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Tandem utilization of CO2 photoreduction products
for the carbonylation of aryl iodides
Yuan-Sheng Xia1, Meizhong Tang1, Lei Zhang 2, Jiang Liu 1,2✉, Cheng Jiang1, Guang-Kuo Gao1,

Long-Zhang Dong1, Lan-Gui Xie 1✉ & Ya-Qian Lan 1,2✉

Photocatalytic CO2 reduction reaction has been developed as an effective strategy to convert

CO2 into reusable chemicals. However, the reduction products of this reaction are often of

low utilization value. Herein, we effectively connect photocatalytic CO2 reduction and amino

carbonylation reactions in series to reconvert inexpensive photoreduction product CO into

value-added and easily isolated fine chemicals. In this tandem transformation system, we

synthesize an efficient photocatalyst, NNU-55-Ni, which is transformed into nanosheets

(NNU-55-Ni-NS) in situ to improve the photocatalytic CO2-to-CO activity significantly. After

that, CO serving as reactant is further reconverted into organic molecules through the

coupled carbonylation reactions. Especially in the carbonylation reaction of diethyltoluamide

synthesis, CO conversion reaches up to 85%. Meanwhile, this tandem transformation also

provides a simple and low-cost method for the 13C isotopically labeled organic molecules.

This work represents an important and feasible pathway for the subsequent separation and

application of CO2 photoreduction product.
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S ince the onset of the industrial revolution, the anthropic
excessive emission of carbon dioxide (CO2) has resulted in
serious environmental problems (e.g., the greenhouse

effect)1–4. In order to effectively reduce the atmospheric con-
centration of CO2, the safe, green and sustainable photocatalytic
CO2 reduction reaction (CO2RR) technology is currently regar-
ded as one of the most promising solutions, due to the direct
photoreduction of CO2 into value-added carbon-based chemicals
with renewable solar energy5–8. Although the photocatalytic
CO2RR has gone through rapid development and obtained many
great achievements in the past few decades, it still confronts with
the following severe issues9–13: (1) the resultant major reductive
products (e.g., CO, HCOOH) have low practical value14–17; (2)
the reductive products suffer from low yield (often in nanomolar/
micromolar scale)18–21; (3) the incomplete photocatalytic CO2RR
results in a high-cost and difficult product isolation process.
Therefore, these problems greatly affect the feasibility and eco-
nomic usefulness of the subsequent separation and application of
photocatalytic CO2 reduction products. In the current situation,
the efficiency of the photocatalytic CO2RR and the yield of
reductive products cannot be significantly improved, so we con-
sider that reconverting these low-value and low-yield reductive
products into chemicals with high-value and mature separation
techniques as rapidly and wholly as possible, through the further
tandem transformation technology, is probably a feasible strategy
toward practical application.

Carbon monoxide (CO) is an essential organic feedstock that
has been widely used in the industrial preparation of fine che-
micals including alcohols, aldehydes and carboxylic acids, which
have owned the relatively matured separation technology and
industrial application22–26. For example, the palladium-catalyzed
carbonylation reaction can use CO to effectively prepare high-
value photosensitive, conductive materials and important drug
molecules through a simple one-step reaction27,28. This type of
reaction occupies a vital position in chemical production and the
pharmaceutical industry. Moreover, such reactions usually show a
high conversion (80–90%) and a rapid and complete conversion
process, even under the low CO concentration29,30. However,
during the carbonylation reaction and its industrial scale-up
production, using a large amount of highly toxic, colorless, and
odorless CO gas as the direct reactant is still a potential
threat31,32. Besides, the conversion of CO is likely to be
remarkably reduced if the majority of CO source has not been
used in the reaction completely and timely. Under these cir-
cumstances, if CO can be prepared through a safe, effective and
green reaction method, and then serve as a reactant to participate
in the palladium-catalyzed carbonylation reaction continually, a
cascade catalytic reaction will be realized, which can extremely
alleviate the aforementioned issues33–36. Inspired by this point,
we consider that connecting photocatalytic CO2RR (for CO2-to-
CO conversion) and carbonylation reaction to conduct a
sequential catalytic reaction probably can achieve the following
advantages: (1) CO2 photoreduction reaction can provide a safe,
green and effective way to gradually generate low-concentration
CO reaction source for the carbonylation reaction; (2) the pro-
duced low-concentration CO derived from photocatalytic CO2RR
can be sufficiently reacted with the excess carbonylation reactant
in a stoichiometric ratio to favor the efficient reaction conversion;
(3) more significantly, such a tandem reaction can finish the
efficient transformation of low-concentration and low-value CO
product (from CO2 photoreduction) into high-value and easy-to-
separated organic chemicals, which represents a feasible path for
realizing the separation and practical application of photocatalytic
CO2RR products in the true sense (Fig. 1).

