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Gram-Scale Green-Synthesis of High Purity Pinacols and
Amides by Continuous Tandem Photocatalysis via a
Negative Carbon Emission Process

Xiao-Liang Ma, Wen-Xiong Shi, Song Guo,* Qiu-Ping Zhao, Wenbin Lin, Tong-Bu Lu,*
and Zhi-Ming Zhang*

Solar-driven CO2 reduction for practical applications confronts significant
challenges, including the waste of oxidation power and the difficulty in
isolating reduction products. Herein, a pre-coordination restriction strategy is
presented to hierarchically assemble CdS quantum dots (QDs), cobalt sites
and Zr6 clusters in one metal–organic framework (MOF), resulting in the
CdS@PCN-Co composite for simultaneous CO2 photoreduction and C–C
coupling. Impressively, the yields of CO and pinacols with CdS@PCN-Co can
reach 59.5 mmol·g−1 (99.4% selectivity) and 56.2 mmol·g−1 (95.3%
selectivity), respectively, over six and seven times higher than those with the
CdS/PCN-Co mixture (9.8 mmol•g−1 CO, 29.4% selectivity; 7.8 mmol•g−1

pinacols, 22.7% selectivity). The superior catalytic performance of
CdS@PCN-Co can be ascribed to the synergy among encapsulated CdS QDs,
Zr6 clusters and PCN-Co, where photogenerated electrons can efficiently
transfer from CdS QDs to Co sites for selective CO generation while the
remaining holes can oxidize the adsorbed 1-phenylethanol over Zr6 surface to
facilitate C–C coupling. More impressively, the released CO can be
immediately used for carbonylation photosynthesis by immobilizing
CdS@PCN-Co and Pd/PCN-Zn in a continuous-flow system with two
reactors, which simultaneously achieves gram-scale photosynthesis of
high-purity pinacols and amides by continuous tandem photocatalysis.

1. Introduction

The substantial consumption of fossil fuel in traditional in-
dustrial processes results in excessive carbon dioxide (CO2)
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emissions, which exacerbate the energy cri-
sis and environmental issues.[1–7] Solar-
driven CO2 reduction into fuels has been re-
garded as one of the most promising strate-
gies to simultaneously reduce fossil fuel
consumption and lower atmospheric CO2
concentrations.[8–19] In this regard, photo-
catalysts play a crucial role in light ab-
sorption, charge separation/transfer, and
catalytic conversion in the photocatalytic
process, significantly influencing the per-
formance of CO2 reduction.[20–24] Metal–
organic frameworks (MOFs), with their
structurally designable ligands, pores, and
metal nodes, serve as a versatile molecular
platform to develop efficient photocatalysts
for CO2 reduction.

[23,25–35] Despite consid-
erable advancements, current catalytic sys-
tems primarily convert CO2 into various
C1 products, such as CO and HCOOH,
with low yields within the nanomolar
to micromolar range.[36–39] Additionally,
when the photogenerated electrons are
used for CO2 reduction, the accompany-
ing holes are typically consumed by sacrifi-
cial agents, such as trimethylamine (TEA),

triethanolamine (TEOA), or 1,3-dimethyl-2-phenyl-2,3-dihydro-
1H-benzo[d]imidazole (BIH).[40,41] Therefore, the waste of pho-
togenerated holes, along with the low value of C1 products, sig-
nificantly restricts their practical applications. To promote the in-
dustrialization of CO2 photoreduction, the following challenges
are urgent to be addressed: i) Upcycling products of CO2 reduc-
tion into value-added chemicals, ii) High value-added utilization
of oxidation power, iii) Developing sustainable catalytic systems
to integrate processes (i, ii), and CO2 photoreduction.

[22,42,43]

To achieve the above goals, it is essential to develop a
novel catalytic system that is compatible with three key pro-
cesses: light-induced oxidative organic synthesis,[44–46] CO2
photoreduction,[47] and carbonylation reactions using CO as
a C1 source.[48] However, conventional one-pot photocatalytic
systems using a photocatalyst make it difficult to integrate
these reaction processes due to their conflicting reaction con-
ditions (Figure 1a). Recently, pioneering attempts have been
made for tandem catalysis with a dual-chamber reactor to cou-
ple CO2-to-CO conversion with carbonylation reactions.[24,49–58]

In these catalytic systems, the conversion of CO2 to CO has
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Figure 1. Tandem continuous photocatalytic system. a) Schematic diagrams of traditional photocatalysis systems for CO2 reduction containing one pot
photocatalysis and photo-thermo cascade catalysis. b) Tandem continuous-flow reactors for simultaneous C–C coupling and photocatalytic carbonylation
mediated by photochemical CO2-to-CO reduction. c) Photocatalytic CO2-to-CO reduction coupled with oxidative organic synthesis by CdS@PCN-Co
and subsequent utilization of CO for photocatalytic carbonylation catalyzed by Pd/PCN-Zn. PC: photocatalyst. PS: photosensitizer. Cat: catalyst. QDs:
quantum dot. NPs: nanoparticles.

been achieved through electrocatalytic,[51] photocatalytic,[49,50]

and fluoride-catalytic strategies,[52] then the produced CO was
used to feed carbonylation reactions via a conventional thermal
catalysis process. For instance, Lan et al. employed [Ru(bpy)3]Cl2
as a sensitizer, TEOA as an electron donor, and NNU-55-Ni as a
catalyst for photoreduction of CO2 to CO.

