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organic layers/carbon nitride
nanosheet composites as 2D/2D heterojunctions
for efficient CO2 photoreduction†

Wei Yang,‡ab Xiao Lin, ‡a Wen-Jie Shi, ‡a Ji-Hong Zhang,a Yu-Chen Wang,a

Ji-Hua Deng,*a Di-Chang Zhong *a and Tong-Bu Lu *a

Metal–organic layers (MOLs), a new class of 2D photocatalysts with abundant readily accessible active sites,

have emerged as a new 2D catalysis platform. Most pristine MOLs possess large band gaps and merely

harvest ultraviolet light, which restricts their application in solar-driven CO2 reduction. If MOLs are

combined with visible-light-active semiconductors, it may overcome the shortage and construct

efficient CO2 reduction photocatalysts. Herein, a series of 2D/2D TM-MOLs/CN (TM = transition metal;

CN = g-C3N4) heterogeneous composites were assembled by an in situ ultrasonic-assisted synthesis

method. The resultant Co-MOL/CN(400) exhibited excellent photocatalytic CO2 reduction performance,

with a CO formation rate of 539 mmol h−1 g−1 and a selectivity of 79.8%. The proximity of the interfacial

contact between Co-MOL and CN facilitates charge carrier separation/transfer from the photosensitizer

to catalytic centers, which affords a superior photoactivity performance compared to most MOFs/CN

(MOF = metal–organic frameworks) analogous hybrid photocatalysts. This heterogeneous composite

thus represents a remarkable stepping stone in 2D/2D assembled multifunctional materials for studying

the artificial photocatalytic reduction of CO2 to solar chemicals and fuels.
1 Introduction

Sunlight-driven CO2 conversion to fuels or chemicals is one of
the most potent approaches to ease energy shortage and envi-
ronmental crisis.1–6 Porous metal−organic frameworks (MOFs)
have provided a promising platform for photocatalytic CO2

reduction due to their structural regularity and molecular
tunability.7–9 Pristine MOFs have exhibited good CO2 photore-
duction activity, such as Co-ZIF-9,10 MIL-101(Fe),11 NH2-UiO-66
(Zr),12 PCN-222,13 and MAF-X27l-OH.14 However, the insuffi-
cient active sites and poor mass/charge transfer ability of MOFs
hinder their further activity enhancement in photocatalytic CO2

reduction.
Shaping MOFs into 2-dimensional (2D) metal–organic layers

(MOLs) has become a popular method to solve these obstacles.
MOLs, as a new class of 2D crystalline catalysts, not only inherit
the open double-sided planar structures and unique electronic
properties of 2D materials but also overcome the mass/charge
Carbon Technologies, School of Material

istry & Chemical Engineering, Tianjin

hina. E-mail: djhycu_2006@aliyun.com;

edu.cn

aboratory of Coal Conversion, Chinese

a

tion (ESI) available. See DOI:

is work.

f Chemistry 2023
diffusion limitation. In addition, these exposed active sites in
MOLs will more easily contact CO2 molecules and speed up the
reaction.15–19 For instance, Lin et al. introduced M(bpy)(CO)3X
(M = Re or Mn) moieties into linear mono-carboxylic bipyridine
ligand functionalized Hf12–Ru MOLs, and the resulting Re–Ru
Hf12 MOLs achieved a total turnover number (TON) of 8613 in
photocatalytic CO2-to-CO conversion.20 Peng et al. combined
Ni3HITP2 and rGO to construct a 2D/2D lm, and the NHPG-2
lm was able to achieve a high CO evolution rate of 3.8 × 104

mmol h−1 glm
−1.21 We rstly reported enhanced catalytic

activity by tuning the exposed crystal facets in 2D Ni-based
MOLs. The MOL, exposing rich (100) crystal facets (Ni-MOL-
100), shows a much higher photocatalytic CO2-to-CO activity
than the one exposing (010) crystal facets (Ni-MOL-010).22

Evidently, MOLs thus present a novel and reachable platform
for studying CO2 photoreduction.

