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A B S T R A C T   

The photochemical reduction of carbon dioxide (CO2) into valuable chemicals or feedstock is very meaningful for 
environmental and energy sustainability. Development of efficient, robust and low-cost catalysts is necessary and 
desirable for their practical application. In this communication, we exploited such a catalyst by anchoring single- 
Co(II) sites on g-C3N4, which was firstly achieved by the pyrolysis of ultrathin cobalt metal-organic framework 
(MOF) nanosheets (also called metal-organic layers; MOLs) during the process of g-C3N4 formation. Benefitting 
from the confinement effect of MOL matrix and the close contact between MOLs and g-C3N4 precursor, the Co(II) 
sites can be homogeneously and atomically dispersed on the surface of g-C3N4 during the process of g-C3N4 
formation. Impressively, this photocatalyst possesses excellent catalytic performance for photochemical CO2-to- 
CO conversion, with the CO evolution rate as high as 464.1 μmol g− 1 h− 1, 3 and 222 times higher than those of 
using bulky Co-MOF and CoCl2 as the cobalt sources, respectively. This work paves a new way to develop the 
cost-effective photocatalysts containing single-atom sites for clean energy production.   

1. Introduction 

It is well-known that the excessive emission of greenhouse gas car
bon dioxide (CO2) will eventually destroy the carbon balance and trigger 
many serious environmental problems [1,2]. Inspired by the natural 
photosynthesis of green plants, researchers conceived an ideal approach 
to solve these problems, that is, using clean and abundant solar energy to 
drive the catalytic reduction of CO2 to value-added chemical products 
[3–13]. This approach could kill two birds with one stone, as it can not 
only address the environmental problem, but also solve the coming 
energy crisis. The key point must be addressed wherein is the building of 
efficient catalytic systems like chloroplasts. During past several decades, 
many photochemical systems have been constructed to convert CO2 into 
CO [14–17], CH4 [18–22], HCOOH [23,24], and other hydrocarbons 
[25–28]. However, for those systems with high catalytic efficiency, 
noble metals in catalysts or photosensitizers are indispensable [29], 
which limits them toward widespread application, and the valid solu
tions are still urgently needed. 

Recently, many endeavors have been devoted to the development of 

cost-effective catalytic systems without any noble metals [30–32]. In 
this regard, graphitic carbon nitride (g-C3N4), a kind of fascinating metal 
free polymeric semiconductor, has emerged as a promising photo
catalyst owing to its visible-light response, non-toxic, high stability, as 
well as low-cost and facile synthesis [33–37]. A large number of g-C3N4- 
based catalysts have been widely explored in photocatalytic degradation 
of toxic environmental pollutants [38,39], as well as photochemical 
energy storage and conversion [40,41]. However, due to the insufficient 
visible light utilization and rapid recombination of photogenerated 
carriers, the efficiency of pure g-C3N4 for these reactions is far from 
satisfaction [42]. Apart from combining g-C3N4 with other semi
conductors to overcome these problems [43–48], anchoring metals 
atomically on the surface of g-C3N4 is considered as a more facile and 
effective approach, by which the light absorption range can be extended, 
the separation efficiency of photogenerated carriers can be improved, 
and the surface catalytic reaction kinetics can be accelerated [49–52]. At 
present, several methods have been proved to be capable of loading 
single atoms on g-C3N4, such as wet chemical route [52,53], atomic 
layer deposition [54] and thermal copolymerization [55,56]. However, 

* Corresponding authors. 
E-mail addresses: hongjuanwang@tjut.edu.cn (H.-J. Wang), sirui@sinap.ac.cn (R. Si), zhong_dichang@hotmail.com, dczhong@email.tjut.edu.cn (D.-C. Zhong).   