In this work, we design and synthesizes two stable metal-organic
frameworks (MOFs), [M3(5-AD)4(CO2)2] (CH3COO−)2 (NNU-

55-M, M=Co, Ni, 5-AD= 5-Azabenzimidazole), both of them
can serve as crystalline catalysts for photoreducing CO2 to CO
under visible-light irradiation. Among them, the CO product
selectivity (12.4%) and output (12.6 μmol, 630.0 μmol g−1,
39.4 μmol g−1 h−1) of NNU-55-Co are low under photocatalytic
CO2RR conditions, but the competitive hydrogen evolution reac-
tion (HER) has higher selectivity (87.6%). In contrast, NNU-55-Ni
shows higher photocatalytic CO2-to-CO conversion selectivity
(81.0%) and product yield (at least 85.3 μmol, 4265.0 μmol g−1,
266.6 μmol g−1 h−1), and low HER selectivity (19%). The reason
for such superior photocatalytic performance is that NNU-55-Ni
can be in situ exfoliated into ultrathin two-dimensional (2D)
nanosheets (NNU-55-Ni-NSs) during the photocatalytic CO2RR
process to increase significantly accessible active surface area and
the number of the catalytically active site. More importantly,
according to the design idea of the above tandem catalytic reaction,
we further combine the photocatalytic CO2RR with palladium-
catalyzed carbonylation reaction of aryl iodide in series. Such a
tandem reaction can realize the green, safe and efficient chain
conversion of CO2 to CO to amide compounds (drug molecules
and organic chemicals), which always has mature industrial
separation technology and high-value application. It is worth
noting that the low concentrations of CO generated from the
photocatalytic CO2RR can be further converted into high-value
DEET (N,N-diethyl-3-methylbenzamide, commercial pesticides)
through the aminocarbonylation reaction, with the highest con-
version of 85%. The present work represents an important case
study that the low-value reductive product from photocatalytic
CO2RR was reconverted into a high-value organic chemical
through the cascade reaction. Obviously, the successful imple-
mentation of such a tandem reaction not only achieves the direct
conversion of low-value CO2 to high-value drug-related molecules,
but also opens up a new research avenue to upgrading the appli-
cation value and subsequent separation of photocatalytic CO2RR
products.

Result
Structure and characterization of NNU-55-M. The matched
powder X-ray diffraction patterns of NNU-55-Ni and NNU-55-
Co demonstrate that they are isostructural, and display high

Fig. 1 The tandem coupling of photocatalytic CO2RR and carbonylation
reaction for the utilization of CO2 photoreduction product. PS
photosensitizer, SED sacrificial agent, cat catalyst.
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purity and good crystallinity (Fig. 2 and Supplementary Fig. 1).
X‐ray single‐crystal diffraction analysis (Supplementary Note 1
and 2) indicates that NNU‐55-M crystallizes in the tetragonal
system with a P4/n space group (Supplementary Tables 1 and 2).
The asymmetric unit contains three 1/4 M2+ ions, one 5-AD
ligand, two 1/4 CO2 molecules (Supplementary Figs. 2 and 3), and
two free 1/4 acetate ions (Supplementary Fig. 4). Among the three
crystallographic independent M atoms, M1 atom possesses a
slightly distorted tetrahedral geometry and coordinates four
imidazolyl N atoms from four different 5-AD ligands (Fig. 2a);
the six-coordinated M2 and M3 atoms have a distorted octahe-
dral coordination environment, and each M2+ ion is bonded to
four imidazolyl N atoms (M2) or four pyridine N atoms (M3)
from 5-AD ligands in the equatorial plane and two axial linear
CO2 molecules (by M-O bonds) (Fig. 2a, b). The Co2 and Co3
atoms are connected by 5-AD ligands (N2 and N3) to form a
monolayer structure (Supplementary Fig. 5). Then, two adjacent
monolayers are further interconnected by Co1-N1 coordination
bond forming 2D layers (Fig. 2c, d). The resulting 2D layers are
further supported by the pillar CO2 molecules to form a 3D MOF
(Fig. 2b and Supplementary Fig. 5). Of importance to note is that
we calculated the binding energy of M–O bond between metal ion
and CO2 pillar molecule in NNU-55-M by density functional
theory (DFT) (Supplementary Note 3). The O binds with the
planer M sites and the calculated binding energies are −0.45 eV
and −0.28 eV for Co and Ni sites, respectively, suggesting a
relatively stronger coordination ability for Co2+-CO2 coupling

than Ni. Therefore, when the energy given by the specific external
stimuli is larger than this M-O binding energy, the pillared CO2

molecules in NNU-55-Ni may tend to leave37 (Fig. 2e). In this
case, NNU-55-M is likely to be split into a two-dimensional
layered structure, and expose a larger active specific surface area
and more active metal sites. In addition, thermogravimetric
analysis indicated that NNU-55-M shows a high structural sta-
bility that can be maintained before heating to 350–400 °C
(Supplementary Fig. 6a, b).

In view of the deep color for the crystals of NNU-55-Co/Ni, UV/
Vis-NIR diffuse reflectance spectroscopy (UV/Vis-NIR DRS) was
first characterized to evaluate their light-harvesting ability (Supple-
mentary Fig. 7). As shown in Supplementary Fig. 7, NNU-55-Co/Ni
displays a strong absorbance in the range of 400–800 nm, which
means an obvious metal-ligand charge transfer (MLCT) effect
existed in these MOFs, endowing them with good UV-visible-light
absorption. Moreover, this fact can also be substantiated by the
photocurrent response characterization, in which NNU-55-M can
exhibit strong photoinduced electron transfer efficiency when the
crystal surface was irradiated by visible-light (Supplementary Fig. 8).
Meanwhile, the emission spectrum (Supplementary Fig. 9) and
excited-state lifetimes (Supplementary Fig. 10a, b) of NNU-55-Co/
Ni powder were tested, strong steady-state fluorescence and good
photoluminescent (PL) lifetimes indicate the low recombination
efficiency of photoinduced electron-hole pairs of NNU-55-Co/Ni
(Supplementary Table 3). According to the Tauc plots, the band
gaps (Eg) of NNU-55-Ni and NNU-55-Co were calculated to be

