobalt’s metal foil's X-ray absorption near edge structure (XANES)
spectrum at 7708.20 eV. Around 15 XAS spectra were collected for the
pellet and around 105 scans were collected for the hybrid complexes.
Care was taken to measure at several sample positions on each sample
(beam size 1000 um (Horizontal) x 1000 um(Vertical)) and no more
than 5 scans were taken at each sample position. No damage was
observed scan after scan to any samples. All samples were also pro-
tected from the X-ray beam during spectrometer movements by a
shutter synchronized with the scan program.

EXAFS analysis

EXAFS analysis was carried out to determine the near neighbor dis-
tances, coordination numbers and atomic species in the Co-based
catalytic complexes. The Athena® and Artemis® software were used
for data processing and analysis respectively. In Athena, the XANES
data was first normalized, and the data scaled so that the edge jump is
adjusted to 1. The normalization was achieved by subtracting a smooth
pre-edge function and post-edge background through a low-order
polynomial in (E-Eg) where Eq corresponds to the energy origin or
threshold energy. The energy threshold Eq corresponds to the para-
meter representing k = 0 continuum level at which electrons have just
enough energy to propagate through Co’®, and was hereby chosen as
the energy with the maximum derivative.

The data in energy space was then converted into photoelectron
space where k=[2m(E — E)/ hz]1 . The XAFS x(k) spectrum consisting
of a summation of sine waves with amplitudes varying on the atom types
and distributions’ were then weighted by k? as the sinusoidal oscilla-
tions decrease with increasing k. K-space data were truncated near the
zero crossings k =2 to 14 A™ in Co EXAFS before Fourier transformation
from k to R space. The k-space data were transferred into Artemis
Software® for the fitting procedure and extraction of the bond dis-
tances. The data in Fourier transform X(R) having separated peaks for
various shells were isolated by applying a Hanning window to the first
and last 15% of the chosen range. The EXAFS data were subsequently
modeled using the EXAFS equation™ (SI).

NSEFAK) o

o €™ sin (szj + (Sj(k))
J

xt=">"

J

(S

where N; refers to the average coordination number of atoms in the jth
shell; R; the mean interatomic distance between the Co (absorbing
atom) and the atoms in the jth shell; F;(k) corresponds to the scat-
tering amplitude and the photoelectron scattering properties of the

2
neighboring atom. The Debye-Waller term e 29k corresponds to the
degree of disorder due to thermal and structural disorder in absorber-
2%
back scatterer distances. The mean free path term €™ reflects losses
due to inelastic scattering, where Ai(k), is the photoelectron mean free

path. The oscillations in the EXAFS spectrum are reflected in the
sinusoidal term sin (2kRj + 6j(k)) , where 6;(K) refers to the phase shift.

This sinusoidal term shows the direct relation between the frequency
of the EXAFS oscillations in k-space and the absorber-back scatterer

distance. The amplitude reduction factor, S2, correcting for inelastic
effects in the absorbing atom was set to 1 in our EXAFS fitting
procedure.

It is important to remark that the number of parameters (N)’° that
can be measured in our data is determined by N = 2448 where Ak and
AR refer to the k and R ranges within which the data are being fitted.
The variable parameters that were fitted in this case are elaborated in
Table S3 and correspond to N, S3, AEy, R, and o® where N refers to the
number of coordination atoms surrounding Co for each shell, S3 to the
amplitude reduction factor as previously elaborated, AE, to the
change in the threshold energy or edge position, accounting thus for
errors in the experimental calibration, R to the distance to the neigh-
boring atom and ¢® to the mean square disorder of the neighboring
distance.

The quality of fit was evaluated by R-factor (Eq. S2) and the
reduced Chi? value. The R-factor corresponds to the match between
the fit and the data. For instance, the smaller the R-factor, the better is
the match between the data and the fit quality’>. R-factor less than 0.02
denotes that the fit is good whereas R-factor between 0.02 and 0.05
denotes that the fit is correct within a consistently broad model’>”>.
The reduced Chi® value determinations are further employed to
compare fits on the same data, as more absorber-backscatter shells are
included for the fitting procedure. Similar to the R-factor, a smaller
reduced Chi? value corresponds to an improved fit.