[59] Subsequently, CO
was used as a C1 source for thermalcatalytic carbonylation reac-
tions. Audisio et al. utilized [Ru(bpy)3]Cl2 as a sensitizer, BIH as
an electron donor, and rhenium-based complex as a photocatalyst
for the reduction of radioisotope-tagged 11CO2 and

14CO2. The re-
sulting 11CO and 14CO can serve as C1 feedstocks for the synthe-
sis of isotopically labeled carbonyl-containing drugmolecules.[54]

These photocatalytic systems are usually constrained by the fol-
lowing factors: inefficient utilization of photogenerated holes,
reliance on external photosensitizers, intermittent product for-

mation, mixed product, and excessive thermal consumption. To
our knowledge, the concurrent value-added utilization of oxida-
tion power and CO2 reduction products has not yet been real-
ized. Therefore, it’s highly desirable but remains a great chal-
lenge to achieve sustainable photosynthesis through a negative
carbon emission process by simultaneously developing photocat-
alysts and photocatalytic systems.
Herein, we developed a pre-coordination restriction strategy to

hierarchically assemble CdS quantum dots (QDs), cobalt sites,
and Zr6 clusters within a single MOF matrix, resulting in the
CdS@PCN-Co composite for simultaneous CO2 photoreduction
and C–C coupling. The encapsulated CdS QDs can denote photo-
generated electrons to Co sites for CO2-to-CO conversion, while
the remaining holes can oxidize 1-phenylethanol on Zr6 sur-
face to facilitate C–C coupling to produce pinacols with a 95.3%
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Figure 2. Synthesis and structural characterization of CdS@PCN-Co. a) Schematic shows the synthesis of CdS@PCN-Co. b) TEM image of CdS@PCN-
Co. Inset: lattice spacing of CdS QDs. c) HRTEM image, d) scanning electron microscopy (SEM) image and e–j) elemental mapping images of
CdS@PCN-Co.

selectivity. Impressively, CO yield can reach 59.5 mmol•g−1 with
99.4% selectivity, nearly six times higher than those with the
CdS/PCN-Comixture (9.8 mmol•g−1 CO, 29.4% selectivity), rep-
resenting a record performance among all the visible-light ab-
sorbing MOF catalysts. Subsequently, we developed a tandem
catalytic system consisting of dual continuous-flow reactors (A
and B, Figure 1b) with dual MOF photocatalysts to integrate
CO2 photoreduction with photo-oxidative C–C coupling and pho-
tocatalytic carbonylation. Remarkably, gram-scale photosynthe-
sis of pinacol was successfully achieved accompanied by effi-
cient CO evolution, when immobilizing CdS@PCN-Co in re-
actor A. Then the released CO was directly pumped into reac-
tor B, where Pd/PCN-Zn catalyzed its conversion to the com-
mercial pesticide DEET (N,N-diethyl-3-methylbenzamide) with
98% selectivity (Figure 1c). For the first time, gram-scale green-
synthesis of high-purity pinacols and amides was achieved by

continuous tandemphotocatalysis via a negative carbon emission
process.

2. Results and Discussion

2.1. Synthesis and Characterization

PCN-Co/Zn of PCN-222 (PCN) were synthesized via a hy-
drothermal reaction of Co/Zn-TCPP (TCPP = tetrakis(4-
carboxyphenyl)porphyrin) and ZrCl4 at 120 °C (Figure 2a;
Schemes S1–S3, Supporting Information).[60,61] After immobi-
lizing L-cysteine (L-cys) onto the Zr6 nodes, CdS QDs were en-
capsulated in the L-cys modified PCN-Co (L-cys-PCN-Co) via a
double-solvent approach. In this synthesis, the L-cys groups lin-
ing the MOF channels bound cadmium ions and then reacted
with Na2S to form CdS QDs in the confinement space, leading
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to the CdS@PCN-Co composite (Scheme S4, Supporting Infor-
mation). For comparison, we also synthesized the CdS/PCN-Co
control through the growth of CdSQDs on the external surface of
PCN-Co in an aqueous environment[62] and the CdS@PCN con-
trol by omitting the Co centers (Scheme S5, Supporting Informa-
tion). The deposition of Pd NPs onto the surface of PCN-Zn was
achieved by introducing K2PdCl4 into a dispersion of the PCN-
Zn MOF in water and ethanol. This mixture was subsequently
reduced by using sodium borohydride, resulting in the formation
of Pd/PCN-Zn (Scheme S6, Supporting Information). All these
MOF samples were systematically characterized (Figures S1–S27
and Tables S1 and S2, Supporting Information).
Powder X-ray diffraction (PXRD) patterns of L-cys-PCN, L-