NNU-55-M (M= CoCo / NiNi)

NNU-55-Ni (Bulk) NNU-55-Ni (Nanosheets)

Six-coordination

Four-coordination

NNU-55-Co

Four-coordination

b c

d e

a

M1 M2 M3

M1

M2 M3

Fig. 2 The crystal structure and in situ exfoliation process of NNU-55-M. a The coordination environments of three crystallographic independent M
atoms (M1/M2/M3). b The three-dimensional framework and metal coordination environment of NNU-55-M (M= Co/Ni). c Schematic diagram of
crystal structure to NNU-55-Co is corresponding to b. It shows that no such in situ exfoliation occurs to NNU-55-Co. d The schematic illustration
of NNU-55-Ni (Bulk) shows the pillar-layer structure. The red dashed region is equated to b. e NNU-55-Ni (Bulk) experienced an in situ exfoliation
process, NNU-55-Ni (Nanosheets) were formed.
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1.71 and 1.72 eV, respectively, suggesting that these two MOFs
feature semiconductor behavior38 (Supplementary Figs. 11 and 12).
Besides, the HOMO-LUMO energy levels of NNU-55-M were
estimated using ultraviolet photoelectron spectroscopy (UPS)
technology. Then the ionization potential was obtained from the
UPS of NNU-55-M (equivalent to valence band energy, HOMO),
from which the HOMO levels of NNU-55-Ni and NNU-55-Co
were determined to be −5.46 eV (Supplementary Fig. 13) and
−5.29 eV (Supplementary Fig. 14, vs. vacuum level, Ev) by
subtracting the excitation energy of 21.22 eV from the width of
the He I UPS spectrum, while their corresponding LUMO levels
were calculated as −1.10 V (NNU-55-Ni) and −1.28V (NNU-55-
Co)39. To ensure the reliability and accuracy of these energy level
results, we further characterized Mott-Schottky measurements
performed (Supplementary Note 4) at frequencies of 500, 1000
and 1500Hz (Supplementary Figs. 15 and 16). The related results
showed that the LUMO energy levels of NNU-55-Ni and NNU-55-
Co were −1.10V (Ni) and −1.28V (Co), which were in good
accordance with the UPS measurements. At the same time, the
HOMO energy levels of NNU-55-Ni and NNU-55-Co were
calculated as 0.61V (Supplementary Fig. 17) and 0.44 V (Supple-
mentary Fig. 18), respectively. It is obvious that these two MOFs
have more negative LUMO levels, which make them to be
potentially active catalysts favored for some reduction reactions.

The photocatalytic CO2RR performance of NNU-55-M. Given
that NNU-55-Co/Ni exhibited superior light absorption ability and
photogenerated-charge transfer efficiency, and relatively more
negative LUMO levels, thereby they were treated as crystalline
catalysts for the CO2 photoreduction reaction. By optimizing the
reaction conditions, we found that both MOF-based catalysts could
realize a visible-light driven CO2-to-CO photoreduction reaction in
a CO2-saturated CH3CN/H2O solution with triethanolamine
(TEOA, SED) as electron donor and [Ru(bpy)3]Cl2·6H2O (bpy=
2′,2-bipyridine, PS) as photosensitizer. For NNU-55-Ni, with the
illumination time was increased, a sustained increase of CO yield
was observed until 16 h with the maximal generation of CO
(85.3 μmol, 4265.0 μmol g−1, 266.6 μmol g−1 h−1) (Fig. 3a). This
catalytic process has higher CO production in the reported MOF-
based photocatalytic CO2RR systems (Supplementary Table 4).
Moreover, the competitive HER reaction was effectively suppressed,
and its maximum output was only 21.0 μmol (1050 μmol g−1,
65.6 μmol g−1 h−1), as shown in Fig. 3b. Therefore, NNU-55-Ni
exhibited a very high selectivity (81.0%) for CO2-to-CO conversion.
In order to investigate the stability of NNU-55-Ni before and after
photocatalytic reaction, we explored the electronic structure and the
local structures of Ni sites through X-ray absorption fine structure
(XAFS) spectroscopy (Supplementary Fig. 19 and Supplementary
Note 5). In the Ni k-edge X-ray absorption near-edge structure
spectra of NNU-55-Ni, the oxidation state of Ni sites before and
after reaction remained relatively constant (Fig. 3e). Moreover,
compared to Ni foil and NiO reference sample, the very different of
the peaks at 8331 and 8355 eV of NNU-55-Ni should be attributed
to Ni2+ coordinating with N/C/O atoms in crystal structure leading
to their different electronic structures40. Meanwhile, the Ni–Ni
bond peak intensity in catalyst samples was much weakest at 2.2
and 2.6 Å than Ni foil and NiO reference sample, which was
observed in the Fourier-transformed of the Ni K-edge extended
XAFS spectra (Fig. 3f). It was obvious that no metallic Ni or NiO
clusters/particles were formed for the catalyst before and after the
reaction. Furthermore, these catalysts showed almost the same edge,
also illustrating relatively good stability of the catalyst before and
after photocatalytic CO2RR.