1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Nano Energy 

journal homepage: http://www.elsevier.com/locate/nanoen 

https://doi.org/10.1016/j.nanoen.2020.105542 
Received 24 September 2020; Received in revised form 17 October 2020; Accepted 21 October 2020   

mailto:hongjuanwang@tjut.edu.cn
mailto:sirui@sinap.ac.cn
mailto:zhong_dichang@hotmail.com
mailto:dczhong@email.tjut.edu.cn
www.sciencedirect.com/science/journal/22112855
https://http://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2020.105542
https://doi.org/10.1016/j.nanoen.2020.105542
https://doi.org/10.1016/j.nanoen.2020.105542
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2020.105542&domain=pdf


Nano Energy 80 (2021) 105542

2

the preparation of g-C3N4-based single atom catalysts with high-loading 
single atoms is still a crucial challenge, due to the nucleation and crystal 
growth. 

Spatial confinement to metal centers in precursors could be an 
effective strategy to prevent single metal ions from agglomerating 
through limiting their diffusion. In this regard, metal-organic framework 
(MOF) nanosheets (also called metal-organic layers; MOLs), with 
exposed active sites orderly confined on the nanosheet surface [57–65], 
would be ideal metal-source precursors to prepare g-C3N4-based pho
tocatalysts. In this communication, we first of all prepared a type of Co- 
MOLs from a 3D layer-pillared bulky Co-MOF {[Co3(IDC)2(4,4′-bipy)3]⋅ 
6 H2O⋅DMF}n [66] in large scale by our recently developed ligand 
replacement approach [67], that is, the pillars (4,4′-bipyridine) of the 
3D Co-MOF were replaced by terminal dimethyl sulfoxide (DMSO) sol
vent molecules (Scheme 1). Then we aimed to establish a close linkage 
between Co-MOLs and semiconductor g-C3N4, to tentatively prepare 
efficient and cheap catalysts for photochemical CO2 reduction (Scheme 
1). The linkage was achieved by pyrolysis of ultrathin 2D Co-MOLs 
during the preparation of g-C3N4 using urea as a precursor, wherein, 
the Co(II) sites in the MOL matrix could be transferred and anchored on 
the g-C3N4 ultrathin layer. As a result, the confinement effect of MOLs 
can effectively prevent the diffusion of cobalt atoms during the pyrolysis 
process, producing a g-C3N4-based photocatalyst with high loading and 
highly-dispersed single Co(II) sites. This photocatalyst, integration of 
catalyst and photosensitizer, exhibits much high performance for pho
tocatalytic CO2-to-CO conversion in CH3CN/H2O. The CO generation 
rate can reach up to 464.1 μmol⋅g− 1⋅h− 1, which is 3 and 222-fold than 
those using bulky Co-MOF and CoCl2 as the cobalt sources, respectively. 

2. Results 

2.1. Preparation and characterization 

The bulky Co-MOF {[Co3(IDC)2(4,4′-bipy)3]⋅6 H2O⋅DMF}n was syn
thesized by solvothermal method according to the literature method 
[66], which was characterized by powder X-ray diffraction (XRD, 
Fig. S1) and scanning electron microscope (SEM, Fig. S2), and then used 
for the following MOL preparation. The as-prepared bulky Co-MOF 
crystals were dispersed in dimethyl sulfoxide (DMSO) and continu
ously ultra-sonicated for 10 h at room temperature. The pillar 4,4′- 
bipyridine ligands in bulky Co-MOF were gradually replaced by terminal 
DMSO, resulting in ultrathin Co-MOLs highly-dispersed in the DMSO 
solution (Scheme 1). During the exfoliation process, a remarkable color 
change of the mixture from orange turbid to pink clear was detected, and 
a typical Tyndall effect was observed (Fig. 1a and b). These observations 
preliminarily illustrate the formation of MOLs. 