cys-PCN-Co, and Pd/PCN-Zn matched well with the simulated
PXRD pattern based on the crystal data of PCN, and the peaks
at 5.2° were attributed to the (001) diffraction (Figure S20, Sup-
porting Information). In addition to the PXRD peaks for PCN,
CdS@PCN-Co, CdS@PCN, and CdS/PCN-Co all showed weak
and broad diffraction peaks at ≈26.5°, 44.0°, and 52.1°, which
were assigned to the (111), (220), and (311) diffraction of CdS
QDs. These results demonstrate the maintenance of the PCN
framework after the introduction of L-cys, CdS QDs, Co cen-
ters, and Pd NPs (Figure S20a,b, Supporting Information). High-
resolution transmission electron microscopy (HRTEM) images
showed the formation of CdS QDs with an average size of
2.8 ± 0.4 nm and a lattice fringe distance of 0.326 nm in
CdS@PCN-Co (Figure 2b,c; Figure S21, Supporting Informa-
tion). This lattice fringe distance corresponded to the (111) crys-
tal face of CdS. Additionally, elemental mapping demonstrated
uniform distributions of Zr, Co, Cd, S, N, O, and Cl elements
in CdS@PCN-Co (Figure 2e–j; Figure S22, Supporting Informa-
tion). These results support the successful immobilization of
CdSQDs in CdS@PCN-Co. Unlike CdS@PCN-Co, CdS/PCN-Co
showed the distributions of Cd and S elementsmainly on the sur-
face (Figure 2d; Figures S23 and S24, Supporting Information).
While CdS@PCN-Co exhibited a smooth surface, CdS/PCN-Co
showed the presence of numerous particles on the surface. These
findings indicated that CdS QDs were primarily confined within
the pores of CdS@PCN-Co but mainly distributed on the surface
of CdS/PCN-Co.
Nitrogen sorption isotherms revealed that the Brunauer–

Emmett–Teller surface area, pore volume, and pore size of
CdS@PCN-Co were significantly reduced compared to L-cys-
PCN-Co (Figure S28 and Table S3, Supporting Information),
which further supports the encapsulation of CdS QDs in
CdS@PCN-Co. Infrared spectra (IR) of PCN-Co, L-cys-PCN-
Co, and CdS@PCN-Co were obtained to assess the interactions
among L-cys, CdS, and PCN-Co (Figure S29, Supporting Infor-
mation). The characteristic stretching vibration peaks of Zr-OH
and Zr-OH2 were observed at 3672 and 2558 cm

−1 for PCN-Co.
After the introduction of L-cys, these characteristic peaks become
weaker due to the partial exchange of L-cys withOH− andOH2 on
the Zr6 cluster (Zr-OH /Zr-OH2) (Figure S29a, Supporting Infor-
mation). In addition, L-cys-PCN-Co exhibited the S─Hstretching
vibration peak at 2317 cm−1, supporting the successful loading
of L-cys in PCN-Co (Figure S29b, Supporting Information). Af-
ter the introduction of CdS, the stretching vibration of the S─H
bond almost disappeared. This can be ascribed to ─SH undergo-
ing deprotonation upon coordination with CdS.[63,64]

X-ray photoelectron spectroscopy (XPS) was used to investi-
gate the valences ofmetal centers in CdS@PCN-Co and Pd/PCN-
Zn (Figures S30 and S31, Supporting Information). The char-
acteristic peaks of Co 2p3/2 and Co 2p1/2 were detected at 780.9
and 796.3 eV respectively, indicating the presence of the Co2+

site in CdS@PCN-Co (Figure S30b, Supporting Information).[60]

The valence state of Cd was determined as +2 according to the
Cd 3d5/2 and Cd 3d3/2 binding energies of 405.0 and 411.7 eV,
respectively (Figure S30c, Supporting Information).[65] In ad-
dition, the S 2p3/2 binding energies of 161.4 and 162.2 eV
and the S 2p1/2 binding energies of 163.6 and 164.3 eV were
attributed to the C-S and S-Cd moieties, respectively (Figure
S29c, Supporting Information).[66] These results indicate the
strong interaction of L-cys and CdS QDs in CdS@PCN-Co.
Furthermore, the distinct peaks at 335.6 and 341.0 eV cor-
respond to the Pd 3d5/2 and Pd 3d3/2, respectively, indicat-
ing the presence of Pd0 in Pd/PCN-Zn.[60] This confirmed the
presence of Pd NPs in Pd/PCN-Zn (Figure S31, Supporting
Information).

