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Single-site bipyridine cobalt complexes covalently
embedded into graphitic carbon nitride with
excellent photocatalytic activity and selectivity
towards CO, reductiont
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A combination of a semiconductor-based photosensitizer with molecular catalysts via covalent bonds is
an effective way to utilize solar energy to reduce CO, into value-added chemicals with high efficiency
and selectivity. In this study, 2,2'-bpy-5,5'-dialdehyde functioned as organic ligands and were embedded
into the skeleton of g-CN through imine bonds via thermal copolymerization. The introduction of 2,2'-
bpy can not only chelate with earth-abundant Co as single-site catalytic centers but also can optimize
the properties of original g-CN such as the enlarged specific surface area and extended visible light
absorption range. The CO evolution rate of g-CN-bpy-Co can reach up to 106.3 ymol g~ h™! with a
selectivity of 97% over proton reduction, which was 82-fold than that of g-CN-Co. The different coordi-
nation environments and valence states of cobalt were also studied simultaneously and the results

showed that Co(i) exhibited superior catalytic activity towards Cof(in). Control experiments demonstrated
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that the covalent linkage between g-CN and Co-2,2'-bpy plays a vital role in photocatalytic activity and
selectivity. Besides, the CO generation rate demonstrated linear growth upon visible light irradiation up to
72 h and preferable recyclability. This research provides a new facile way to fabricate low-priced photoca-

rsc.li/nanoscale talysts with high activity and selectivity and bridge homogeneous and heterogeneous catalysis.

catalysts for CO, reduction not only due to their excellent cata-
Iytic activity and selectivity but also because of their adjustable

Introduction

Photocatalytic CO, reduction is an effective way to utilize solar
energy to convert greenhouse CO, into value-added chemicals,
which can not only relieve the energy shortage but also be con-
ducive to alleviating the environmental pressure.'® However,
the sluggish kinetics of the CO, reduction process and varied
reduction products due to the proton-assistant multi-electron
transfer limit their practical applications. Thus, the design
and fabrication of cheap, stable photocatalysts with high
activity and selectivity is the key to CO, reduction.”**
Molecular catalysts, especially noble metal (Rh, Re, and Ir)
2,2"-bipyridine complexes have been broadly studied as photo-
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metal ions and ligand structures."*>° As homogeneous cata-
lysts, they always suffer from the limited photostability, tend to
dimerize and further deactivate under illumination con-
ditions. Besides, the difficulty of the recovery of molecular cat-
alysts also hinders their practical applications. To solve the
above obstacles, molecular catalyst heterogenization has
proved to be a feasible strategy that can bridge the excellent
catalytic performance of molecular catalysts and the robust-
ness and recyclability of heterogeneous -catalysts.>"?*> In
general, molecular catalysts are still apt to leach from the
support to the solution under long-term conditions if the two
are combined by non-covalent attachment. Therefore, the con-
finement of molecular catalysts into MOFs or COFs is an
appealing strategy as their stability and recyclability would
obviously be enhanced, and the porosity of MOFs or COFs
would contribute to rapid CO, diffusion and exposure of more
catalytic sites.”* " However, the problem lies with extra photo-
sensitizers, most of which are ruthenium 2,2-bpy molecular
photosensitizers, need to be added because the majority of
MOFs or COFs lack sufficient photosensitivity to generate ade-
quate electrons to reduce CO, under illuminations.”®*° Hence,

This journal is © The Royal Society of Chemistry 2023
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the optimal approach is to couple molecular catalysts with
semiconductors via covalent connections to fabricate the func-
tion-integrated heterogeneous photocatalysts and the resultant
composite would facilitate rapid separation of the photo-gener-
ated electrons and holes and then photo-induced electrons
migrate from the photosensitizer to molecular catalysts units,
further heightening the photocatalytic performance.