The infrared spectrum (IR) of Co-MOLs shows that a new peak ap
pears at 1043 cm− 1 in contrast to that of bulky Co-MOF (Fig. S3). This 
new peak corresponds to the -S˭O stretching vibration of DMSO, indi
cating that the DMSO molecules have replaced 4,4′-bipyridine in 3D 
bulky Co-MOF to afford 2D MOLs. Thermogravimetric analyses (TG) 
demonstrated the slightly decreased thermal stability of the Co-MOLs 

compared with the bulky Co-MOF (Fig. S4), which can be attributed 
to the easy loss of the terminal DMSO than the pillared bridge 4,4′- 
bipyridine. Powder XRD results show that the diffraction peaks of Co- 
MOLs are noticeably less than those of the bulky Co-MOF. The peaks 
at 8.1, 16.1, and 24.0◦ correspond to the crystal faces with Miller indices 
of (100), (200) and (300) (Fig. S5). The equidistance of these diffraction 
peaks demonstrates that the Co-MOLs with layered structure have been 
successfully prepared. Scanning electron microscopy (SEM) was further 
used to screen the micro-morphology of the Co-MOLs. As shown in 
Fig. 1c and d, very thin and free-standing nanosheets were observed, 
with a lateral size of hundreds of nanometers to several micrometers. To 
obtain the exact thickness, the Co-MOLs highly-dispersed in ether so
lution were laid on a mica plate and measured by atomic force micro
scopy (AFM). The AFM analyses clearly showed that the Co-MOLs have 
uniform thickness of ~1.5 nm, corresponding to the single layer MOL 
simulated from the crystal structure (Fig. 1e and Fig. S6). In all, all above 
results evidence that 2D ultrathin Co-MOLs have been successfully 
prepared from the 3D bulky counterpart, and solidly illustrate that the 
ligand replacement approach is general for producing 2D MOLs from 3D 
MOFs [67]. 

The as-prepared 2D ultrathin Co-MOLs were used as cobalt resources 
for synthesizing g-C3N4. Four types of g-C3N4-based catalysts were 
prepared by pyrolysis of 5.0 g urea precursor at 550 ◦C under air using 
10, 20, 30 and 40 mg Co-MOLs as cobalt resources, respectively (The 
obtained catalysts were designated as g-C3N4-MOLs-X; X represents the 
amount of Co-MOLs used). The resulting g-C3N4-MOLs-X catalysts were 
collected and used for subsequent morphology characterization and 
photochemical CO2 reduction. 

Powder XRD patterns show that the matrix of g-C3N4 has not changed 
after the in situ incorporation of Co(II) ions (Fig. S7). No peak assignable 
to cobalt oxide was observed. This observation shows that the structures 
of g-C3N4-MOLs-X catalysts are similar to that of g-C3N4, and the Co(II) 
ions were highly distributed on g-C3N4 matrix. The inductively coupled 
plasma mass spectrometer (ICP-MS) results demonstrate that with the 
increase of the amount of Co-MOLs used, the cobalt contents in the 
resulting catalysts increase (Table S1). Transmission electron microscopy 
(TEM) shows that the morphology of g-C3N4-MOLs-30 assumes sheet 
structure. No cobalt oxide nanoparticle or nanocluster was observed, 
consistent with the XRD results (Fig. 2a). The element mappings further 
confirm the uniform dispersion of C, N and Co in g-C3N4-MOLs-30 
(Fig. 2b). The high-angle annular dark field scanning transmission elec
tron microscopy (HAADF-STEM) images display abundant bright dots, as 
highlighted by the circles in Fig. 2c and d. These bright dots correspond to 
the heavy Co sites homogeneously implanted in g-C3N4 nanosheets. The 
electronic structure and short-range coordination environment of Co site 
were further examined by X-ray absorption near-edge structure (XANES) 
and extended X-ray absorption fine structure (EXAFS). As depicted in 
Fig. 2e, Co K-edge XANES spectra show that the absorption energy of g- 
C3N4-MOLs-30 is similar to that of the CoO standard, revealing that the 
valence of Co2+ in g-C3N4-MOLs-30. It should be noted that the XANES 
profile of g-C3N4-MOLs-30 is slightly different from that of CoO, indi
cating that the coordination environments 