2.2. Photocatalytic CO2 Reduction and C–C Coupling Reactions

CO2 photoreduction experiments were conducted in the
presence of 1-phenylethanol with CdS, PCN, CdS@PCN,
CdS@PCN-Co, or CdS/PCN-Co as photocatalysts under visible-
lightirradiation (≥400 nm, Figure 3a,b; Table S4, Supporting
Information). CdS@PCN-Co gave a CO yield of 59.5 mmol•g−1

and a CO selectivity of 99.4% under visible-light irradiation,
which represents a record performance over previously reported
photocatalysts (Table S5, Supporting Information). Simultane-
ously, 1-phenylethanol was efficiently transformed to pinacol
via C–C coupling to achieve high pinacol yield and selectivity
of 93.7% and 95.3%, respectively. With CdS QDs as the photo-
catalyst, the main products were H2 and acetophenone under
the CO2 atmosphere, with CO and pinacol selectivity of 35.8%
and 30.4%, respectively. PCN-Co did not produce CO under
identical conditions, indicating that PCN-Co cannot drive CO2
reduction in the presence of 1-phenylethanol. On the other hand,
CdS@PCN mainly produced H2 with CO and pinacol selectivity
of 30.1% and 38.1%, respectively. These results confirm that
all the components in CdS@PCN-Co are essential for efficient
CO2 reduction and C–C coupling reaction. It can be noted
that the consumed ratio of excited electrons to holes was close
to 1.0, indicating an electron-hole balance between photocat-
alytic CO2 reduction and oxidative C–C coupling reactions. In
addition, CdS@PCN-Co exhibited exceptional photochemical
stability and was readily recycled and used in five runs without
obvious loss in catalytic activity and product selectivity (Figure
S32a, Supporting Information). The exceptional stability of
CdS@PCN-Co was supported by PXRD, TEM, XPS, and in-
ductively coupled plasma-mass spectrometry analyses (Figures
S32–S35 and Table S6, Supporting Information). Under similar
conditions, CdS QDs severely aggregated during the reaction
(Figure S36, Supporting Information). Isotopic labeling experi-
ments were conducted using 13CO2 as the C1 source, and only
13CO was observed by gas chromatography-mass spectrometry
(Figure 3c). This result demonstrates that CO originates from
CO2 photoreduction.
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Figure 3. Catalytic performance for CO2 photoreduction and carbonylation. a,b) Photocatalytic performance for CO2 reduction and C–C coupling over
CdS@PCN-Co. c) The isotope-tracing experiments of 13CO (m/z = 29) produced by photoreduction of 13CO2 over CdS@PCN-Co. d) Photocatalytic
performance for visible light-induced amino carbonylation reaction with different catalysts. e) Control photocatalytic experiments with Pd/PCN-Zn.
f) Recycle experiments over Pd/PCN-Zn for visible light-induced amino carbonylation reaction.

We also examined the substrate scope and the effects
of functional groups on C–C coupling reactions. 1-(para-
methylphenyl)ethanol, 1-(p-methoxyphenyl)ethanol, 1-(pyridin-
2-yl)ethanol, 1-phenyl-1-propanol, and 1-phenyl-1-butanol effi-
ciently underwent photocatalytic reactions to reduce CO2 and
generate pinacol derivatives (Table S7, Supporting Information).
In these reactions, the CO yields ranged from 50.3 to 58.1
mmol•g−1 with > 97.1% CO selectivity while the yields for pina-
col derivatives exceeded 80% with > 93.0% selectivity. The sub-
strates with electron-donating groups (─CH3 and ─OCH3) at the
p-positions of the aryl rings are tolerated in CO2 reduction and
C–C coupling reactions. However, the substrates with electron-
withdrawing groups (─CF3 and ─NO2) failed to drive the reac-
tion, likely due to the difficulty of oxidative generation of the 𝛼-
hydroxybenzyl radicals by the photogenerated holes on CdSQDs.
Interestingly, the substrates with─CH3 and─OCH3 substituents
at the meta- and ortho-positions were oxidized to ketones instead
of undergoing C–C coupling to form pinacols.

2.3. Photocatalytic Carbonylative Reaction with 12CO and 13CO2
as C1 Source

The photocatalytic carbonylative reaction was conducted in a
CO atmosphere upon irradiation with visible light. Remarkably,
Pd/PCN-Zn can efficiently drive the carbonylative reaction to
afford benzanilide with a yield of 98%. Only trace amounts of
benzanilide were detected in the presence of Pd NPs or PCN-

