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Integration of single-atom catalysts (SACs) onto metal-organic frameworks (MOFs) with porous channels
has garnered significant interest in the field of CO, reduction. However, MOFs are usually bulky can im-
pede the diffusion of intermediates with substrates and maximizing catalytic site utilization remains a
challenge. In this study, we utilized firstly the post-synthetic single-atom chelation sites on zirconium-
based metal-organic cages (Zr-MOCs) to anchor cobalt (Co) atom to synthesize single-dispersible ZrT-1-
NH,-IS-Co molecular cages for CO, photoreduction. Experimental results demonstrate that ZrT-1-NH,-IS-
Co exhibits impressive catalytic performance, achieving syngas yields of up to 30.9mmol g h™!, ranking
among the highest values of reported crystalline porous catalysts. Mechanistic insights reveal the newly
introduced metal serving as the catalytic site and *COOH acts as a crucial intermediate in the CO, reduc-
tion process. Furthermore, the successful synthesis of ZrT-1-NH,-IS-Ni and ZrT-1-NH,-IS-Mn show the
universality of the modification strategies, with their CO, catalytic activity surpassing that of ZrT-1-NH,.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Photocatalytic conversion of carbon dioxide (CO,) into valuable
chemicals and fuels is widely recognized as a sustainable approach
to achieving carbon neutrality [1-6]. However, the inherent ther-
modynamic and kinetic stability of CO, molecules poses a signifi-
cant obstacle to their efficient reduction [7-9]. In response to this
challenge, numerous research groups have dedicated efforts to de-
signing effective catalysts for CO, reduction. While many efficient
photocatalysts have been successfully developed, the majority are
still constrained by key factors such as limited catalytic unit activ-
ity, low utilization of catalytic sites, and poorly defined catalytic
centers [10-13]. Therefore, there is a pressing need to develop
catalysts that exhibit high activity, optimal utilization of catalytic
sites, and well-defined catalytic centers.

Single-atom catalysts (SACs) are highly regarded among cata-
lysts for their unique features, such as fully exposing active sites,
efficiently utilizing metal atoms, and facilitating light-induced elec-
tron transport [14-20]. The integration of SACs into metal-organic
frameworks (MOFs) has garnered significant interest in the realm
of CO, reduction. This interest stems from their porous chan-
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nels can provide shelter for CO, molecules, as well as the well-
defined structures allow a better study of structure-activity re-
lationships [21,22]. However, they are usually bulky can impede
the diffusion of intermediates with substrates, potentially impact-
ing catalytic site utilization [23-27]. Exploring the incorporation of
SACs into low-dimensional porous metal-organic materials shows
promise. Metal-organic cages (MOCs) are particularly appealing
due to their structural resemblance to MOFs and the presence of
capping groups that prevent extensive network formation, result-
ing in low-dimensional metal-organic materials [28,29]. Thanks to
their excellent dispersibility in solvents, MOCs have emerged as a
prominent player in catalysis in recent years [30,31]. This unique
property allows them to combine the benefits of homogeneous
materials (e.g., easy access to active sites) with those of heteroge-
neous materials (e.g., recyclability). Consequently, the exploration
of SACs based on metal-organic cages is significant and valuable
for CO, reduction. However, the related research is still in its in-
fancy.

Herein, we successfully synthesize SAC (ZrT-1-NH,-IS-Co) by
utilizing the post-synthetic single-atom chelation sites on Zr-MOCs
to anchor Co, and explored their performance in CO, reduc-
tion. Photoelectrochemical analyses reveal that the introduction of
single-metal enhances electron transport and charge separation.
Catalytic experiments show the incorporation of single-atom re-
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Fig. 1. (a) Schematic of the synthesis of ZrT-1-NH,-IS-Co. (b) FT-IR spectra of ZrT-1-NH,, ZrT-1-NH;-IS and ZrT-1-NH,-IS-Co. (c) TEM and mapping images of ZrT-1-NH,-IS-
Co. (d) HAADF-STEM image of ZrT-1-NH,-IS-Co. (e) Normalized Co K-edge XANES spectrum of ZrT-1-NH,-IS-Co. (f) k3-weighted FT-EXAFS spectrum of ZrT-1-NH,-IS-Co. (g)

The wavelet transform of ZrT-1-NH,-IS-Co.

sulted in a significant improvement in the photoreduction of CO,
by Zr-MOCs. Notably, ZrT-1-NH,-IS-Co exhibits the highest yield of
30.9mmol g'h! for syngas production. The mechanistic studies
indicate that the newly introduced metal served as catalytic sites,
with *COOH identified as a key intermediate in the CO, reduc-
tion process. Furthermore, the successful introduction of Ni and
Mn metals into Zr-MOCs demonstrated the universality of the syn-
thesis strategy. This work offers valuable insights for the design of
SACs on MOC catalysts aimed at efficient CO, conversion.