Scheme 1. Schematic diagram showing the preparation process of single-Co-sites anchoring g-C3N4-MOLs.  
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of Co(II) in g-C3N4-MOLs-30 is different from that in CoO. The EXAFS 
spectrum of R space for g-C3N4-MOLs-30 exhibits a main peak around 
1.84 Å, slightly shorter than Co‒O (1.99 Å) in CoO, indicating that the 
Co(II) in g-C3N4-MOLs-30 may be coordinated by N atoms (Fig. 2f). This 
was confirmed by the fitting result. As shown in Fig. S8, the Co‒N fitting 
curve accords well with the experimental curve, further evidencing N 
atoms around Co(II) in g-C3N4-MOLs-30. In addition, the peak at about 
2.45 Å corresponding to Co‒Co is absent, revealing the isolated 
dispersion of Co(II) on g-C3N4-MOLs-30, which is consistent with the 
HAADAF-STEM result. X-ray photoelectron spectroscopic (XPS) mea
surements were further carried out for g-C3N4-MOLs-30. As shown in 
Fig. S9, the survey spectrum presents the elemental peaks of Co, C, N and 
O, consistent with the results of EDX mapping (Fig. S10). Specifically, 
the Co 2p high-resolution spectrum shows two main characteristic peaks 
at 797.2 and 782.0 eV, and two fitted satellite peaks at 803.5 and 
786.2 eV, corresponding to the binding energy of Co 2p1/2 and Co 2p3/2, 
respectively (Fig. S9b). These observations suggest Co2+ species in g- 
C3N4-nanosheets-30 [68]. Furthermore, according to the references 
[69], the strong peaks centered at 782.0 eV originated from the chem
ical bonding between Co and N, which confirms the existence of Co@Nx 
species in g-C3N4-MOLs-30. The N atoms present different chemical 
states in g-C3N4-MOLs-30 (Fig. S9c). The N 1 s signals at 398.7, 399.2, 
401.0 and 404.6 eV correspond to pyridinic N (398.6 eV), Co–N 
(399.2 eV), graphitic N (401.0 eV) and oxide N (404.6 eV), respectively. 

The above results reveal that the single Co sites were homogeneously 
atomically dispersed on g-C3N4. It is worth noting that in g-C3N4-MOLs- 
30, the Co content reaches as high as 1.72% (Table S1), much higher 
than those of reported g-C3N4-based single-metal-site catalysts prepared 
by the conventional wet chemical route [52,53,70,71], which demon
strates that the co-pyrolysis of MOLs and urea is an improved approach 
for preparation of g-C3N4-based single-metal-site catalysts. 

2.2. Photocatalytic CO2 reduction 

The experiments on photocatalytic CO2 reduction by g-C3N4-MOLs-X 
were performed in a CH3CN/H2O/TEOA solution. Typically, a glass 
reactor containing a mixture of 5 mL CO2-saturated CH3CN/H2O/TEOA 
(v:v:v = 3:1:1) and g-C3N4-MOLs-X was irradiated by a 300 W Xe lamp 
with wavelengths over 420 nm. The generated gases were analyzed by a 
gas chromatography and the liquid products were detected by an ion 
chromatography. As shown in Table 1, g-C3N4-MOLs-X catalysts show 
good activity for photochemical CO2 reduction, generating a large 
amount of CO and a small amount of H2. No liquid product was detected. 
With the increase of Co-MOLs from 10 to 30 mg, the amount of CO 
generated remarkably increases (Table 1, Entry 1–3). Further increase 
the amount of Co-MOLs to 40 mg, the amount of CO generated decreases 
(Table 1, Entry 4). These observations indicate that 30 mg Co-MOLs is 
the proper amount used as cobalt sources to prepare single-Co-sites 

Fig. 1. Preparation and characterization of Co-MOLs. a, bulky Co-MOF dispersed in DMSO. b, bulky Co-MOF in DMSO after ultrasound for 10 h, resulting a clear 
solution with Tyndall effect, indicative of the formation of Co-MOLs. c and d, SEM images of Co-MOLs. e, AFM image and corresponding thickness of Co-MOLs. 
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depositing g-C3N4 catalyst. With 2.0 mg g-C3N4-MOLs-30, 9.28 µmol CO 
and 1.85 µmol H2 were produced in 10 h, corresponding to the CO 
generated rate of 464.1 µmol⋅g− 1⋅h− 1 and the CO selectivity of 83.4% 
(Fig. 3a; Table S2). To our knowledge, the CO evolution rate exceeds 
many reported C3N4-based photocatalysts (Table S3). Under the same 
conditions, when the CO2 was replaced with Ar, no CO was detected 