Zn (Figure 3d). Moreover, the catalytic yield with the mixture of
Pd NPs and PCN-Zn was determined to be 11%, much lower
than that with Pd/PCN-Zn. This manifests that the close cou-
pling between Pd NPs and PCN-Zn is necessary for efficient car-
bonylative reaction. In the absence of a catalyst, TEA or light, al-
most no product formed, suggesting that these factors are essen-
tial for carbonylation. When CO was replaced with CO2, nearly
no products were generated, indicating that Pd/PCN-Zn exclu-
sively utilizes CO as a C1 source for carbonylation (Figure 3e).
Furthermore, Pd/PCN-Zn can effectively facilitate the photosyn-
thesis of DEET, a widely used commercial pesticide, achieving
a yield of 99% (Figure S37, Supporting Information). Addition-
ally, Pd/PCN-Zn also exhibited superior photocatalytic stability,
which can be recycled over five times without obvious loss of ac-
tivity (>95%, Figure 3f). Isotopic tracing experiments were fur-
ther performed in the tandem catalytic system under the 13CO2
atmosphere. Notably, 13C-labeled benzoylaniline was obtained ac-
cording to the analysis of high resolution mass spectrum re-
sults (Figure S38, Supporting Information). This directly verifies
the incorporation of 13C isotope labeling into the final product,
thereby reinforcing the mechanism of the tandem system.

2.4. Photogenerated Carrier Separation and Electron Transfer

The roles of CdS QDs and Co sites upon light absorp-
tion and electron-hole separation in CdS@PCN-Co were in-
vestigated by steady-state and time-resolved spectroscopy and
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photoelectrochemical measurements. As shown in Figure S39a
(Supporting Information), UV–vis absorption spectra exhibited
an absorption band below 500 nm for CdS. After the intro-
duction of CdS into PCN, CdS@PCN exhibited a broad ab-
sorption band between 300 and 800 nm with four Q bands
at ≈520, 555, 598, and 655 nm, which are present in the
absorption spectra of PCN. In comparison, CdS@PCN-Co
showed two Q bands, consistent with Co coordination to the
porphyrin units of PCN.[60,67] Remarkably, both CdS@PCN-
Co and Pd/PCN-Zn exhibited a strong and broadband vis-
ible light harvesting ability, highlighting their great poten-
tial for photosynthetic applications (Figure S39, Supporting
Information).
Photoluminescence (PL) spectra were obtained to evaluate

the electron-hole separation efficiency (Figure S40, Supporting
Information). As shown in Figure S40a (Supporting Informa-
tion), CdS showed a strong PL emission peak at ≈600 nm,
whereas PCN showed dual emissions at 670 and 725 nm.
However, the PL of the CdS@PCN composite was significantly
quenched compared to that of CdS and PCN. Furthermore, the
PL signal of CdS@PCN-Co was nearly completely quenched
after Co coordination. These results indicate that the separa-
tion efficiency of photogenerated electron-hole pairs follows
the order of CdS@PCN-Co > CdS@PCN > PCN (or CdS).
The rates of emission decay followed the trend of CdS@PCN-
Co > CdS@PCN > PCN (or CdS), further supporting the
most efficient photocarrier separation in CdS@PCN-Co among
these samples (Figure S41a, Supporting Information). The pho-
tocurrent response of CdS@PCN-Co was much stronger than
those of CdS@PCN and PCN (Figure S42, Supporting In-
formation), whereas CdS@PCN-Co exhibited the smallest re-
sistance among these photocatalysts (Figure S42b, Supporting
Information). Additionally, the emission intensity of PCN-Zn
was significantly quenched after introducing Pd NPs, mani-
festing an efficient electron transfer from PCN-Zn to Pd NPs
(Figure S40b, Supporting Information). This viewpoint was fur-
ther supported by photocurrent measurement, where the pho-
tocurrent intensity of Pd/PCN-Zn was remarkably higher than
that of PCN-Zn (Figure S42c, Supporting Information). Ad-
ditionally, the fluorescence lifetime of PCN-Zn was reduced
from 1.8 to 1.1 ns for Pd/PCN-Zn, further confirming an elec-
tron transfer from PCN-Zn to Pd NPs (Figure S41, Supporting
Information).
For CdS@PCN-Co, the conduction band (CB) and valence

band (VB) of CdS QDs were determined as −0.66 and 1.49 V
(vs NHE, pH 7), respectively (Figure S43, Supporting Informa-
tion). The higher CB potential of CdS QDs than that of PCN-
Co provides the thermodynamic drive force for the transfer of
photogenerated electrons from CdS QDs to the Co sites for
CO2 reduction. Meanwhile, the VB potential of CdS QDs was
more positive than the oxidation potential of 1-phenylethanol,
indicating thermodynamic feasibility for 1-phenylethanol oxi-
dation by the photogenerated holes on CdS QDs (Figures S44
and S45a, Supporting Information). For Pd/PCN-Zn, upon ir-
radiation with visible light, the excited Zn-porphyrin ligands
can efficiently transfer electrons to Pd NPs, leading to the
formation of electron-rich Pd NPs. This contributed to fa-
cilitating the carbonylation reaction (Figure S45b, Supporting
Information).