Visible light-responsive graphitic carbon nitride (g-CN) as
an organic polymeric semiconductor possesses a suitable
bandgap (2.7 eV), easy preparation, and excellent thermal and
chemical stability, which has been extensively investigated in
photocatalytic CO, reduction, especially its two-dimensional
planar structure is beneficial to more CO, absorbed and more
catalytic centers exposed.’*° Several metal complexes based
on Rh, Co have been reported in the hybrid form with g-CN
through non-covalent or covalent interaction for photocatalytic
CO, reduction and exhibited high turnover numbers and con-
siderable robustness under long-term irradiation and covalent-
linkage-boosted electron-transfer from g-CN to molecular cata-
Iytic centers.>*™*! Although the above strategy has made great
progress towards CO, photo-reduction, there are still some
aspects to be addressed. The first one is that the amino groups
situated at the edges of g-CN are difficult to quantify and tra-
ditional liquid organic synthesis to link molecular catalysts
with powder-state g-CN is time-consuming. The second is that
pristine g-CN still suffers from the limited specific surface area
and rapid recombination of photo-generated charge carriers,
and the efficiency of the photo-induced electron transfers to
the catalytic units is restricted. How to covalently link mole-
cular metal complexes with g-CN and simultaneously optimize
the physic-chemical properties of g-CN would dramatically
promote CO, photoreduction efficiency?

Copolymerization with organic molecules bearing suitable
functional groups such as amino, cyano, or aldehyde is a
widely adopted approach to tuning the properties of g-CN.*>™”
A series of organic molecules have been covalently embedded
into the skeleton of g-CN through facile one-pot thermal copo-
lymerization and the visible-light absorption range, the
specific surface area, and the conductivity of g-CN were appar-
ently elevated to different degrees. To incorporate the dual-
functional organic molecules, for example, 2,2’-bpy, which can
not only regulate the properties of g-CN, the N atoms in 2,2"-
bpy can concurrently coordinate with metal atoms as single-
site catalytic centers is still less studied up to now.

Addressing this demand, herein, we choose 2,2"-bpy ligands
modified with aldehyde groups in 5,5" positions to copolymer-
ize with urea to covalently integrate 2,2"-bpy into the matrix of
2-CN through imine bonds, the resultant g-CN coordinates
with the earth-abundant transition metal cobalt as the cata-
lytic active centers. The experiments show that the obtained
2-CN-bpy-Co can effectively reduce CO, to CO with high activity
(106.3 pmol g h™") and durability under visible-light
irradiation. In addition, the control experiments demonstrate
that the increased specific surface area, the extended light-
absorption range, and the covalent bonds between the mole-
cular catalyst and photosensitizer g-CN are the key factors
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responsible for superior CO, reduction performance than that
of other hybrid means between g-CN and Co-2,2"-bpy.

Results and discussion

The thermal stability of 2,2"-bpy-5,5'-dialdehyde was first exam-
ined by thermogravimetric analysis (Fig. S1t), and the result
showed that the first stage weight loss occurred at 150 °C. The
temperature that urea melted to its liquid state usually occurs
at 120 °C (ref. 48) and this liquid state will provide an environ-
ment to promote imine bonds formation and prevent 2,2"-bpy-
5,5'-dialdehyde from decomposition or carbonization during
the copolymerization process. In addition, this molten liquid
medium will also promote a 2,2"-bpy skeleton well-distributed
in the matrix of g-CN.

All g-CN-bpy samples were fabricated via one-pot thermal
co-polymerization employing different mass ratios of urea and
2,2'-bpy-5,5"-dialdehyde as co-monomers. The photocatalysts
g-CN-bpy-Co were synthesized by g-CN-bpy coordinated with
different Co precursors via the hydrothermal method, as simu-
lated in Scheme 1.