To expand the application of MOLs in solar-driven photo-
catalytic CO2 reduction, MOLs' photo-response ability needs to
be enlarged because most pristine MOLs possess a large band
gap andmerely harvest ultraviolet (UV) light.23–25 Inspired by the
above studies, compositing MOLs with a visible-light-active
semiconductor is an effective means to extend the photo-
response of MOLs towards the visible region. Graphitic
carbon nitride (CN) is a desired candidate semiconductor. CN
possesses a suitable band gap (z2.7 eV) to harvest visible light.
Their negative conduction band (CB) with sufficient thermo-
dynamic energy could effectively promote CO2
J. Mater. Chem. A, 2023, 11, 2225–2232 | 2225
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photoreduction.26–30 This made CN popular in the photo-
catalytic energy conversion research community.31–36 Conse-
quently, coupling 2D MOL architectures with CN to form 2D/2D
heterojunctions can realize the development of expected CO2

photoreduction catalysts.37,38 In 2D/2D MOLs/CN hetero-
junctions, intimately contacted interfaces between different
layers of materials can ensure fast and efficient photo-generated
carrier transfer and separation. Moreover, the CN may stabilize
the MOLs in CO2 photoreduction by performing as a substrate
and template.

To implement this scheme, we synthesized a series of 2D/2D
TM-MOLs/CN heterostructure photocatalysts by using a facile
ultrasonic-assisted synthesis method. Owing to the unsaturated
coordination sites and opposite charges in MOLs and CN, it is
easy for them to form a stable 2D/2D conguration. Introducing
MOLs into the surface of CN will generate more active sites and
promote e− − h+ separation during the CO2-to-CO conversion.
The CO2 reduction performance tests exhibit a strong depen-
dence on the nature of the transition metal, not only in the yield
of CO but also in terms of the CO/H2 molar ratio. Particularly,
the as-synthesized Co-MOL/CN(400) exhibits excellent visible-
light photocatalytic CO2 reduction performance, with the CO
production rate of 539 mmol h−1 g−1, much higher than those of
CN, Co-MOL, Co-MOF/CN, and other TM-MOLs/CN composites
in the same reaction. To the best of our knowledge, Co-MOL/
CN(400) represents one of the most active noble-metal-free
CN-based photocatalysts for CO2 reduction.39–41 This work
provided instructive guidance for the rational design of MOL-
based 2D/2D composites for photocatalytic CO2 reduction.
2 Experimental
2.1. Materials

All chemicals and materials were commercially obtained and
used without further purication. Naon solution (5 wt%) was
purchased from Alfa Aesar. All solutions used in the electro-
chemical experiments were prepared with Millipore water (18.2
MU). The purity of both argon and CO2 is 99.999%. The MOLs
and CN were synthesized according to the modied literature
methods.
Fig. 1 (a) Schematic illustration of the synthesis procedure of MOLs
onto the surface of CN. (b) HRSEM, (c) TEM, (d) AFM images, and (e) the
corresponding height profiles of Co-MOL/CN(400). (f–j) EDX
elemental mapping results of Co-MOL/CN(400).
2.2. Preparation

The synthesis methods of CN and 2D MOL hybrid nanosheets
have been reported in the literature.42,43

2.2.1 Synthesis CN nanosheets. CN was prepared by using
urea as a precursor. Urea was placed in a tube furnace and
heated to a specied temperature with a heating rate of 5 °
C min−1. The furnace cooled down to room temperature aer
being kept at 550 °C for 2 h in air. The collected light-yellow
powder was ready for structural characterization and catalytic
performance evaluation.