2.5. Catalytic Mechanism

A series of control experiments and in situ electron paramagnetic
resonance spectroscopic (EPR) studies were conducted to reveal
the catalytic mechanism of CdS@PCN-Co (Figure 4; Figures
S46–S52, Tables S8 and S9, Supporting Information). With the
addition of AgNO3 as an electron scavenger, CdS@PCN-Co pro-
duced pinacol in relatively high activity but failed to generate CO.
The addition of TEOA as a sacrificial hole scavenger increased the
CO yield to over 65 mmol•g−1 but decreased the pinacol yield
to 11 mmol•g−1 (Figure S46, Supporting Information). These
results support the use of the photogenerated holes and elec-
trons in CdS@PCN-Co for C–C coupling and CO2 reduction,
respectively.
The significantly lower CO and pinacol selectivity of

CdS@PCN over CdS@PCN-Co supports the role of the Co
sites in CO2 reduction and C–C coupling reaction. Furthermore,
CdS@PCN-Co did not increase the H2 yield over CdS@PCN
under Ar (Figure 4a), and CdS@PCN-Co showed a higher
photocurrent under CO2 than under Ar, but CdS@PCN did
not show similar photocurrents under CO2 and Ar (Figure 4b).
These results indicate that the Co sites facilitate electron-hole
separation of CdS@PCN-Co for CO2 reduction but not for H2
evolution. CdS@PCN-Co, PCN-Co, and PCN showed stronger
EPR signals under irradiation than in the dark, indicating
the photogeneration of radicals in this photocatalytic system.
CdS@PCN-Co showed stronger EPR signal intensity than PCN-
Co and PCN, indicative of more efficient electron-hole separation
in CdS@PCN-Co (Figure S49a,b, Supporting Information).[68]

The EPR results are consistent with the photocurrent response
results. Furthermore, CdS@PCN-Co showed stronger EPR
signals under CO2 than under Ar (Figure S49c, Supporting
Information), suggesting the increased concentration of pho-
togenerated holes due to the consumption of photogenerated
electrons for CO2 reduction. However, with the addition of
1-phenylethanol under CO2, the EPR signals completely disap-
peared for CdS@PCN-Co but were retained for PCN-Co (Figure
S49d, Supporting Information). This result indicates that the
accumulated holes on the surface of CdS were consumed by
1-phenylethanol. Thus, the holes are efficiently generated on
CdS QDs under the CO2 atmosphere with the assistance of Co
sites, leading to an increase in the local concentration of carbon
radical intermediates in the confined space for the C–C coupling
reaction.
As shown in Figure 4d, the selectivity for the C–C coupling

product gradually increased from 51.2% to 95.3% with the 1-
phenylethanol concentration increased from 8 to 60 mm, indi-
cating the promotion of C–C coupling at higher 1-phenylethanol
concentrations (Figures S50 and S51, Supporting Information).
At the same 1-phenylethanol concentration (60mm), CdS@PCN-
Co gave amuch higher pinacol selectivity (96.2%) thanCdS/PCN-
Co (36.7%, Figure 4d). These results confirm the spatial confine-
ment effect of MOFs, where the MOF micro-reactors enrich the
substrates and radical intermediates for C–C coupling.
The influence of the confined environment of CdS@PCN-

Co on the catalytic performance was further examined by in
situ DRIFT spectroscopy and EPR measurements. As shown in
Figure 4c, the characteristic peaks of COOH* at ≈1539, 1558,
and 1653 cm−1 and CO* at 2078 cm−1 were observed. Notably,
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Figure 4. Reaction mechanism for CO2 photoreduction and C–C coupling. a) Photocatalytic performance and b) photocurrent response of CdS@PCN
and CdS@PCN-Co under Ar and CO2 atmosphere, respectively. c) In situ diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy over
CdS@PCN-Co (red) and CdS/PCN-Co (blue) for CO2 photoreduction with 1-phenylethanol. d) Photocatalytic performance and pinacol selectivity with
different substrate concentrations in 6 h. e) EPR spectra of CdS, CdS/PCN-Co, and CdS@PCN-Co in the dark or under illumination of Ar-saturated
acetonitrile solution of 5,5-dimethyl-1-pyrrolidine (DMPO) with 1-phenylethanol.