Under the identical photocatalytic CO2RR condition, whereas
NNU-55-Co had relatively low CO output (12.6 μmol, 630 μmol g−1,

39.3 μmol g−1 h−1) but high H2 output (89.3 μmol, 4465.0 μmol g−1,
279.1 μmol g−1 h−1) (Supplementary Figs. 20 and 21). It is obvious
that the photocatalytic CO2-to-CO selectivity of NNU-55-Co was
very low (12.4%), and the competitive H2 evolution was very serious
(Fig. 3b and Supplementary Figs. 22a, b and 23a, b). Meanwhile, the
liquid phase product was detected by ion chromatography and 1H
nuclear magnetic resonance (NMR), and the analytic results
indicated that only a trace amount of formic acid was observed
after photocatalytic reaction (Supplementary Fig. 24). Additionally,
we also conducted a series of control analyses to confirm the
photocatalytic CO2 reduction activity of NNU-55-Ni (Supplemen-
tary Table 5). The corresponding results showed that the
photocatalytic CO2RR could not be carried out efficiently in the
absence of catalyst, light irradiation, and the presence of only metal
salts and ligands. These results proved that the above components
involved in catalytic system are indispensable for the effective
execution of photocatalytic CO2RR. At the same time, we further
evaluated the photocatalytic CO2RR performance under illumination
of monochromatic light with different incident wavelengths. The
relevant results confirmed that the evolution trend of the apparent
quantum efficiency (Supplementary Note 6) of the obtained
photocatalytic products (CO and H2) matches the UV-vis absorption
curve of [Ru(bpy)3]Cl2 (Supplementary Fig. 25). This research result
indicated that the MLCT bands (Supplementary Fig. 26) of NNU-
55-Ni (NS) have a small contribution to the performance of
photocatalytic CO2RR (Supplementary Fig. 27a–c). To demonstrate
the photocatalytic reduction product CO come from CO2 not
derived from decomposition of organic substances, the identical
photocatalytic reaction was conducted under nitrogen atmosphere.
After the reaction, no carbon-based reductive products were
detected. Furthermore, we performed an isotopic tracing experiment
by using 13CO2 as the reaction atmosphere, and the peak at
m/z= 29 detected by gas chromatography-mass spectrometer (GC-
MS) could be attributed to 13CO (Fig. 3c), which confirmed clearly
that the CO product was really originated from the gaseous CO2

reactant. Subsequently, three consecutive recycling experiments of
NNU-55-Ni were performed under the same reaction condition to
evaluate its photocatalytic durability (Fig. 3d). The corresponding
results demonstrated that NNU-55-Ni could keep its original
photocatalytic activity at least 48 h. Moreover, it was worth noting
that with the number of cycles increased, the photocatalytic activity
of the catalyst was improved dramatically41 (The total output can
reach up to 342.0 μmol after three rounds of reaction) (Supplemen-
tary Fig. 28). This phenomenon made the total amount of CO
generate increasingly by extending the reaction time, which means
that the CO generation rate per unit time is getting much faster as
shown in Fig. 3a. Interestingly, we found that the original reaction
solution containing NNU-55-Ni solid became a suspension and
showed a conspicuous Tyndall effect, indicating that the size of the
catalyst was significantly decreased during the catalysis turnovers42.
From the structural analysis of NNU-55-Ni, most of the M2+-CO2

coordination bonds (with low binding energy) between two-
dimensional layers may break under the stimuli of continuous light
energy input and violent stirring of the catalytic reaction, and then
the catalyst evolved into a two-dimensional nanosheet structure. We
speculated that the higher accessible catalytic active specific surface
area and more metal catalytic active sites (the original saturated six-
coordinated Ni2 and Ni3 atoms changed into unsaturated four-
coordination) were generated during the stripping process of bulk
NNU-55-Ni to nanosheets, thus enhancing the photocatalytic
performance efficiently (Supplementary Figs. 28 and 29).

Characterization and photophysical properties study of
nanosheets. To prove our speculation, scanning electron micro-
scopy (SEM) and transmission electron microscopy (TEM) were
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employed to observe the morphology and size changes of the
NNU-55-Ni catalysts before and after the photocatalytic process
(Supplementary Figs. 30 and 31). Obviously, TEM and SEM
characterizations showed that after the photocatalytic reaction,
bulk NNU-55-Ni was exfoliated into ultrathin 2D nanosheets
(NS= nanosheet) (Fig. 4a, d). And we have also effectively
measured the size change of the catalyst before and after the
photocatalytic reaction through atomic force microscopy in order
to evaluate the degree of exfoliation. It showed that the thickness
of the catalyst structure was sharply reduced from 96 nm (ca. 100
layers) (Fig. 4b) to 4.9 nm (~5 layers) (Fig. 4e) after undergoing
the reaction, which closed to a 20-fold reduction, clearly proving
an effective exfoliation process from 3D structure to 2D ultrathin
NS structure (i.e., NNU-55-Ni-NS) (Fig. 4c, f). After peeling off
process, the NNU-55-Ni-NS not only has a larger accessible
specific surface area and more catalytically active metal sites,
but also has excellent electron transfer and mass transport
properties, in accordance to other 2D NSs demonstrated in

previous important works43,44. To further verify the excellent
electron transport performance of NNU-55-Ni-NS and study
the quenching mechanism of the photocatalytic process, PL
quenching experiments (Supplementary Note 7) and fluorescence
excited-state lifetimes were tested. The PL spectra were performed
under the condition of photocatalytic reaction without TEOA, the
PL intensity of [Ru(bpy)3]Cl2 (Ex= 400 nm) followed linear
Stern-Volmer behavior and decreased significantly as the
increased catalyst concentration (Fig. 4g, Supplementary Fig. 32),
which means that the photogenerated electrons could be
transferred from [Ru(bpy)3]Cl2 to NNU-55-Ni-NS effectively.
However, in the photocatalytic system without catalyst, the
fluorescence intensity of PS cannot be quenched (Supplementary
Fig. 33). Moreover, this charge transfer mode was also confirmed
by the UV-Vis absorption spectrum experiment of [Ru(bpy)3]Cl2
(Supplementary Figs. 34 and 35). These experiment results
indicated that in the process of photocatalytic CO2RR, the pho-
togenerated electrons are mainly transferred from the light-