2.2.2 Synthesis of 2D MOL. In a typical procedure, tereph-
thalic acid (24.9 mg, 0.15 mmol) and Co(NO3)2$H2O (43.7 mg,
0.15 mmol) were dissolved in 7.2 mL DMF/H2O/ethanol (16 : 1 :
1) mixed solvent under ultrasonication. Aer getting the
transparent solution, TEA (0.16 mL) was quickly injected into
2226 | J. Mater. Chem. A, 2023, 11, 2225–2232
the above solution. Then, the colloidal solution was continu-
ously ultrasonicated for several hours (40 kHz) under airtight
conditions. Finally, the resulting precipitate was collected via
centrifugation and washed with H2O three times. The nal
product was dried at 50 °C for 12 h in an oven.

2.2.3 Preparation of 2D/2D Co-MOL/CN nanocomposites.
In a typical procedure, a certain amount of CN (100, 200, 300,
400, 500, 600, or 800 mg) and Co(NO3)2$H2O (43.7 mg, 0.15
mmol) was dispersed in 7.2 mL DMF/H2O/ethanol (16 : 1 : 1)
mixed solvent with ultrasonication for 1 h. Then, 0.15 mmol
H2BDC was dissolved in themixed solution and stirred for 0.5 h.
Aerward, TEA (0.16 mL) was quickly injected into the solution
and ultrasonicated (40 kHz) the colloidal solution for several
hours under airtight conditions. Depending on the different
masses of CN in Co-MOL/CN, the derived samples were labelled
as Co-MOL/CN(100), Co-MOL/CN(200), Co-MOL/CN(300), Co-
MOL/CN(400), Co-MOL/CN(500), Co-MOL/CN(600), and Co-
MOL/CN(800), respectively.
3 Results and discussion
3.1. Fabrication and characterization of TM-MOL/CN

TM-MOL/CN composites were obtained in solution by in situ
nucleation and oriented growth methods (Fig. 1a). As shown in
Fig. S1,† pristine CN with abundant N sites and defect vacancies
exhibited a negative zeta potential of −28.8 mV in pure water
solution (pH ∼ 6.8). The transition metal precursor (Fe2+, Co2+,
Ni2+, Cu2+) could steadily adsorb on the surface of CN by elec-
trostatic interaction. When the organic linker terephthalic acid
is added, it connects with the absorbed metal cations, and thus
the formed TM-MOL would tightly anchor on the CN surface
through an impregnation-ultrasound process (Fig. 1a). In
addition, the represented Co-MOL presented a positive zeta
potential (∼20.7 mV) (Fig. S1†). The electrostatic attraction
between Co-MOL and CN could further enhance the 2D/2D
composite structure stabilization and charge transfer
This journal is © The Royal Society of Chemistry 2023
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efficiency. We obtained several Co-MOL/CN composites with
different weight ratios of Co-MOL and CN, by varying CN
amounts and named as Co-MOL/CN(x) (x = 100, 200, 300, 400,
500, 600, 800), respectively. The results of the Co content in Co-
MOL/CN(x) composites were measured by inductively coupled
plasma-mass spectroscopy and presented in Table S1.†

High resolution scanning electron microscope (HRSEM) and
transmission electron microscopy (TEM) images show the CN
surface is smooth with curled edges (Fig. S2a and S3a†), and Co-
MOL presents a thin 2D layer structure (Fig. S2b and S3b†), while
the Co-MOL/CN(400) surface displays grinding morphology
(Fig. 1b). In the atomic force microscope (AFM) image (Fig. 1d
and e), the thickness of Co-MOL/CNs is 10.5 ± 0.2 nm, corre-
sponding to the height of CN (6.4 ± 0.6 nm) and Co-MOL (4.1 ±

0.3 nm) (Fig. S4†). Furthermore, TEM images of Co-MOL/CN(400)
show that Co-MOL arrays (>100 nm) adsorbed on the CN surface
tightly (Fig. 1c). The elemental mapping images of Co-MOL/
CN(400) further evidence the successful growth of Co-MOL
nanosheet arrays on the CN surface (Fig. 1f–j).
3.2. Structure characterization