SEM images show that g-CN-x mg bpy (x = 0.5, 2, and 10)
basically maintained a flaky nanostructure (Fig. 1b-d) as pure
2-CN (Fig. 1a) except more mesoporous were generated along
with the increasing content of 2,2-bpy-5,5"-dialdehyde, match-
ing well with the translucent porous nanosheets images inves-
tigated by TEM (Fig. 1f and g) in contrast with that of g-CN
(Fig. 1e). It implies that the introduction of the ligands 2,2'-
bpy as co-monomers indeed alters the condensation process of
thermal polymerization. TEM mapping showed that the
elements carbon, nitrogen, and cobalt are evenly distributed in
the selected region, demonstrating that cobalt-2,2’-bpy was
uniformly embedded into the skeleton of g-CN.

N, adsorption-desorption measurements were carried out
to inspect the specific surface area and mesopore distribution.
An obviously enhanced adsorption capacity was observed from
the BET isotherms (Fig. 2a) and the specific surface area
increased from 37 m* g~* of g-CN to 100 m” g~ " of g-CN-2 mg-
bpy. The isotherm for g-CN-2 mg bpy exhibited an apparent
Hi1-type hysteresis loop at a relative pressure P/P, > 0.8, indicat-
ing the production of abundant mesopores, which is in accord-
ance with the SEM and TEM results. The pore size distribution
was mainly concentrated at 2.5 nm and 26 nm and the pore
volume was dramatically promoted compared to that of pris-
tine g-CN.

The XRD patterns of g-CN-x mg bpy show two distinct diffr-
action peaks at 13.2° and 27.4° were nearly the same as those
in g-CN (Fig. 2b), which corresponded to (100) and (002)
crystal planes, respectively, indicating that the crystal struc-
tures remained almost unchanged after copolymerization. The
(100) crystal plane is attributed to the in-plane repeating motif
of tri-s-triazine and the (002) plane originating from the inter-
layer stacking of the aromatic systems, which were gradually
weakened and broadened; especially, the 26 of the (002) plane
became smaller meaning that the distances between two adja-
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Scheme 1 Schematic illustration of the process of Co-2,2’-bpy covalently embedded into the framework of g-CN.
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Fig. 1 SEM images of g-CN (a), g-CN-0.5 mg bpy (b), g-CN-2 mg bpy (c),

and the elemental mapping of g-CN-2 mg bpy-Co (h).

cent layers of g-CN gradually enlarged along with the increase
in the mass of 2,2"-bpy-5,5'-dialdehyde.

FT-IR spectra were further collected to reveal the chemical
structures of g-CN-x mg bpy (Fig. 2¢) and the results displayed
identical characteristic absorption peaks as g-CN. The typical
peak at 810 cm™ " is ascribed to the bending vibration of the
triazine ring and the peaks around 1200-1720 cm™" are
assigned to the stretching vibrations of aromatic heptazine
heterocycles, the broad peaks at 3000-3500 cm™" are the con-
tributions from the NH, groups located on the edges of the
g-CN nanosheets. The characteristic peak at 1685 cm™" belong-
ing to the C=O0O of 2,2-bpy-5,5-dialdehyde disappeared and
the formed imine bonds (C-C=N) ought to be located in the
range of 1690-1640 cm ™" were not observed (Fig. S21), perhaps
due to the overlap with the peaks of heptazine heterocycles
(N-C=N) of g-CN-2 mg bpy or were too weak to be seen.

5038 | Nanoscale, 2023, 15, 5036-5043

g-CN-10 mg bpy (d). TEM images of g-CN (e), g-CN-2 mg bpy (f and g),

The interfacial interaction and the surface chemical states
were investigated by the XPS technique. As to g-CN, the
binding energy of C 1s is dominantly situated at 288.12 eV,
corresponding to the sp>-hybridized C from N-C=N. While
the C 1s spectra of g-CN-2 mg bpy were divided into two peaks,
the position at 284.72 eV is attributed to sp>hybridized C=C
that belonged to 2,2-bpy,** the area of which increased with
the content of 2,2"-bpy added (Fig. S3t), fully demonstrating
that the ligands were kept intact after thermal polymerization
(Fig. 2d). The N 1s spectrum of g-CN was deconvoluted into
three peaks at 398.4, 400.1 and 401.3 eV (Fig. 2e), belonging to
the sp>-hybridized N (C-N=C) in the triazine rings, the sp’-
hybridized N (N-C;3) in the melem motif center, and NH,
groups in the g-CN framework, respectively. The peaks of sp-
hybridized N (C-N=C) in g-CN-2 mg bpy shifted to the higher
binding energy of about 0.24 eV compared with those of g-CN,