a b

c

e f

d

Fig. 3 Photocatalytic performances of NNU-55-M. a A function of the irradiation time of CO and H2 production from CO2 photoreduction over NNU-55-
Ni. The purple cylinder represents the reaction rate every 4 h. b The amount of CO and H2 produced with NNU-55-M. c Mass spectra (m/z= 29) analysis
for reduction product 13CO (yellow shaded regions) under 13CO2 atmosphere. d The recycle experiments were conducted to NNU-55-Ni. e The
experimental Ni K-edge XANES spectra of NNU-55-Ni samples before and after photocatalytic CO2RR as compared with calibrated standard Ni foil and
NiO. f The k3-weighted FT-EXAFS spectra for NNU-55-Ni samples before and after photocatalytic CO2RR with Ni foil and NiO references.
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excited [Ru(bpy)3]Cl2 to NNU-55-Ni-NS forming PS+, rather
than get electrons firstly from TEOA to the excited PS*. There-
fore, the photocatalytic process in our reaction system experi-
enced an oxidative quenching mechanism. In addition,
[Ru(bpy)3]Cl2 presented different photoluminescence lifetimes in
reaction solutions involving different sizes of the catalysts. As
shown in Fig. 4h, in the pure [Ru(bpy)3]2+ solution, the single
excited emission followed the exponential first-order decay
function, with a lifetime of 211 ns. For [Ru(bpy)3]2+ solution
containing NNU-55-Ni-NS, however, we could clearly observe a
decay of triplet metal-to-ligand charge transfer (3MLCT) excited
state. Obviously, by fitting the fluorescence decay curves, the
photoluminescence lifetime of photosensitizer decreased from
211 ns to 183 ns after adding catalyst (the difference value is ca.
28 ns) (Supplementary Table 6), indicating that the photoexcited
electrons from photosensitizer were quickly transferred to the
catalyst. Moreover, this charge transfer effect was more obvious
and effective between photosensitizer and NNU-55-Ni-NS
than between photosensitizer and bulky catalyst (Fig. 4h and
Supplementary Table 6). In conclusion, the results of time-
resolved PL decay spectroscopy experiment and PL quenching
experiment could also prove that a significant charge transfer
effect occurred between photosensitizer and NNU-55-Ni-NS
catalyst and inhibited the recombination of photoexcited elec-
trons and holes in the reaction system. Accordingly, the forma-
tion of NNU-55-Ni-NS with larger specific surface area and more

exposed active metal sites is the main reason for the effective
improvement of CO2 photoreduction activity45. But for NNU-55-
Co with the relatively higher coordination binding energy, the
exfoliation process did not occur under the identical photo-
catalytic reaction condition. Therefore, it finally displayed the
poor photocatalytic CO2RR Performance due to the low specific
surface area and less active metal sites. In addition, the stability of
chemical composition and metal oxidation state of catalysts was
confirmed by the nearly unchanged XRD (Supplementary Figs. 36
and 37), XPS (Supplementary Fig. 38a, b) and FTIR (Supple-
mentary Fig. 39a, b) spectra before and after the photocatalytic
reaction.

DFT theoretical calculation. At the same time, DFT calculations
were employed to further study the catalytic difference on CO2

photoreduction performance of NNU-55-Co and NNU-55-Ni.
We have studied the free energy pathway for reducing CO2 to CO
through free energy diagrams on the catalytically active site of
NNU-55-M, and the HER occurs as a competitive process
(Supplementary Fig. 40). Four consecutive reaction steps of
CO2RR on the metal catalytically active site have been considered,
and the formation of *COOH is the rate-limiting step among
them (Supplementary Figs. 41a, b). It is difficult to break the Co-
O coordination bond due to having strong binding energy
(−0.45 eV) between CO2 molecular and Co2+ ion, so the

a b

ed

c

f

g h

Fig. 4 Characterization and optical properties of NNU-55-Ni-NS. a–c TEM and AFM images of the bulky NNU-55-Ni. The height profile along the white
line represents the thickness of the bulky NNU-55-Ni. d–f After the bulky NNU-55-Ni was in situ exfoliated into NNU-55-Ni-NS, leading to a change
in TEM, AFM, and height profile. g The steady-state fluorescent spectra of [Ru(bpy)3]Cl2 upon the addition of increasing amounts of NNU-55-Ni-NS.
h Time‐resolved fluorescence decay spectra of [Ru(bpy)3]Cl2 in the presence of different catalysts.
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saturated hexa-coordination sites cannot serve as catalytically
active sites for CO2 reduction process or HER. Gibbs free energy
calculations disclosed that the COOH* intermediate formation
step of the catalytically tetrahedral active Co2+sites had a free
energy activation barrier (ΔG) of 1.453 eV, which was much
larger than that of photocatalytic HER. So the NNU-55-Co cat-
alyst is more active for HER rather than CO2RR, which agrees
with those obtained experimentally. For the isomorphic NNU-55-
Ni, because it undergoes an in situ exfoliation process during
photocatalytic CO2RR to destroy Ni-O coordination bond, the
resultant NNU-55-Ni-NS exposes more planar four-coordinated
active Ni2+ sites. On this site, the ΔG for *COOH intermediate
formation is only 0.272 eV and the ΔG for HER is 0.667 eV
(Fig. 5a, b). For the other type of Ni2+ active site with tetrahedral
configuration, the ΔG of *COOH intermediate and HER are
0.890 eV and 0.425 eV, respectively. Therefore, the planer Ni sites
are identified as the active sites for CO2RR based on thermo-
dynamics analysis and the NNU-55-Ni present superior catalytic
performance for photocatalytic reduction of CO2 to CO as
observed experimentally (Fig. 5c).