The powder XRD of CN shows two diffraction peaks at 13.1° and
27.4° (Fig. 2a), which belong to the (100) and (002) planes (red
line), respectively. The powder XRD of Co-MOL shows that the
diffraction pattern is in good agreement with the simulation of
(Co2(OH)2(BDC); CCDC NO. 985792).44 The diffraction peaks at
8.9°, 15.8°, and 17.8° correspond to the (200), (−201), and (400)
crystal planes, respectively. As shown in Fig. 2a, the PXRD of the
Co-MOL/CN composite shows diffraction peaks of two-phase
(MOF and CN), further proving Co-MOF could grow on the
rough CN surface. Along with the increase in the CN content,
the intensities of diffraction peaks of Co-MOL become weaker.
For different transition metal sample TM-MOL/CN composites,
typical diffraction peaks of two-phase (MOL and CN) were also
observed in the PXRD pattern (Fig. S5†). These results further
illustrate the successful combination of TM-MOL and CN.

To further study the nature of the interactions between Co-
MOL and CN, infrared spectra were screened for Co-MOL, CN,
and Co-MOL/CN(400). The results show that for Co-MOL, there
are two intense absorption bands at 1582 and 1355 cm−1, which
correspond to the characteristic peaks of nas (–COO

−) and ns (–
COO−) (Fig. S6†). The stretching vibration of OH, COO, and
para-aromatic CH groups in pure Co-MOL are at ∼3610 cm−1
Fig. 2 (a) XRD patterns for different samples and XRD patterns of Co-
MOL/CN composite with different CN contents and bare Co-MOL. (b)
UV-Vis spectra of as-prepared Co-MOL, CN, Co-MOF/CN (400), Co-
MOL/CN (400).

This journal is © The Royal Society of Chemistry 2023
and 3550–3000 cm−1, respectively.45 For CN, the typical
stretching vibration bands presented at 1637, 1582, 1464, 1409,
1313, and 1245 cm−1 correspond to the characteristic peaks of
heterocycles, and the peak at 816 cm−1 belongs to the triazine
units.46 Co-MOL/CN(400) contains the characteristic peaks of
both Co-MOL and CN, despite the peak position and strength
slightly changing. This result reveals the tight connection
between Co-MOL and CN. UV-Vis absorption spectra show the
light-harvesting capability of CN, Co-MOL, and Co-MOL/
CN(400). As depicted in Fig. 2b, the pristine Co-MOL shows
an ultraviolet-light absorption, which attributes to the p–p*

transitions of organic ligands, and a visible-light adsorption
(660 nm) that attributes to the d–d transition of Co2+ (d7).47 In
contrast to Co-MOL and CN, the IR spectra of Co-MOL/CN(400)
composites show visible absorption from 430 nm, similar to
that of CN. The absorption edge of Co-MOL/CN(400) is also
similar to that of CN, indicating that electron donor centres
such as O were not doped into the crystal structure of CN.48

High-resolution X-ray photoelectron spectroscopy (XPS)
further proves the strong interaction between Co-MOL and CN
in Co-MOL/CN hybrid. The co-existing elements in Co-MOL/CN
verify the successful immobilization of Co-MOL on the surface
CN (Fig. S7†). The C 1s XPS spectra show two peaks at 284.8 and
288.5 eV (Fig. 3a), which can be assigned to the C–C or C]C and
O]C–O species in Co-MOL.49 In Fig. 3b, the peaks centred at
400.9, 399.9, and 398.6 eV correspond to the N–H, tertiary
nitrogen N–(C)3, and C–N]C groups in CN, respectively.50,51 The
binding energies of N 1s in the Co-MOL/CN hybrid shi to lower
binding energies (Fig. 3b). On the contrary, the signals in Co-
MOL appearing at 531.5 and 533.2 eV (corresponding to Co–O
and C–O, respectively; Fig. 3c), positively shi aer combining
with CN. Considering the indiscernible alternation of the Co 2p
peak shi (Fig. 3d), few Co ions were coordinated with CN.
Therefore, according to the above observations, the strong
interfacial connection between CN and Co-MOL may be derived
from the CN/OH hydrogen bond.
Fig. 3 High-resolution XPS spectra of (a) C 1s, (b) N 1s, (c) O 1s, and (d)
Co 2p of CN, Co-MOL, and Co-MOL/CN(400).