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 N, adsorption—desorption isotherms and pore size distribution profile (inset) of the prepared samples of g-CN and g-CN-2 mg bpy (a), XRD
patterns (b), FT-IR spectra (c) of g-CN and g-CN-x mg bpy (x = 0.5, 1, 2, 10, 20), and high-resolution XPS spectra Cls (d), N1s (e), Co2p (f) of g-CN,

g-CN-2 mg bpy and g-CN-2 mg bpy-Co.

indicating that the electron cloud density in the heptazine ring
decreased with the introduction of 2,2-bpy, which sufficiently
indicates the covalent interaction between g-CN and 2,2'-bpy.
The elemental analysis outcomes gained from XPS are presented
in Table S1;f the ratio of C/N increased accompanied by the
improvement in the introduction amount of 2,2-bpy. In addition,
the content of different functional groups determined from the
XPS results is also presented (Tables S2 and S3f). From the
deconvoluted peaks of N 1s, the -NH, content was increased,
which is consistent with the size of the g-CN-2 mg bpy
nanosheets diminishing and the increases in the specific surface
area. The -NH, groups suspending on the edges of the
2-CN-2 mg bpy nanosheets correspondingly climbed. As to the
sample g-CN-2 mg-bpy-Co, the binding energy of N (C-N=C)
exhibited a weak shift from 398.7 to 398.8 eV, indicating the
coordination interactions between N and Co. The loading
content of Co was 0.1% measured by ICP and the fitting peak of
2P/ at 781.1 eV is the characteristic of Co** species.

The optical absorption properties of the g-CN and g-CN-x
mg bpy were analyzed by UV-vis diffuse reflectance spec-

(b)

—_
Y]
e’

troscopy (Fig. 3a). The absorption threshold of g-CN is about
450 nm, while the absorption band edges of g-CN-x mg bpy
are gradually red-shifted accompanying raising of the amount
of 2,2"-bpy. The corresponding band gaps calculated are
2.79~2.55 eV according to the Tauc plots method (Fig. 3b),
implying that the ligands have been incorporated into the
lattice of g-CN connected by imine bonds, and the conjugated
structure was expanded. Furthermore, the visible-light harvest-
ing range of g-CN-x mg bpy was steadily widened, which is in
line with the color changes of the samples (Fig. S47).

EPR measurements were conducted to further study the
electronic structure of the material. Compared with pure g-CN,
the sample g-CN-2 mg bpy exhibited remarkably enhanced
signals of the Lorentzian line with a g value of 2.0034 arising
from the unpaired electrons in the CB of g-CN (Fig. 3c),
demonstrating that more unpaired electrons were generated at
the interface of 2,2"-bpy and g-CN. Especially under illumina-
tion conditions, the charge separation efficiency of g-CN-2 mg
bpy was promoted more dramatically than that of g-CN. As to
the sample g-CN-2 mg bpy-Co, the intensity of the signals was
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Fig. 3 UV-vis absorption spectra (a), plots of transformed Kubelka—Munk function corresponding band gap energies of g-CN and g-CN-x mg bpy
(x =0.5, 1, 2,10, 20) (b), EPR signals of g-CN, g-CN-2 mg bpy and g-CN-2 mg bpy-Co (c).
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further strengthened, indicating that the introduction of the
catalytic center Co would be conducive to more unpaired elec-
trons arising from the efficient separation of the generated
electrons-holes.

Photocatalytic performance

The photocatalytic performances of the composites were evalu-
ated from CO, reduction, which was carried out under mildly
visible light irradiation employing a 5 W LED lamp as the
lighting source (1 > 420 nm), acetonitrile as the reaction
solvent, TEOA as the sacrificial electron donor and simul-
taneously providing protons. The main reduction product was
CO along with a certain amount of H, generated as a bypro-
duct. There was no CO produced when employing N, instead
of CO,, preliminarily demonstrating that CO originated from
the reduction of CO,.