> i(difference between data and f 1'1.‘,4)2
Z,-(data)2

R — factor= (S2)

Pre-edge peaks and area fittings

The near edge fit and pre-edge peak fits were carried out with an error
function, and gaussian functions respectively. The formulas for the
error (erf) and Gaussian functions (gauss) are as follows:

Error function: A {erf <%>} +1 (S3)
Gaussian function: ( A ) exp ~(e—Eo)” (S4)
" \wv2m Qu?)

Where A corresponds to the amplitude; w, the width; Eo, the centroid
of the pre-edge and near edge peaks and e, the X-ray energy. The
parameters Eo, A and w used for each set of functions for the
experimental and theoretical fits together with their uncertainties are
tabulated below (Table S2).

The pre-edge area peaks fitting were further re-carried out in the
Fityk’* software and as previously demonstrated”, and the same pre-
edge peak areas of 7.0 and 8.1 units were obtained for the CoTCPc and
CoTCPc@p-CTF-py after catalysis thus confirming the fit procedure
employed in the Athena software®.
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Time-dependent density functional theory for XANES
calculations

Time-dependent density functional theory (TDDFT) calculations for
the XANES spectra of the Co complexes were carried out using pre-
viously established protocols’. The TDDFT XANES simulations were in
this case performed with the B3LYP as functional with the def2-TZVP
triple-zeta” basis and D3B]J dispersion correction effects with dense
integration grids. The def2-TZVP/J auxiliary basis set was also
employed. A broadening of 1.5 eV was applied to the calculated spectra
(FWHM) with a Gaussian line shape. Up to 150 roots were calculated.
The calculated XANES spectrum contains contributions from electric
quadrupole, electric dipole and magnetic dipole transitions.

N, sorption

N, sorption measurement under 77K is performed on the BSD-PM
automatic specific surface and aperture analyzer. Firstly, the samples
(around 50 mg) were evacuated for 2h at room temperature, and
evacuated at 120 °C for 15 h to obtain the activated sample. The tem-
perature is controlled by a liquid nitrogen bath (77 K).

Photocatalytic CO, reduction

Photocatalytic CO, reduction was conducted in a 4 mL home-made
quartz reactor with water-cooling circulation system®® or another
10 mL home-made quartz tube with air-cooling system” at 293 +2K.
The reaction mixture was prepared in a 5 mL vessel with silicon cap, in
which 0.5mL 0.3 M KHCO; aqueous solution was mixed with 0.5 mL
0.075M ascorbic acid (HAsc) aqueous solution and 0.5 mL aqueous
dispersion of photocatalyst (1.0 g/L). We also scaled up the photo-
catalytic systems by ten-times in our previously reported quartz
reactor> (40 mL), in which 5.0 mL 0.3 M KHCO; aqueous solution was
mixed with 5.0 mL 0.075 M ascorbic acid (H,Asc) aqueous solution and
5.0mL aqueous dispersion of photocatalyst (1.0 g/L). The mass of
catalyst was weighed by a hundred-thousandth analytical balance with
a readability of 0.001 mg (Mettler Toledo MXS5, 0.1% tolerance). After
purged with CO, for 30 min, the photocatalysis was initiated with the
irradiation of light (AM 1.5 G or 400 nm cut-off filter) at 300 mW cm™
(irradiated area is ca. 2.4cm?). The pH value was determined as
7.02+0.02. At certain time points, 0.1 mL of the gas in the headspace
was collected in a syringe to gas chromatograph for detection. The
liquid products in the solution phase were analyzed by 'H NMR under
solvent-suppression mode. We note that H,Asc is deprotonated to
HAsc by KHCO3, while the parallel experiments with 25 mM NaHAsc
show identical performances. The error bars in the plots represent the
standard deviations of three independent measurements.

Protocol for recycling reaction

After reaction, the nanoparticles were collected by a 0.2-pm PTFE
membrane filter and ultrasonically re-dispersed (30 min) in a freshly
prepared 1.5 mL water-containing 0.1M KHCO3 and 25 mM ascorbic
acid for the second run of photocatalysis.