J. Mater. Chem. A, 2023, 11, 2225–2232 | 2227
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3.3. Photocatalytic properties

The photocatalytic CO2 reduction experiments by catalysts were
investigated in a CH3CN/H2O/TEOA solution under visible light
(l $ 420 nm) illumination. Typically, a 17 mL quartz vessel
containing a mixture of 5 mL CO2-saturated CH3CN/H2O/TEOA
(v : v : v = 3 : 1 : 1) and catalysts (2 mg) was illuminated for
a certain time. The gaseous products were detected by gas
chromatography, and the liquid products were examined by ion
chromatography. CO was the only carbon-based product of CO2

reduction, and no other carbonaceous signals were detected.
In the control experiment, no noticeable CO was detected

with Co-MOL, while with CN, the average CO production rate of
2.30 mmol g−1 h−1 was observed. Aer a small amount of Co-
MOL combined with CN, the photocatalytic activity was
enhanced remarkably. To optimize the selectivity and activity,
we tuned the ratio of Co-MOL and CN. We found that the
optimal catalyst was Co-MOL/CN(400), which produced 8.63
mmol CO and 2.17 mmol H2 under 8 h irradiation (Fig. 4a),
corresponding to the CO generated rate of 539.02 mmol g−1

cat

h−1 and a CO selectivity of 79.80%. This CO2 reduction rate is
superior to many reported C3N4-based photocatalysts (Table
S2†).

Along with the CN weight increasing from 0 to 400 mg, the
amount of generated CO increases, but with a further increase
in the CN weight, the amount of generated CO gradually
Fig. 4 (a) Time courses of photocatalytic CO2 reduction for Co-MOL/
CN(400). (b) CO production rates of CN and Co-MOL/CN(x) (0, 1, 2, 3,
4, 5, 6, and 7 correspond to CN, Co-MOL/CN(100), Co-MOL/CN(200),
Co-MOL/CN(300), Co-MOL/CN(400), Co-MOL/CN(500), Co-MOL/
CN(600), and Co-MOL/CN(800), respectively). (c) Control experi-
ments of photocatalytic CO2 reduction under different conditions. (d)
Gas chromatography andmass spectroscopy analysis of the generated
gas from the photocatalytic reduction of 13CO2 by Co-MOL/CN(400).
(e) CO2 photoreduction performance over CN, Co2+&CN(400), Co-
MOF&CN(400), Co-MOL&CN(400), Co-MOF/CN(400), and Co-MOL/
CN(400). (f) Durability tests for Co-MOL/CN(400).

2228 | J. Mater. Chem. A, 2023, 11, 2225–2232
decreases (Fig. 4b). This may be due to the excessive Co-MOL
overlapping on the CN surface, impeding the light absorption
of CN. The excessive Co-MOL may also act as a recombination
centre for charge carriers during the photocatalytic reduction
process. No appreciable CO or other hydrocarbon was detected
without light irradiation, catalyst, or CO2 introduction (Fig. 4c).
13CO2 Isotopic experiment further conrmed the source of CO
product. As shown in Fig. 4d, a peak with an m/z value of 29
corresponding to 13CO appears, directly evidencing that the CO
was generated from CO2. In comparison, we also synthesized
the bulky Co-MOF and prepared Co-MOF/CN(400) using
a similar method (see ESI Fig. S8–9†). The photocatalytic activity
of Co-MOF/CN(400) exhibits a lower CO yield (5.57 mmol;
Fig. 4e), which indicates that the nanosheet array structure is
benecial to improve the photocatalytic performance of the
MOF-CN composite. Physically mixed catalysts of Co2+&CN, Co-
MOF&CN, and Co-MOL&CN only produced 0.80, 1.59, and 2.78
mmol CO with a low CO selectivity of 27.35, 25.06, and 8.78%
under the same conditions, respectively. These observations
suggest that the close contact interface between Co-MOLs and
CN is very important for activity enhancement.