The photoactivity of g-CN-Co and g-CN-x mg bpy Co are pre-
sented in Fig. 4a, CO and H, were selected as the major pro-
ducts to assess the activity and selectivity of all the samples. As
can be seen, the CO evolution rate of the pristine g-CN with
Co®" loaded as the catalytic active centers was 1.3 pmol g~*
h™", accompanied by H, evolution at the rate of 1.1 umol g™*
h™ and the selectivity was 54%. When the ligands 2,2'-bpy are
embedded into the matrix of g-CN and coordinate with Co®" as
single-site molecular catalysts, the CO generation rate was
obviously enhanced and gradually heightened along with the
increasement amount of 2,2"-bpy until 2 mg. The CO evolution
rate can reach up to 106.3 pmol g~' h™" with a selectivity of
97% over H,, which is more than 82 folds than that with
2-CN-Co, The CO evolution rate descended when the amount
of 2,2"-bpy exceeded 2 mg, maybe the introduction of too
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much ligand would destroy the conjugate structural integrity
of g-CN and further weaken its light-harvesting ability.

A series of control experiments were also carried out to
investigate the crucial factors responding to the excellent catalytic
activity and selectivity (Fig. 4b). The complex Co-2,2"-bpy was first
synthesized by refluxing Co(CH;COO),-4H,0 with 2,2"-bpy-5,5'-
dialdehyde in ethanol and then mixed with g-CN to form a
hybrid through non-covalent physical grinding. The CO evolution
rate exhibited certain optimization (1.6 pmol g~' h™") with a
selectivity of 47% over H,, illustrating that the covalent linkage
between molecular catalysts and g-CN is essential. Subsequently,
the complex Co-2,2"-bpy, and pristine g-CN were covalently con-
nected by imine bonds by refluxing in ethanol. The CO gene-
ration rate improved to 11.2 pmol g' h™" but the selectivity
dropped to 15%, demonstrating that the complex Co-2,2"-bpy pre-
ferred to reduce the proton to H, when grafted onto the edges of
2-CN by means of the post-synthetic modification.

The effects of different coordination environments, includ-
ing different cobalt precursors (u) and valence states (u) on
photocatalytic performance, were also examined. As can be
seen in Fig. 4c, all cobalt (u) performed well in CO, reduction
activity around 90 pmol g~ h™", especially with excellent
selectivity of 97% over H, evolution. When employing cobalt
() as the catalytic centers, the CO generation rate presented a
certain declination to 60 pmol g~* h™", while still maintaining
good selectivity towards proton reduction, illustrating that the
cobalt (u) exhibited superior catalytic performance towards
CO, reduction than cobalt (m), but the catalytic performance
has little connection with the anions of cobalt precursors.

The long-term stability of g-CN-2 mg bpy-Co was also inves-
tigated (Fig. 4d). When the complex Co-2,2"-bpy was embedded
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Fig. 4 Under visible light irradiation (1 > 420 nm), acetonitrile was used as the solvent, TEOA was used as the sacrificial agent, the CO and H, pro-
duction rates of g-CN-Co and g-CN-x mg bpy Co samples (a), CO and H, production rate of g-CN-2 mg bpy-Co in comparison with the reflux of
g-CN and bpy-Co at 80 °C in ethanol, the physical mixture of g-CN and Co-2,2'-bpy (b), CO and H, production rate of the diverse coordination
environment covering various cobalt precursors (1) and valence states (i) (c), long-term durability of g-CN-2 mg bpy-Co sample during 72 h under
visible light irradiation (d), recyclability evaluation of g-CN-2 mg bpy-Co under light condition for 4 cycles and each cycle lasted 4 h (e), the isotope

labelling experiment to verify the origin of ¥*CO (f).
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into the skeleton of g-CN, they possessed superior robustness
and their CO, reduction activity maintaining a nearly linear
growth of up to 72 hours with the average CO evolution of
41.2 pmol g~* h™". As a heterogeneous photocatalyst, the cata-
lytic recyclability of g-CN-2 mg bpy-Co should also be evaluated
(Fig. 4e), the experiments showed the CO production rate pre-
sented no noticeable declination after four consecutive cycles
and each cycle lasted for 4 h, demonstrating its excellent
robustness.