Mott-Schottky, EIS and photocurrent tests

These measurements were conducted in a conventional three-
electrode setup using a Pt wire as the counter electrode and an Ag/
AgCl (KCl saturated) electrode as the reference electrode. The working
electrode is a catalyst-loaded fluorine-doped tin oxide (FTO). Prior to
catalyst coating, the FTO were sonicated in ethanol and then acetone
both for 15 min and dried. Then, 5 mg of solid was dispersed in 900 pL
of ethanol with 100 pL of a Nafion solution (5 w%, Sigma-Aldrich) and
sonicated for 30 min to obtain a colloidal suspension. Afterwards,
50 plL of the suspension was uniformly drop-casted onto the FTO. The
working electrode was dried for 12 h under ambient conditions. During
the measurement, the above three-electrode system was placed in a
20 mL rubber-sealed three-neck glass vessel and filled with 10 mL 0.1 M

KHCO; electrolyte. The device was purged with CO, for 20 min before
measurement. Mott-Schottky and EIS measurements were conducted
on a CHI660D electrochemical station. Photocurrent experiments
were operated on a CHI730C electrochemical station under a chopped
light (AM 1.5, 100 mW cm™) under open-circuit potentials.

AQY determination for CO production

A reported method” was used to determine AQYs. A typical experi-
ment employed a mixture of CoTCPc@p-CTF-py (0.5mg, 0.33g/L)
and ascorbic acid (25 mM) in 1.5mL 0.10 M KHCO; aqueous solution
for evaluation. The temperature was kept at 25 °C. For a simple eva-
luation, the light source was chosen as an LED light (1=405+5nm,
light intensity =100 mW cm™, calibrated by a Newport light intensity
meter, irradiated area is 0.785 cm?). The photon flux was determined
to be 2.43 x 107 Einstein/s’’. Under these conditions, the light entering
the reaction solution was considered to be fully absorbed by PS, sug-
gesting the evaluated QE is a lower limit. The 8 h of light irradiation is
consistent with the total number of photons n, =7.00 x 107 Einstein.
The AQY=2xn (CO)/n, was evaluated by the equation® for two-
electron reduction of CO,. A typical value of 0.12% + 0.02% was
determined by the measured n (CO) =4.2 + 0.9 umol by GC-TCD after
8 h of irradiation. Other analogous LED light sources at 395 and 425 nm
were also used for evaluation, as well as with 5.0 mg catalyst for a
higher AQY reported in the main text.

DFT calculations for XAS

DFT optimization calculations and XANES simulations were performed
using the ORCA (Version 5.0) program package developed by Neese®
and co-workers. Geometry optimizations were performed using the
BP86% as functional with the def2-TZVP” triple-zeta basis sets and the
D3BJ dispersion correction to account for dispersion corrections,
respectively. The RI**> approximation was used to accelerate Coulomb
and exchange integrals. The default GRID settings were further used
for the self-consistent field iterations and for the final energy evalua-
tion. The calculated structures were confirmed to be minima based on
a check of the energies and the absence of imaginary frequencies from
frequency calculations carried out on the optimized geometries.

TRPL measurements and analysis

The TRPL measurement was characterized via a TCSPC method with
excitation using PicoQuant Sepia Il PDL 828 multichannel Picosecond
Diode Laser with at 405 nm. A Nikon C2 Si confocal microscope is used
to focus the laser onto the sample and collect the PL signal. The col-
lected PL light passes through a 460+36 nm bandpass filter and
detected by a PicoQuant PMA Hybrid single-photon counting module.
The IRF was determined by measuring the solvent scattering response
in the same setup. A Gaussian function is used to fit the response and a
full width half maximum of 151+ 7 ps is calculated (Fig. S27).

In bare semiconductor system, the TRPL decays of p-CTF and p-
CTF-py are resulted from the charge recombination or trapping and
can be analyzed with the following Eq. S5 as shown in Fig. 3B and
Table Sé.

i=4
I (=" "Ajexp (— t (S5)
i1

Trec,

) Q) Gar)

where @ G(At) denotes the convolution with the instrument response
function, described by a Gaussian function with a FWHM of 151+ 7 ps.
Four exponential components are used to fit both p-CTF and p-CTF-
py. The average lifetime was calculated with the following Eq. Sé. Fit-
ting parameters and average lifetime are summarized in Table Sé6.
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The charge-transfer PL quenching rate on CoTCPc@p-CTF
(electron transfer quenching) and p-CTF-py with scavenger (hole
transfer quenching) can be analyzed following a previous paper®* using
Eq. S5:

(S7)