(Table 1, Entry 5), illustrating that the CO was originated from the CO2 
reduction. To further confirm this conclusion, the isotope labeling 13CO2 
was used instead of CO2. As shown in Fig. S11, a peak with m/z value of 
29 corresponding to 13CO appears, directly evidencing that the CO was 
generated from the CO2 reduction. Control experiments were also car
ried out without catalyst, TEOA or illumination. In these cases, no CO 

Fig. 2. Morphology and composition of g-C3N4-MOLs-30. a, TEM image of g-C3N4-MOLs-30. b, EDX elemental mapping of g-C3N4-MOLs-30. c and d, HAADF-STEM 
images of g-C3N4-MOLs-30. e, Co K-edge XANES profiles for g-C3N4-MOLs-30, Co foil, Co3O4 and CoO. f, Co K-edge k3-weighted FT-EXAFS spectra of g-C3N4-MOLs- 
30, Co foil, Co3O4 and CoO. 
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gas was detected during the catalytic reaction processes (Table 1, Entry 
6–8), which indicate that the catalyst, sacrificial reductant and light 
irradiation are all indispensible to CO2-to-CO conversion. In addition, 
we found that the volume ratio of CH3CN/H2O also affects the catalyst 
efficiency. As shown in Fig. S12, CH3CN/H2O with volume ratio of 3:1 is 
the improved solvent system, where g-C3N4-MOLs-30 exhibits the best 
catalytic efficiency for photochemical CO2 reduction. 

To well understand the excellent activity of g-C3N4-MOLs-30, several 
control experiments of photochemical CO2 reduction were performed 
(Table 1, Entry 9–14; Fig. 3b). Firstly, bare g-C3N4 and Co-MOLs were 
used as the catalysts to photochemical CO2 reduction, respectively. As 
shown in Table 1, neither g-C3N4 nor Co-MOLs could catalyze the 
photochemical CO2 reduction reaction, as no CO production was 
observed during the catalytic process (Table 1, Entry 9–10; Fig. 3b). 
Secondly, the physical mixture of g-C3N4&CoCl2 and g-C3N4&Co-MOLs 
were employed as the catalysts, respectively. Only negligible amount of 
CO and H2 was detected, and the generated CO was much lower than 

that by g-C3N4-MOLs-30 (Table 1, Entry 11–12; Fig. 3b), indicating that 
the immobilization of Co(II) on g-C3N4 is significant for enhance its 
activity for photocatalytic CO2 reduction. Thirdly, CoCl2 was used as the 
cobalt source precursor instead of Co-MOLs to synthesize Co sites 
depositing g-C3N4 catalyst. The results show that with the same cobalt 
loading, the amount of CO produced by g-C3N4-CoCl2 was also much 
lower than that of g-C3N4-MOLs-30 (Table 1, Entry 13; Fig. 3b). The 
lower activity of g-C3N4-CoCl2 may be attributed to the aggregation of 
the active sites, as the TEM images of g-C3N4-CoCl2 showed some metal 
nanoparticles with size of about 8.0 nm on g-C3N4, while none was 
detected for g-C3N4-MOLs-30 (Fig. S13). This results demonstrate that 
the order structure and the confined Co(II) in the cobalt source precursor 
is important to enhance its catalytic activity. Finally, the bulky Co-MOF 
was used as cobalt source precursor instead of Co-MOLs, the result 
shows only 2.96 µmol CO and 0.39 µmol H2 were produced under the 
same conditions, corresponding to the CO generated rate of 
148.2 µmol⋅g− 1⋅h− 1 (Table 1, Entry 14; Fig. 3b). This value is also much 
lower than that of g-C3N4-MOLs-30 (464.1 µmol⋅g− 1⋅h− 1; Table 1, Entry 
3), indicating that MOLs benefit to form g-C3N4-based catalyst with 
enhanced catalytic activity. All the results of above control experiments 
and characterization highlight that the MOLs are the optimal cobalt 
source precursors for the preparation of g-C3N4-based catalysts for 
photochemical CO2 reduction, and the pyrolysis of ultrathin Co-MOLs 
during the process of C3N4 formation is a key procedure for immobi
lizing Co(II) catalytic sites on g-C3N4 to get excellent CO2 reduction 
photocatalysts. 