CdS@PCN-Co showed much higher intensity of the CO* peak
at 2078 cm−1 than CdS/PCN-Co (Figure 4c; Figure S52, Sup-
porting Information), indicating a higher activity of CO2 reduc-
tion for CdS@PCN-Co. In situ EPR was utilized to monitor the
generation of 𝛼-hydroxybenzyl radical via C

𝛼-H bond cleavage in
1-phenylethanol. The DMPO was used to trap 𝛼-hydroxybenzyl
radical. Under irradiation, the 𝛼-hydroxybenzyl-DMPO adduct
was detected with the expected coupling constants of 𝛼N = 14.9
and 𝛼H = 22.1.[69–71] Notably, the EPR signal intensity for the 𝛼-
hydroxybenzyl-DMPO adduct followed the order of CdS@PCN-
Co > CdS/PCN-Co > CdS (Figure 4e), indicating the most effi-
cient C–C coupling by CdS@PCN-Co.
IR spectroscopy was also used to investigate the interactions

of 1-phenylethanol with the photocatalysts (Figure S53, Sup-
porting Information). As shown in Figure S53c (Supporting
Information), 1-phenylethanol showed the vC-O peak at 1038
cm−1. The vC-O peaks of both CdS@PCN-Co/1-phenylethanol
and PCN-Co/1-phenylethanol samples shifted to 1055 cm−1 in
the differential IR spectra, suggesting the interactions of 1-
phenylethanol with the Zr6 SBU via ─C─OH─Zr─ bonds.[72,73]

The vC-O peak was not observed for CdS/1-phenylethanol, in-
dicating weak adsorption of 1-phenylethanol on CdS. In addi-
tion, the vμ3-OH peak of the Zr6 cluster shifted from 3672 to
3613 cm−1, consistent with hydrogen bonding between μ3-OH in
the Zr6 cluster and the ─OH group in 1-phenylethanol (Figure
S53d, Supporting Information).[63,64,74] This interaction may also

inhibit dehydrogenation of the 𝛼-hydroxybenzyl radical to pro-
duce acetophenone.[75] Taken together, CdS@PCN-Co enriches
1-phenylethanol via absorption on the Zr6 SBU to facilitate C–C
coupling.
We performed density functional theory (DFT) calculations to

assess the influence of Zr6 SBU and CdS QDs on the Gibbs free
energy changes (∆G) for the formation of C–C coupling products.
Four adsorption site models of Zr SBU*-CdS, Zr SBU*, CdS*-
Zr SBU, and CdS* were constructed to compare the substrate-
adsorbing ability on different sites (Figure 5a). As shown in
Figure 5b, the adsorption of 1-phenylethanol on Zr SBU*-CdS
exhibited a more negative ∆G than the other three models. Both
1-phenylethanol and CdS are adsorbed on one Zr6 SBU to fa-
cilitate 1-phenylethanol oxidation by the holes on the CdS sur-
face. Consistent with the IR results, DFT calculations revealed
hydrogen bonding between μ3-OH in the Zr6 cluster and ─OH
in 1-phenylethanol. Furthermore, 1-phenylethanol was oxidized
by the photogenerated holes to form 𝛼-hydroxybenzyl radicals
at these adsorption sites. Similar ∆G values were observed for
the dehydrogenation of 1-phenylethanol by Zr SBU*-CdS (∆G =
1.924 eV) and Zr SBU* (∆G = 1.838 eV), which is lower than
that by CdS QDs (∆G = 2.187 eV, Figure S54, Supporting Infor-
mation). The∆G values for the radical C–C coupling process was
calculated to be−0.997 eV, which ismore negative than that of the
dehydrogenation of the O─H bond in 𝛼-hydroxybenzyl radicals
to form acetophenone and H· (−0.794 eV, Table S10, Supporting

Adv. Mater. 2025, 2506133 © 2025 Wiley-VCH GmbH2506133 (7 of 11)
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Figure 5. DFT calculations and proposed mechanism. a) DFT calculations for structural models of Zr SBU*-CdS, Zr SBU*, CdS*-Zr SBU and CdS*.
b) ∆G for 1-phenylethanol deprotonation. c) Proposed mechanism for C–C coupling, CO2 photoreduction, and carbonylation over CdS@PCN-Co and
Pd/PCN-Zn.

Information). As a result, the adsorption site of Zr SBU*-CdS can
facilitate dehydrogenation to produce 𝛼-hydroxybenzyl radicals,
and the desorbed radicals undergo C–C coupling in the catalytic
microenvironment.
Based on the aforementioned experiments and analysis, CdS

in CdS@PCN-Co is capable of utilizing visible light to generate
electron and hole pairs. The photogenerated electrons on CdS are
efficiently captured by adjacent Co sites, leaving behind photo-
generated holes on CdS. The reduced Co sites efficiently reduce
CO2 to CO, while the holes on CdS oxidize 1-phenylethanol to
form 𝛼-hydroxybenzyl radicals which couple to form the pina-
col product. In this photocatalytic system, aromatic alcohols and
CO2 are efficiently and selectively transformed into value-added
chemicals (pinacol) and the important C1 source (CO, Figure 5c;
Figures S55, S56, Notes S1 and S2, Supporting Information).
This CO can be used for photocatalytic carbonylative reactions.
The proposed mechanism for the carbonylative reaction has
been illustrated in Figure 5c,[76] supported by additional experi-
ments and theoretical calculations (Figures S57–S61, Supporting
Information).
The photocurrent response of Pd/PCN-Zn and PCN-Zn was