' t ot
= > ABjexp (- T E) QR Gy

where A; is the recombination distribution probability obtained from
the unmodified p-CTF and p-CTF-py semiconductors using Eq. S5. B; is
the charge-transfer probability due to the non-homogenous catalyst
anchorage and Tet, is the corresponding charge-transfer time constant.
Initially, two types of charge-transfer rate l/raj_ are used to fit
CoTCPc@p-CTF and p-CTF-py with ascorbate. On CoTCPc@p-CTF,
an infinitely slow transfer rate can be used to describe the second
charge-transfer component (l/raj — 0), which means that only one
charge-transfer rate is responsible for the faster PL decay within the
time window we studied. The results are summarized in Table S7. What
worth mentioned is that in the cases of CoTCPc@p-CTF-py and p-CTF
with ascorbate, only a minor charge-transfer effect can be observed.
Such small differences do not allow us to extract a meaningful charge-
transfer rate 1/ Te, using Eq. S7 within a reasonable fitting error range.
Therefore, we only use Eq. S5 to fit these two TRPL decay curves, as
summarized in Table Sé.

In situ light-induced XPS

In situ irradiated XPS measurements were performed with the X-ray
photoelectron spectrometer (ESCA LAB250, THERMO SCIENTIFIC)
equipped with a 300 W Xe lamp with an AM 1.5 G filter as a light source
under vacuum. The light source was about 40 cm away from the
sample supporter. XPS data were fitted by Thermo Avantage (v5.948)
software.

In situ light-induced EPR

In situ light-induced EPR experiments were performed at room tem-
perature on an EPR spectrometer (EXMplus6-1, Bruker). The sample
powder was placed in a capillary tube, and argon was purged for
10 min, followed by sealing both ends of the tube. Finally, the capillary
tube was put into the test tube, and then the EPR measurements were
carried out in the absence or presence of illumination (Xe lamp, AM
1.5G, 300 W), respectively.

DFT calculations to model electron transfer steps

Initially, the CoTCPc@p-CTF-py system has been developed by opti-
mizing the geometry of covalent triazine-based framework with dan-
gling pyridyl groups connected via ethylene linker at the BP86 level of
theory®*¢ in conjunction with the SMD continuum solvation model for
water®” using def2-TZVP basis set’”” on Co and the def2-SV(P) basis set”’
on all other atoms (Fig. S13a). Non-analytical integrals were evaluated
using the integral=grid=fine option as implemented in the Gaussian
16 software package®®. The anchoring of COTCPc to p-CTF-py system is
further investigated via both the formation of a covalent Co-N bond
(Fig. S13b) and supramolecular bonding involving CH-mt and m-Tt
interactions (Fig. S13c). The energetic comparison of these two con-
figurations is assessed by performing single-point electronic energy
calculations at the MNIS5 level of theory® using def2-TZVP basis set on
Co and the def2-SVP basis set on all other atoms using the integral=-
grid=ultrafine option.

Next, the CoTCPc@p-CTF-py cluster model is developed by
adopting a subsystem of the COTCPc@p-CTF-py system as shown in
Fig. S30. The positions of all atoms in the p-CTF-py subsystem,
including the ethylene linker, were kept fixed in the subsequent geo-
metry optimization steps described next.

All geometries were optimized at the MNI5 level of DFT in con-
junction SMD continuum solvation model for water using def2-TZVP
basis set on Co and the def2-SV(P) basis set on all other atoms. Non-
analytical integrals were evaluated using the integral=grid=ultrafine
option as implemented in the Gaussian 16 software package.

CDFT®*?° calculations using spin constraints as implemented in
Q-Chem 5.0 software”™ package were performed to compute the rela-
tive energies of diabatic states. CDFT calculations were performed at
the MNIS5 level of theory with the IEFPCM continuum solvation model
for water using the def2-TZVP basis set on Co and the def2-SVP basis
set on all other atoms. COTCPc@p-CTF-py cluster model is partitioned
into two fragments at the ethylene bridge for the spin constraint CDFT
calculations (Fig. S31).

Data availability

Experimental details, Supplementary Figs., and data from the micro-
scopy, electrochemistry, spectroscopy, photocatalysis, and the XYZ
coordinates of the calculated structures are available in the Supple-
mentary Information. Source data for the main figures are provided in
this paper. Source data are provided with this paper.
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