An idea for designing tandem reaction system. In the currently
reported works for photocatalytic CO2RR, the final reductive
products are rarely further transformed or utilized. Although
NNU-55-Ni in this work can exhibit high photocatalytic selec-
tivity, activity and durability for CO2-to-CO conversion, we hope
that the reductive product CO with lower use value can be further
converted into fine organic chemicals with high use value and
mature separation technology (e.g., drug molecules, chemical raw
materials, etc.) through tandem catalytic reactions46. It may be a
feasible strategy for the future industrial application of CO2

photoreduction reaction technology47. More significantly, such a

tandem conversion reaction pathway is also equivalent to realize
the direct conversion from cheap CO2 to value-added carbon-
based products. At the same time, the corresponding tandem
catalytic reaction can also elude the potential dangers caused by
the direct use of large doses of toxic CO reactants48. With this
idea in mind, we chose to effectively connect the NNU-55-Ni-
catalyzed CO2 photoreduction reaction with the aminocarbony-
lation by coupling organic reaction in series. The aminocarbo-
nylation process generally follows a pathway starting with
oxidative addition of palladium (0) center to Ar-X and insertion
of CO to the organopalladium complex to form the corre-
sponding carbonyl palladium complex, and then following by
transmetallation and reductive elimination to afford the amide
product49,50 (Fig. 5c). Therefore, by this cascade reaction, not
only the low-value and low-concentration CO can be reconverted
into important amide drug molecules or commercial products,
but these resulting products already have matured industrial
separation technology for practical application. Moreover, NNU-
55-Ni-catalyzed CO2 photoreduction reaction can provide a
sustainable, safe and green CO generation pathway for the ami-
nocarbonylation. Thus, this kind of tandem reaction can effec-
tively realize a strategy of killing two birds with one stone (Fig. 6).

The synthesis of DEET and 13C isotope-labeled experiment by
using the tandem reaction. Connecting two devices of different
catalytic reaction regimes in series effectively is extremely
important to successfully implementing of the tandem reaction.
As shown in Fig. 7, the tandem reaction apparatus was built by
connecting two independent chambers with good airtightness
(Fig. 7a and Supplementary Fig. 42). The right chamber for
photocatalytic CO2RR is utilized to produce continuous CO in a
safe and green way, and then CO as a reactant can freely diffuse

a

c

b

Fig. 5 DFT calculations were performed to understand the effects of different configurations on the photoreduction of CO2. a Free energy diagram of
CO2RR toward the production of CO. b Free energy profile of HER. c The possible reaction mechanism of the tandem reaction.
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into the left chamber to undergo aminocarbonylation reactions
and finally facilitate the synthesis of amide products (Supple-
mentary Fig. 43). Through this tandem reaction device, we first
tried to effectively connect the photocatalytic CO2RR (NNU-55-
Ni as a catalyst) and the aminocarbonylation reaction of aryl
iodide in series. Among the tandem reaction, the photocatalytic
CO2RR was performed on the above optimal reaction conditions
to obtain the highest CO yield (85.3 μmol), while the amino-
carbonylation reaction of aryl iodide was carried out in 1,4-
dioxane with Et3N as the organic base and tetrakis (triphenyl-
phosphine) palladium-(0) catalyst. The reductive product CO
from CO2 photoreduction reaction could be reconverted into the
diethyltoluamide (DEET) (Supplementary Note 8 and 9), which is
one of commercial pesticides to prevent some diseases of trans-
mitted by mosquito vector, completing the chain conversion of

CO2 to CO to DEET (Figs. 6a and 7b). In other words, such a
reaction pathway also realized the direct conversion of low-value
CO2 to high-value DEET. In addition, hydrogen as the byproduct
of photocatalytic CO2RR almost had no effect on the palladium-
catalyzed aminocarbonylation. After 16 h of tandem reaction, the
conversion of CO to DEET reached as high as 85%. It is worth
noting that the final DEET was effectively separated and the
isolated product mass was about 15.2 mg (Supplementary
Table 7). To further verify the sustainability of the tandem
reaction, we tested three consecutive cycles of the photocatalytic
CO2RR and the results showed that the tandem aminocarbony-
lation reaction still maintained a high CO conversion as
demonstrated in Fig. 6c. Meanwhile, we attempted higher-scale
experiments to obtain a higher yield of the target product. As
shown in Supplementary Fig. 44, as the number of rounds of the