The isotope experiment was further conducted by employ-
ing *CO, as the reactant to confirm the origin of the produced
CO. The GC-MS results (Fig. 4f) showed that the peak situated
at 4.3 min was attributed to m/z = 29 and assigned to *CO,
implying that the CO indeed came from the CO, reduction,
not from the decomposition of other components.

Lastly, the photocatalyst was recovered when the reaction
was completed and characterized by FT-IR, XRD, SEM, and
TEM (Fig. S51). The results indicated that the morphology of
the recovered photocatalysts was kept intact, and their chemi-
cal and crystal structures were also retained after long-term
irradiation, suggesting the excellent stability of g-CN-2 mg
bpy-Co.

Structure-activity relationship and mechanism discussion

Based on the above catalyst characterizations, the excellent
photocatalytic CO, reduction activity and selectivity can be
ascribed to the following factors. The covalent combination of
2,2"-bpy-5,5'-dialdehyde with g-CN via thermal copolymeriza-
tion not only provided coordination sites for Co ions but also
enlarged the specific surface area and extended the visible-
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light absorption range of g-CN. The inflated specific surface
area of g-CN-2 mg bpy-Co is conducive to the adsorption of
CO, molecules on its surface and exposure to more catalytic
active centers. Simultaneously, the enhanced light harvesting
ability increases the utilization and conversion of solar energy
to chemical energy.

The migration and separation efficiency of the photo-gener-
ated electron-hole pairs is another crucial factor affecting
photocatalytic performance. The combination of the electrons
and holes was greatly inhibited due to the diminished thick-
ness of the g-CN-2 mg bpy-Co nanosheets. The covalent imine
bonds facilitated the electrons transferred from photosensiti-
zer g-CN parts to the complex Co-2,2"-bpy, which can be con-
firmed by the steady-state and time-resolved photo-
luminescence spectra. The emission intensities of g-CN-2 mg
bpy and g-CN-2 mg bpy-Co were significantly reduced in com-
parison with that of g-CN (Fig. 5a), indicating a lower combi-
nation rate of photo-generated charge carriers. The time-
resolved photoluminescence spectra were also recorded to
characterize the dynamic charger behaviors (Fig. 5b). The
samples g-CN-bpy and g-CN-bpy-Co exhibited relatively fast
decay kinetics and the average lifetimes calculated from
double exponential function fitting were 4.46 and 3.95 ns,
respectively, less than 6.35 ns of g-CN. The electron transfer
rate (kgr) calculated by employing the equation*® from
Table S47 was 9.6 x 10" s™* between g-CN and the complex Co-
2,2'-bpy, illustrating a fast spatial charge separation efficiency
through imine bonds.

Electrochemical impedance spectroscopy (EIS) was per-
formed to examine the interfacial properties of the photocata-
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Fig. 5 Steady-state PL spectra (a), transient state PL spectra and fitting results (b), EIS Nyquist plots (c), photocurrent—potential curves (d), Mott—
Schottky plots collected at different frequencies (1000 Hz, 1100 Hz, and 1200 Hz) (e), the electronic band structure of pure g-CN, g-CN-2 mg pby

and g-CN-2 mg bpy-Co (f).
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lysts. The results showed that the arc radii of g-CN-2 mg bpy
and g-CN-2 mg bpy-Co were much smaller than that of pristine
g-CN (Fig. 5c¢, Table S5%), indicating a lower resistance to a fast
interfacial charge-carrier transfer of electrons when 2,2-bpy
was incorporated into the matrix of g-CN.