We also prepared different transition-metal organic layers
with CN by the same catalyst building method, including Ni-
MOL/CN, Fe-MOL/CN, and Cu-MOL/CN (see ESI, Fig. S5†).
The results of CO2RR exhibit that the catalytic activity is strongly
dependent on the nature of the transitionmetal. As displayed in
Fig. S10,† only a certain amount of H2 was detected for Fe-MOL/
CN(400) and Cu-MOL/CN(400). Ni-MOL/CN(400) could produce
CO in the reaction and the selectivity for CO was close to 100%;
however, only 0.70 mmol CO was achieved in the photocatalytic
system. These results demonstrate that Co-MOL/CN(400) is
more efficient for photocatalytic reduction of CO2 to CO than
other tested TM-MOL/CN(400).

The photocatalytic recyclability of Co-MOL/CN(400) is
examined with a 48 h photocatalytic reaction. As shown in
Fig. 4f, it is observed that the activity of Co-MOL/CN(400)
exhibits a negligible decrease in the sixth round of photo-
catalytic CO2 reduction reaction, implying reliable stability of
the composites. Furthermore, the robustness of Co-MOL/
CN(400) was proved by PXRD and UV-vis spectra. The PXRD
patterns and UV-vis spectroscopy of aer-reaction Co-MOL/
CN(400) show similar peaks to the freshly prepared Co-MOL/
CN(400) (Fig. S11–12†). All those results support the good
stability of Co-MOL/CN(400) during photocatalytic CO2-to-CO
conversion.
3.4. Catalytic mechanism

Various complementary characterizations were performed to
reveal the origin of the enhanced photocatalytic performance of
Co-MOL/CN(400). As shown in Fig. 5a, the CO2 adsorption
isotherms of Co-MOL/CN(400) (3.07 cm3 g−1) and Co-MOF/
CN(400) (2.64 cm3 g−1) exhibit better CO2 adsorption perfor-
mance than Co-MOL (1.69 cm3 g−1) and Co-MOF (0.81 cm3 g−1),
which indicates that the introduction of CN is benecial for
increasing CO2 adsorption. Relative to CN, the CO2 adsorption
of the composite materials slightly decreased. This may be
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) CO2 adsorption isotherms and (b) PL spectra of CN, Co-
MOF, Co-MOL, Co-MOF/CN(400), and Co-MOL/CN(400). (c) Tran-
sient photocurrent response of CN, Co-MOL, Co-MOF/CN(400) and
Co-MOL/CN(400). (d) Nyquist plots of electrochemical impedance
spectroscopy (EIS) of CN, Co-MOF/CN(400) and Co-MOL/CN(400) in
0.2 M Na2SO4 electrolyte.
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attributed to the fact that Co-MOF or Co-MOL adhered to the CN
surface, blocking the adsorption site of CO2 in CN.52 Further-
more, it is clearly found that Co-MOL/CN(400) shows a higher
CO2 adsorption capacity than Co-MOF/CN(400), further
revealing that the exposure of more active sites facilitates the
CO2 adsorption capacity.

The steady-state photoluminescence (PL) emission
measurements presented the separation efficiency of photo-
generated charge carriers. In Fig. 5b, the CN sample exhibits
a strong emission peak at ∼436 nm under a 380 nm excitation.
In comparison, the uorescence peak intensity of Co-MOL/
CN(400) decreases drastically, indicating the charge separa-
tion and transfer between CN and Co-MOF/CN(400) is efficient.
Besides, the accelerated decay time-resolved photo-
luminescence (TRPL) and shortened charge-carrier averaged
lifetimes (save = 1.83 ns) for Co-MOL/CN(400) also illustrate the
excellent electron transportability between Co-MOL to CN
(Fig. S13, Table S3†).