performed in the presence of iodobenzene to track the electron
transfer pathway.[77] As shown in Figure S57 (Supporting Infor-
mation), the photocurrent intensity of PCN-Zn did not show sig-
nificant change before and after adding iodobenzene. In con-
trast, Pd/PCN-Zn exhibited a significantly weakened photocur-

rent signal after introducing iodobenzene. These results indi-
cate the occurrence of photoinduced electron transfer from Pd
clusters to iodobenzene, resulting in the formation of a tran-
sient negative ion species.[78–81] DFT calculations indicated that
the transfer of electrons to the unoccupied orbital of iodoben-
zene results in a significant increase in the C─I bond length
from 0.216 to 0.310 nm (Figure S58, Supporting Information),
which contributed to facilitating the cleavage of the C─I bond
to afford phenyl radical.[81,82] Subsequently, the phenyl radicals
undergo nucleophilic addition with CO to form a benzoyl rad-
ical intermediate.[76] This intermediate transfers an electron to
Et3N

•+ , yielding the acyl cation intermediate. This process was
also rationalized by DFT calculations, where Path A is thermo-
dynamically more favorable than Path B (Figure S59, Support-
ing Information). Ultimately, the amine can react with the acyl
cation, resulting in the formation of the target product.[83–85]

2.6. Continuous-Flow System for Tandem Photocatalysis

We developed a tandem photocatalytic system composed of two
continuous-flow reactors, designated as A and B. CdS@PCN-
Co and Pd/PCN-Zn were respectively immobilizing in the
continuous-flow reactors A and B to integrate CO2 photoreduc-
tion with photo-oxidative C–C coupling and photocatalytic car-
bonylation (Figure 6a; Figure S62, Supporting Information). In

Adv. Mater. 2025, 2506133 © 2025 Wiley-VCH GmbH2506133 (8 of 11)
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Figure 6. Gram-scale photosynthesis with a dual continuous-flow system. a) Photograph of the continuous-flow photoreactors. b) Long-term operation
for C–C coupling and CO2 photoreduction over CdS@PCN-Co. c) Long-term operation for carbonylation over Pd/PCN-Zn. Reaction conditions: reactor
A: 150 mg of CdS@PCN-Co, 120 mL CH3CN, 1-phenylethanol (20 mmol) and Na2CO3 (20 mmol), visible light (𝜆 ≥ 400 nm, 180 mW cm−2), under
CO2. Reactor B: 180 mg of Pd/PCN-Zn, 100 mL DMF, aryliodides (6 mmol), amine substrates (12 mmol), and TEA (30 mmol), visible light (𝜆 ≥ 400 nm,
150 mW cm−2).

reactor A, CdS@PCN-Co can efficiently drive C–C coupling and
CO2 reduction upon excitation with a Xenon lamp (>400 nm).
Impressively, gram-scale photosynthesis of pinacol was achieved
with efficient CO evolution. CO from reactor A can be di-
rectly pumped into reactor B and utilized as a C1 source for
the gram-scale photosynthesis of benzanilide with high purity
(97%). In photocatalyst-immobilized continuous-flow reactors,
efficient gram-scale photosynthesis of diverse catalytic products
was accomplished by conveniently substituting reaction vessels
with those containing different substrates. Especially, for the
first time, high-value commercial pesticide DTTE can be pre-
pared via this protocol with a yield of 98% under mild condi-
tions (Figure 6b,c). As a result, we successfully developed an
efficient and sustainable catalytic system for the continuous
co-production of fine chemicals via photochemical CO2-to-CO
reduction.

3. Conclusion

In this work, we have designed and synthesized two stable com-
posites CdS@PCN-Co and Pd/PCN-Zn for tandem photocataly-
sis. CdS@PCN-Co can simultaneously drive CO2-to-CO conver-
sion and C–C coupling. Pd/PCN-Zn was used for photocatalytic
carbonylation reaction with CO as a C1 source. Subsequently,
CdS@PCN-Co and Pd/PCN-Zn were immobilized in the con-
tinuous flow reactors A and B, respectively, to integrate CO2
photoreduction with photo-oxidative C–C coupling and photo-

catalytic carbonylation. In reactor A, CdS@PCN-Co exhibits an
excellent performance in CO2 conversion and selective C–C cou-
pling, resulting in gram-scale photosynthesis of pinacol and ef-
ficient CO evolution. CO from reactor A can be directly utilized
as a C1 source in reactor B for the gram-scale photosynthesis of
benzanilide and its derivatives with high purity (>90%). For the
first time, gram-scale photosynthesis of the high-value commer-
cial pesticide DTTE was successfully achieved under mild condi-
tions, using CO2 as a carbon source. Owing to its extremely high
efficiency, ease of operation, and sustainable nature, this strategy
for developing a continuous tandem photocatalytic system has
significant potential for large-scale solar-driven CO2 conversion
in the near future.
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Supporting Information is available from the Wiley Online Library or from
the author.
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