Fig. 6 DEET production by tandem catalytic reaction and substrates screening were performed to determine the optimum conditions. a Schematic
illustration of the synthesis procedure of DEET via tandem reaction and actual CO utilization. b Select optimization conditions of the carbonylation
reaction. c The recycle experiments of tandem reaction were conducted. d GC-MS shows the different mass charge ratios (m/z) when 12CO2 (blue) and
13CO2 (red) as the source of CO by the tandem reaction to synthesize DEET. Further details about high-resolution mass spectrometry are provided in
Supplementary Fig. 47.
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photocatalytic cycle increased, the carbonylation reaction pro-
ceeded and the target amide compound (DEET) was accumulated
continually (Supplementary Fig. 45), as demonstrated the deepen
color of the reaction solution (Supplementary Fig. 44a). And the
final purely organic product (DEET) yield could reach 84.4 mg
(Supplementary Fig. 44b). Consequently, the tandem reaction
successfully verified our initial purpose that reconverting the
photocatalytic CO2RR product (CO) with low-value and low-
concentration into value-added and easily isolated fine organic
chemical. Furthermore, we also successfully synthesized iso-
topically labeled organic products through an isotope (13CO2)
tracing experiment. During the tandem catalytic reaction, the
injected isotope 13CO2 atmosphere was reduced to 13CO through
photocatalytic CO2RR, and then 13CO as reactant undergone the
tandem aminocarbonylation reaction to form isotope-labeled
amide compounds (Supplementary Fig. 46). After that, the suc-
cessful synthesis of 13C isotope-labeled DEET was confirmed by
GC-MS (Fig. 6d) and high-resolution mass spectrometry char-
acterization (Supplementary Fig. 47a, b). Therefore, this cascade
reaction represents an effective method to use 13CO2 as a source

of isotopically labeled amide molecules, suggesting a great pro-
mise in the research of carbon isotope labeling chemistry.

The substrate scope extension experiments in the tandem
reaction. In order to evaluate the effectiveness of tandem reac-
tions, we also explored the catalytic activity of other substrates
with different functional substitutes under the same reaction
conditions (Fig. 6b and Supplementary Table 7). When aniline
and benzylamine were used as reactants, the CO conversions for
amide formation were low (40 and 49%) (Supplementary
Notes 10 and 11). The conversion of CO was then significantly
improved by applying n-butylamine as the coupling partner
(70%) (Supplementary Note 12). The reason of the relatively
higher yield could be attributed to the relatively strong nucleo-
philicity of alkyl primary amine than its aromatic analog. Further
examination demonstrated that aryl iodides with electron-
donating group (-OMe) and electron-withdrawing group (-CN)
as substitutes underwent the cascade reaction conditions

a b

e

f

c

d g

gfedcb

h

Fig. 7 Application of the photocatalytic CO2RR to aminocarbonylative coupling. a Schematic illustration of the experimental apparatus and device
structure. b–g Synthesis of pharmaceuticals molecules, fine chemicals, and other biologically active molecules. h The tandem reaction showed the different
CO utilization for different reaction substrates.
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smoothly51, providing the amides in 72% (Fig. 7c) and 67% yields
(Supplementary Notes 13 and 14).

We then carried out more of the tandem reactions by
using 4-iodoanisole and different amines as the coupling partners.
A conversion of 78% on the basis of CO-to-d (Fig. 7d) was
detected when amantadine was employed as the amino source
(Supplementary Note 15). Amines with steric hindrance52, such
as L-Alanyl methyl ester and D-Proline methyl ester, were
viable partners to this tandem photocatalytic reductive-
aminocarbonylation system (Supplementary Notes 16 and 17),
with CO conversions of 58 and 51% observed (Figs. 7e, f). The
cascade reaction strategy was also applied to synthesize Boscalid
(Fig. 7g), a fungicide active against a broad range of fungal
pathogens, with good CO conversion (74%) detected, though a
hetero aryl iodide53—iodopyridine derivative and a relative more
structural complicated aniline were required (Supplementary
Note 18). These successful results have fully revealed the
application prospect and universality of the direct transferring
CO2 to important organic chemicals by connecting the photo-
catalytic CO2RR with palladium-catalyzed aminocarbonylation
reaction (Fig. 7h and Supplementary Table 7).

The reaction type extension in the tandem reaction. To further
confirm the synthetic utilities of this tandem catalytic system, we
also tried to combined the photocatalytic CO2RR with other
carbonylation reactions, such as carbonylative Suzuki coupling,
phenoxycarbonylation and alkoxycarbonylation. When the car-
bonylative Suzuki coupling was applied in the follow-up chamber
under the standard conditions (Condition A) with phenylboronic
acid and 4-iodoanisole as the reaction partners, the correspond-
ing biarylketone was detected, and the conversion of CO gener-
ated by photocatalytic CO2RR was 77% (Fig. 8b and
Supplementary Note 19). However, the phenoxycarbonylation /

alkoxycarbonylation reaction was found sluggish under the same
conditions (Condition A). We suppose that the weaker nucleo-
philicity of oxygen should be responsible for that. Therefore, a
modification of the reaction conditions for the carbonylation
reaction chamber has been applied, and the tandem catalytic
reaction are implemented (Condition B). For the alkox-
ycarbonylation reaction, when ethanol is used as the nucleophile,
ester compounds could be formed through sequential transfor-
mation and the CO conversion could reach 59% (Fig. 8c and
Supplementary Note 20). Furthermore, conducting the reaction
by replacing the nucleophile with phenol, led to the success of the
phenoxycarbonylation with the CO conversion at 44% (Fig. 8d
and Supplementary Note 21). To summarize, we successfully
cascade photocatalytic CO2RR and different types of carbonyla-
tion reactions to completing the chain conversion of CO2 to CO
to amide (Fig. 8a)/ketone (Fig. 8b)/ester (Figs. 8c, d) compounds
involving the formation of C–N/C–C/C–O bond, which further
expands and highlight the practical application of tandem
reactions.