To gain insight into the mechanism of the enhanced pho-
tocatalytic activity, we performed photocurrent curves and EIS
plots curves to explore the photogenerated interface charge
Fig. 6 Schematic illustration of charge transfer in Co-MOL/CN
composites.

This journal is © The Royal Society of Chemistry 2023
carrier separation and mobility efficiency. Compared with bare
Co-MOL, CN, and Co-MOF/CN(400), the remarkably increased
photocurrent density of Co-MOL/CN(400) conrmed the more
efficient separation of the electron–hole pair due to 2D lamellar
intimate interface between Co-MOLs and CN (Fig. 5c). More-
over, the EIS Nyquist plots of Co-MOL/CN composites exhibited
signicantly decreased semicircles than CN and Co-MOF/
CN(400), indicating the faster charge transfer rate (Fig. 5d).
Those results conrm that Co-MOL/CN(400) is the optimal
catalyst for photochemical CO2 reduction.

The ultrathin structure and large specic surface area of the
Co-MOL/CN composites are greatly benecial for exposing more
active sites, expanding contact surface area, and promoting
mass transport. In the Co-MOL/CN heterojunction, as Co-MOLs
are uniformly loaded on the surface of CN sheets, constructing
the heterojunction with excellent interfacial contact, interfacial
charge transfer diffuse distances become shorter. In the
pathway, the recombination of photoinduced electrons/hole
pairs could be efficiently inhibited. The synergistic effect of
the intimate contact from these heterojunctions between Co-
MOL and CN can signicantly enhance photocatalytic CO
evolution performances.

To further clarify the electron transfer process in CO2

reduction, wemeasured the bandgap and conduction band (CB)
potentials of Co-MOL and CN. The bandgap energies of Co-MOL
and CN are estimated to be 2.90 and 3.05 eV based on the
Kubelka–Munk function, respectively (Fig. S14†). By Mott–
Schottky plots (Fig. S15†), the positive slopes indicate that Co-
MOL and CN have n-type semiconductor characteristics, and
CB edge potentials of Co-MOL and CN are −1.12 and −1.24 V
(vs. NHE), respectively (Fig. 6). Combined with their bandgaps,
the valence band (VB) potentials of Co-MOL and CN are 1.93
and 1.66 V vs. NHE, respectively, as calculated by the equation:
EVB = ECB + Eg. In this case, it is theoretically feasible for CN to
transfer the electron to Co-MOL active sites because of the
relative negative CB position of CN, thus accelerating the
subsequent photocatalytic CO2 reduction process under simu-
lated sunlight irradiation. The holes in the VB of CN are quickly
captured by the sacricial reagents, which effectively separate
photoexcited electrons and holes and then improve photo-
catalytic activity.

4 Conclusions

In conclusion, we have rationally assembled a series of
transition-metal 2D MOLs with CN as CO2 photoreduction
catalysts. The 2D/2D ultrathin composites offered abundant
active sites and high connected surface area, which remarkably
hindered the photogenerated charge carrier recombination,
and provided superior photocatalytic activity and selectivity for
photocatalytic CO2 reduction. As a result, the optimized Co-
MOL/CN(400) shows a CO formation rate of 539 mmol h−1 g−1

with a selectivity of 79.8%. The efficient interfacial charge
transfer between Co-MOL and CN is further conrmed by the
steady-state PL spectra, transient photocurrent (TPC), and
electrochemical impedance spectra (EIS). This study exhibited
that 2D MOLs is an ideal platform and cocatalyst to advance
J. Mater. Chem. A, 2023, 11, 2225–2232 | 2229
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their performance tremendously. It offers an up-and-coming
candidate to fabricate novel 2D MOF-based heterostructures
for efficient photoreduction of CO2 to value-added chemical
feedstocks.
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