In order to further confirm the excellent photocatalytic activity of g- 
C3N4-MOLs-30, we conducted the photocatalytic CO2 reduction reaction 
under a low CO2 concentration. A mixed gas containing 10% CO2 and 
90% Ar was employed to replace pure CO2. It was found that g-C3N4- 
MOLs-30 also shows good activity, with 768.6 μmol g− 1 of CO produced 
in 10 h irradiation (Fig. S14), suggesting that g-C3N4-MOLs-30 really 
possesses excellent activity for photocatalytic CO2-to-CO conversion. To 
reveal the catalytically active sites, the experiments of photocatalytic 
CO2 reduction by g-C3N4-MOLs-30 were carried out in the absence and 
presence of KSCN firstly. As shown in Fig. S15, a striking activity 
decrease of the catalytic system was observed in the presence of KSCN, 
indicating that the Co(II) sites are the catalytic centers in g-C3N4-MOLs- 
30. Besides activity, g-C3N4-MOLs-30 also has high durability during the 
photochemical reaction. As shown in Fig. S16, g-C3N4-MOLs-30 can 
retain high activity after three runs of photocatalytic CO2 reduction. The 
structure of g-C3N4-MOLs-30 after photocatalysis can also keep stable 
(Fig. S17), and no aggregation of Co centers is observed in TEM images 
(Fig. S18). Moreover, the Co(II) content of g-C3N4-MOLs-30 after pho
tocatalytic reaction is similar to that of freshly prepared sample 
(Table S1). These results demonstrate that g-C3N4-MOLs-30 really pos
sesses good stability during photocatalytic CO2-to-CO conversion. 

Table 1 
The results of photocatalytic reduction of CO2 to CO by different catalysts under 
the same conditions[a].  

Entry Catalyst CO 
(μmol⋅g− 1) 

H2 

(μmol⋅g− 1) 
CO 
(μmol⋅g− 1⋅h− 1) 

CO 
(%) 

1 g-C3N4- 
MOLs-10 

202.6 49.5 20.3 80.4 

2 g-C3N4- 
MOLs-20 

1825.2 207.0 182.5 89.8 

3 g-C3N4- 
MOLs-30 

4640.8 926.2 464.1 83.4 

4 g-C3N4- 
MOLs-40 

3317.6 564.8 331.7 85.5 

5 b g-C3N4- 
MOLs-30 

0 110.2 0 0 

6c – 0 0 0 0 
7d g-C3N4- 

MOLs-30 
0 0 0 0 

8e g-C3N4- 
MOLs-30 

0 0 0 0 

9 g-C3N4 0 0 0 0 
10 Co-MOLs 0 0 0 0 
11 g-C3N4&Co- 

MOLs 
356.3 321.7 35.6 52.6 

12 g- 
C3N4&CoCl2 

401.3 108.0 40.1 78.8 

13 g-C3N4-CoCl2 20.9 454.5 2.1 4.4 
14 g-C3N4-bulky- 

30 
1482.4 196.5 148.2 88.3  

[a] Reaction conditions: 2.0 mg catalyst, CH3CN/H2O/TEOA (v/v/v = 3:1:1), 
15.0 mg 2,2′-bpy, Xe lamp (300 W, λ > 420 nm), 10 h, 25 ◦C. b: Ar atmosphere, 
c: without catalyst; d: without TEOA; e: without light. 