Discussion
In summary, we have designed and synthesized a stable
MOF-based catalyst system for photocatalytic CO2RR, in which
NNU-55-Ni exhibits high activity, selectivity and durability for
CO2 to CO photochemical conversion. Since NNU-55-Ni was
exfoliated in situ to form ultrathin 2D nanosheets during the
photocatalytic reaction process, resulting in the larger active
specific surface area, more active metal sites and much faster
electron transfer rate, so the photocatalytic performance of
CO2RR was significantly improved. More importantly, we suc-
cessfully achieved the re-conversion from the photocatalytic low-
value product CO to value-added and easily separated fine
organic chemicals through connecting photocatalytic CO2RR and

Fig. 8 Expanding different carbonylation reactions to our tandem reaction. a Aminocarbonylation reaction using tandem catalysis system.
b Carbonylative Suzuki coupling reactions using tandem catalysis system. c, d Phenoxycarbonylation/alkoxycarbonylation reaction using tandem
catalysis system.
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the aminocarbonylation reaction in series. Such a tandem reac-
tion tactic showed very high conversion and the application
potential in the synthesis fine chemicals. In the meantime, we also
achieved 13C isotopic labeling of bioactive molecules in an
environmentally friendly manner. This work not only realized the
value enhancement and separation application of photocatalytic
low-value reduction product, but also provided a feasible and
promising pathway for the subsequent application of the photo-
catalytic CO2RR.

Methods
Synthesis of NNU-55-Co. A solid mixture of 5-Azabenzimidazole (5-AD)
(0.017 mmol), Co (CH3COO)2·6H2O (0.14 mmol) was suspended in DMF-H2O
(3:1, 4 ml) solution in a 10 ml vial. Then the pH value of the solution was
adjusted by addition of nitric acid solution (50 μl). The sonication steps take
~30 min. After the solution became clear, the vial was heated at 120 °C for 7 days
and then slowly cooled to room temperature. Purple crystals of NNU-55-Co was
obtained, and the yield was 58% (base on 5-AD). The CCDC number of NNU-
55-Co is 2081042.

Synthesis of NNU-55-Ni. NNU-55-Ni was prepared by a similar method except
that Ni (CH3COO)2·6H2O was used instead of Co (CH3COO)2·6H2O. The yield of
the NNU-55-Ni dark blue powder was 48% (base on 5-AD).

Calculational methods. All calculational methods are provided in Supplementary
Note 3.

General procedure for photocatalytic CO2 reduction experiments. The pho-
tocatalytic CO2RR was carried out in a 25 ml quartz reactor at a temperature of
25 °C maintained by using a thermostatic water bath with as-prepared crystal.
Catalyst (20 mg) and [Ru(bpy)3]Cl2·6H2O (0.013 mmol) were added into the mixed
solution which contained acetonitrile (10 ml) and deionized water (100 μl). Then
TEOA (23 mmol) was added into the reaction mixture solution. The reaction
system was saturated by CO2 for 30 min with a cap at 1 atm CO2 partial pressure
and then irradiated using a Xe lamp (λ ≥ 420 nm, 300W). The typical test is 16 h.
The gas products in the headspace of the reactor were measured using GC with an
FID detector to analyze CO/CH4/CO2 and a TCD detector to analyze O2 and H2.

Photophysical experiments. PL quenching experiments and photoluminescence
lifetime experiments are provided in Supplementary Note 7.

Tandem reaction experiments. For a better comparison, all organic measure-
ments were carried out under equivalent experimental conditions. Achieving high
gas density in the reaction volume, the relatively small volume of the chamber
reactor (Schlenk tube) was selected (A chamber, 25 ml and B chamber, 10 ml). A
chamber was used for photocatalytic CO2RR according to the protocol above. The
reaction conditions in chamber B were changed according to different organic
catalysis. Condition A: B chamber was loaded with aryl iodide (0.5 mmol),
Pd(PPh3)4 (6 mol%), Et3N (139 μl, 1 mmol), and the corresponding amine or aryl
boronic acid (1 mmol). Subsequently, anhydrous 1,4-dioxane (3 ml) was added to
the reactor. Condition B: B chamber was loaded with aryl iodide (0.5 mmol),
Pd(PPh3)4 (6 mol%), Et3N (139 μl, 1 mmol). Due to Phenoxy/alkoxy compounds
act as both solvent and reactant, and the corresponding alcohol (3 ml) or phenol
(3.2 g, 34.1 mmol) was added to the reactor. The two chambers were chained
together by a short linker, all joints were in a closed state. Subsequently, only open
the joint of B, and the B chamber was then flash frozen at 77 K (liquid N2 bath) and
degassed by three freeze-pump-thaw cycles, and evacuated to an internal pressure
of ~100 mTorr. Then warm to room temperature, A chamber was placed under
photocatalytic conditions, the B chamber was placed in an oil bath. After photo-
catalytic reacting for a set amount of time, A joint was slowly opened and B
chamber was stirred at 65 °C for 16 h in the oil bath. The reaction product was
detected and quantified by mass spectrometry (5977B Agilent Technologies) and
NMR analysis after purification by column chromatography on silica gel.

Data availability
The data that support the findings of this study are available within the paper and its
Supplementary Information files or are available from the corresponding authors upon
reasonable request. Source data are provided with this paper.
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