The charge separation efficiency was further studied by a
photoelectrochemical test. The samples g-CN-2 mg bpy and
g-CN-2 mg bpy-Co exhibited fast and steady photocurrent
responses for ten repetitive cycles without significant decay
(Fig. 5d), indicating the robustness of the samples under light
irradiation. Moreover, the enhanced photocurrent density of
g-CN-2 mg bpy and g-CN-2 mg bpy-Co proved that the inter-
faces constructed between 2,2"-bpy, and g-CN were favourable
for charge separation and transfer compared with the photo-
current density of pure g-CN, which is consistence with the EIS
analysis.

The band structure alignment was also analyzed based on
UV-vis diffuse reflectance and electrochemical measurements,
among which the flat potential was derived from Mott-
Schottky plots (Fig. 5e). The calculated bandgap of g-CN-2 mg
bpy was 2.7 eV, a trifle narrower than that of g-CN (2.79 eV),
and the bandgap of g-CN-2 mg bpy-Co was slightly enlarged to
2.74 eV with the CB potential of —1.44 V vs. NHE, which is
more negative than that of the required potential for reducing
CO, to CO (=0.53 V, Fig. 5f).

Based on the results of the above study, a possible mecha-
nism employing g-CN-bpy-Co for CO, photoreduction with
high activity and selectivity (Table S6t) was proposed in Fig. 6.
g-CN functioned as the photosensitizer absorbing visible light,
especially, the light-harvesting ability of g-CN-bpy-Co was
enhanced with the introduction of the ligand 2,2"-bpy. The
electrons excited from the valence band of g-CN-bpy-Co to the
conduction band under irradiation, the reduced size of the
g-CN-bpy-Co nanosheets and lower resistance are conducive to
inhibit electron-hole pairs recombination, promoting the elec-
trons to migrate to 2,2-bpy-Co part, which functioned as the
catalytic center, and this process was accelerated by the

| |

CO evolution rate: 106.3 pmol g! h!
CO selectivity: 97 %

Fig. 6 The path of photo-induced electron transfer in the photo-
catalytic reduction of CO, to CO by g-CN-2 mg bpy-Co.
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covalent imine bonds that connected g-CN and 2,2’-bpy-Co.
Meanwhile, the expanded specific surface area of g-CN-bpy-Co
boosted the adsorption of more CO, molecules on its surface
and more catalytic active centers Co were exposed, where CO,
molecules chelated with Co and were activated. The stoichio-
metric transformation of CO, to CO is through the reaction:
CO, + H,O — CO + H, + O,. The process involves one electron
participating to reduce CO, to CO, ", which is not easy at the
reduction potential (—1.9 V) that is far higher than the conduc-
tion band of g-CN-bpy-Co (—1.44 V). As such, the proton-
coupled two electrons reduction is more favored, resulting in
CO, reduction to CO (CO, + 2H' + 2~ — CO + H,0, —0.53 V).
On the other hand, TEOA was employed as a sacrificial agent
to capture the unreacted photo-induced holes to further
promote the separation of electron-hole pairs and elevate the
catalytic reduction activity. The excellent selectivity of g-CN-
bpy-Co may be attributed to the uniformity of the coordination
surrounding the catalytic center Co.

Conclusion

In summary, this paper describes the facile construction of
function-integrated photocatalysts for CO, reduction. The
ligand bipyridine dialdehyde was embedded into the frame-
work of g-CN via covalent imine bonds through copolymeriza-
tion, then, cobalt ions coordinated with the ligand and func-
tioned as single-site catalytic centers. The heterogeneous
nanocomposite not only exhibited excellent CO, reduction
efficiency but also possessed outstanding long-term stability
and multiple recyclabilities without apparent loss in the cata-
Iytic performance, benefitting from the optimized properties
of g-CN as the enlarged specific surface area, the extended
light-absorption range, and the covalent bonds between the
molecular catalyst and photosensitizer g-CN.
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