Fig. 3. Photochemical CO2 reduction by g-C3N4-based catalysts. a, Time-dependent CO and H2 generation over g-C3N4-MOLs-30. b, CO evolution with g-C3N4-MOLs- 
30 and other g-C3N4-based catalysts tested. Reaction conditions: 2.0 mg catalyst, CH3CN/H2O/TEOA (v/v/v = 3:1:1), 15.0 mg 2,2′-bpy, Xe lamp (300 W, 
λ > 420 nm), 10 h, 25 ◦C. 
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2.3. Catalytic mechanism 

The CO2 adsorption tests showed that all g-C3N4-MOLs-X have su
perior CO2 uptake than g-C3N4 at 298 K, and with the increase of the Co 
content in g-C3N4-MOLs-X, the CO2 uptake remarkably increases 
(Fig. S19). This observation suggests that the Co(II) sites in g-C3N4 
contribute to the CO2 binding. The UV–vis absorption spectra of g- 
C3N4-MOLs-X exhibit obvious improvements in visible-light absorption 
of g-C3N4-MOLs-X catalysts with the increase of the amount of Co- 
MOLs used in g-C3N4 formation (Fig. 4a), illustrating that the Co(II) 
implantation benefits to enhance the optical performance of g-C3N4. 
The photoluminescence (PL) spectra of g-C3N4-MOLs-X catalysts, 
especially for g-C3N4-MOLs-30/40, show significantly damped emis
sion in contrast to pristine g-C3N4 (Fig. 4b), indicating more efficient 
charge separation of g-C3N4-MOLs-X catalysts than pristine g-C3N4. 
Moreover, the time-resolved photoluminescence (TRPL) spectra 

revealed a reduced average exciton lifetime of 3.82 ns for g-C3N4 to 
1.93 ns for g-C3N4-MOLs-30, also illustrating that the introduction of 
atomically dispersed Co(II) sites on g-C3N4 significantly accelerates the 
charge transfer (Fig. 4c). 

The good catalytic performance of g-C3N4-MOLs-X was further 
revealed by electrochemical method. Cyclic voltammetry (CV) and 
linear sweep voltammetry (LSV) measurements of g-C3N4-MOLs-30 
showed that g-C3N4-MOLs-30 has a larger current in CO2 atmosphere 
than in Ar atmosphere (Fig. S20), indicating that g-C3N4-MOLs-30 has a 
good combination and catalytic performance for CO2. Photocurrent 
response tests generated a remarkably increased photocurrent of g- 
C3N4-MOLs-30 upon light irradiation, about 2.5 times larger than that of 
g-C3N4 (Fig. 4d), confirming the better separation efficiency of photo
induced electrons in g-C3N4-MOLs-30 over g-C3N4. Electrochemical 
impedance measurements showed that in the Nyquist plots, a smaller 
diameter of capacitive loop for g-C3N4-MOLs-30 was observed in 

Fig. 4. Mechanistic studies of g-C3N4-MOLs-30 in photochemical CO2 reduction. a, UV–vis absorption spectra of g-C3N4-MOLs-X. b, PL spectra of g-C3N4-MOLs-X 
screened at room temperature. c, Time-resolved photoluminescence decays of g-C3N4 and g-C3N4-MOLs-30. d, Photocurrent response of g-C3N4 and g-C3N4-MOLs-30. 
e, Plots of (αhʋ)2 versus energy (hʋ) for the band gap energies of g-C3N4-MOLs-30. f, Mott− Schottky plots of g-C3N4-MOLs-30. 
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contrast to g-C3N4 (Fig. S21), also illustrating that the electrons of g- 
C3N4-MOLs-30 transfer more easily than those of g-C3N4. By Tauc plots, 
the band gaps (Eg) of g-C3N4 and g-C3N4-MOLs-30 were calculated to be 
2.61 and 2.82 eV vs. NHE, respectively (Fig. 4e and S22a). By Mott- 
Schottky plots, the conduction band (CB) potentials of g-C3N4 and g- 
C3N4-MOLs-30 were determined to be − 1.26 and − 1.15 eV vs. NHE, 
respectively (Fig. 4f and S22b). Thus combined UV–vis result with Mott- 
Schottky plot, the valence band (VB) potential of g-C3N4 and g-C3N4- 
MOLs-30 can be calculated to be 1.35 and 1.65 eV vs. NHE, respectively 
(Fig. S23). Obviously, the CB potential of g-C3N4 and g-C3N4-MOLs-30 
are more negative than the redox potential of photocatalytic reduction 
of CO2 to CO (− 0.53 V vs. NHE) [29]. Therefore, g-C3N4 and g-C3N4- 
MOLs-30 could theoretically serve as photocatalyst to perform CO2 
reduction. Based on the above results, the photocatalytic mechanism of 
g-C3N4-MOLs-30 for CO2 reduction was proposed and schematically 
illustrated in Fig. S24. Upon visible-light irradiation, electrons are pro
moted from the valence band of g-C3N4 to its corresponding conduction 
band. The photogenerated electrons migrate to the surface of g-C3N4 and 
then transfer to Co(II) active centers, where the adsorbed CO2 molecules 
get electrons and are reduced to CO simultaneously. The holes that 
remained within the valence band of g-C3N4 are consumed by the 
electron donor TEOA. 

3. Discussion 

To summarize, first of all, we in large scale prepared an 2D ultrathin 
Co-MOLs from 3D bulky Co-MOF by our previously developed ligand 
replacement approach [67]. Then by pyrolysis of ultrathin Co-MOLs 
during the process of C3N4 formation, we successfully transferred and 
anchored the Co(II) sites on C3N4 to obtain a series of single Co(II) sites 
anchoring g-C3N4 catalysts (g-C3N4-MOLs-X). With g-C3N4-MOLs-X as 
photocatalysts, triethanolamine (TEOA) as sacrificial reductant, and 
CH3CN/H2O as reaction media, efficient and economic catalytic systems 
for photochemical CO2-to-CO conversion were built. The g-C3N4-MOLs- 
30 shows the highest catalytic efficiency, with the CO generation rate of 
464.1 μmol⋅g− 1⋅h− 1, highest among those of reported C3N4-based pho
tocatalysts (Table S3). This work paves a new way to develop simple and 
cheap photocatalytic systems for energy conversion. 

4. Methods 

4.1. Synthesis of Co-MOLs 

30 mg of bulky Co-MOF was dispersed in 15 mL DMSO and ultra- 
sonicated for 10 h, a pink clear solution was obtained. The solution 
was concentrated at 100 ◦C. Pink powder was formed and collected. The 
powder was washed with methanol for five times and dried in a vacuum 
oven at 60 ◦C. 

4.2. Synthesis of g-C3N4-MOLs-X 

5 g urea and Co-MOLs (10, 20, 30 or 40 mg) were mixed uniformly in 
a covered crucible, and then heated at 550 ◦C for 4 h under air. The 
obtained powder was washed by deionized water and ethanol, and then 
dried in a vacuum oven at 60 ◦C for 24 h. 

4.3. Synthesis of g-C3N4-bulky-30 and g-C3N4-CoCl2 

The procedures for preparing g-C3N4-bulky-30 and g-C3N4-CoCl2 
were similar to that of g-C3N4-MOLs-X, except using bulky Co-MOF 
(30 mg) or CoCl20.6 H2O (19 mg) instead of Co-MOLs. 

4.4. Synthesis of g-C3N4 

g-C3N4 was synthesized with a similar procedure to g-C3N4-MOLs-X 
in the absence of Co-MOLs. 

4.5. Photocatalytic CO2 reduction 

Typically, 2 mg catalyst and 15 mg 2,2′-bipyridine were dispersed/ 
dissolved in 5.0 mL CH3CN/H2O/TEOA (v/v/v = 3:1:1) solution in a 
17.5 mL quartz test tube. The mixture was bubbled with argon for 
30 min and then with CO2 for another 30 min under stirring. The pho
tocatalytic reaction was initiated upon irradiation by a 300 W Xe lamp 
with a 420 nm cutoff filter. The generated gaseous and liquid products 
were detected and quantified with a gas chromatography and an ion 
chromatograph, respectively. Each photocatalytic reaction was repeated 
for at least three times to ensure the reliability of the data. 
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