ZrT-1-NH,-IS-Co was synthesized via a stepwise approach, and
the detailed synthesis method is shown in the experimental sec-
tion. First, a zirconium-oxygen-cluster nanocage (ZrT-1-NH,) con-
taining an amino group was synthesized by a simple solvother-
mal method from zirconocene dichloride and 2-aminoterephthalic
acid (Fig. S1 in Supporting information) [32]. Then, ZrT-1-NH, and
isatin were synthesized as zirconium-oxygen-cluster nanocages
with heterometallic coordination sites (ZrT-1-NH,-IS) via Schiff
base reaction. Finally, a novel zirconium-oxygen-cluster nanocage,
named ZrT-1-NH,-IS-Co, was synthesized by introducing metal
cobalt (Co) (Fig. 1a).

The crystal structure of ZrT-1-NH, was examined using single-
crystal X-ray diffraction (SC-XRD), and the result indicates the
successful synthesis of zirconium-oxygen-cluster nanocages. The
powder X-ray diffraction (PXRD) pattern demonstrates that the
peaks of ZrT-1-NH; match the simulated peaks extremely well,
suggesting the high crystallinity and purity of the sample (Fig. S2
in Supporting information). Successful preparation of ZrT-1-NH,-IS
can be confirmed by Fourier-transform infrared (FT-IR) spec-
troscopy. Compared with ZrT-1-NH,, the new peaks at 1660 cm™!
and 1626cm! are attributed to C=0 and C=N bonds in ZrT-1-
NH,-IS, confirming the satisfactory synthesis of ZrT-1-NH,-IS (Fig.
1b). The successful synthesis of ZrT-1-NH,-IS was further validated
through proton nuclear magnetic resonance ('H NMR) and mass
spectrometry (MS) (Figs. S3-S6 in Supporting information) [32].
Mass spectrometry suggested the potential introduction of five
isatin molecules into ZrT-1-NH,. When Co is introduced, both C=0
and C=N bonds almost disappear and the new peak belonging

to a characteristic peak of Co-O bonding at 669cm™ appears,
indicating the successful anchor of the second metal (Fig. 1b) [33-
35]. Moreover, the uniform distribution of Co and Zr elements on
transmission electron microscopy (TEM) mapping images further
demonstrates the incorporation of Co into Zr-MOCs (Fig. 1c). X-ray
photoelectron spectroscopy (XPS) spectra were employed to assess
the coordination environment of the elements. The XPS spectra
of C 1s, O 1s, and Zr 3d in ZrT-1-NH,-IS-Co exhibit negligible
changes compared to ZrT-1-NH,, indicating that the post-synthesis
modifications in ZrT-1-NH, did not alter the structure of the
original Zr-MOC (Figs. S7 and S8 in Supporting information).
The XPS spectrum of Co 2p, which displays peaks at 781.7 and
797.7 eV, is attributed to Co! peaks, suggesting that cobalt exists
in a single-atom state (Fig. S8c) [36,37]. In addition, high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image observes the presence of single atoms (Fig.
1d). X-ray absorption fine structure spectral (XAFS) was employed
to fully characterize the electronic state and coordination envi-
ronment of Co within the cage. The X-ray absorption near-edge
spectroscopy (XANES) analysis of ZrT-1-NH,-IS-Co shows that Co
is mainly present as Co", which is assigned to the closer proximity
of the XANES spectrum to CoO (Fig. 1e). Furthermore, the absence
of the Co-Co bond peak (2.18A) in the extended X-ray absorp-
tion fine structure spectrum (EXAFS) and the characteristic peak
(1.51A) is located near the Co-O (1.68 A), which is attributed to the
Co-0O/N bond. These indicate that Co exists in a single-atom state
(Fig. 1f). The wavelet transform (WT) diagram of ZrT-1-NH,-IS-Co
demonstrates a WT intensity maximum of about 5.0A-1 (Co-O/N),
further proving the existence of Co single atom (Fig. 1g) [38].

Thermogravimetric analysis (TGA) of ZrT-1-NH,, ZrT-1-NH,-IS
and ZrT-1-NH,-IS-Co reveals the first weight loss at 170°C, which
can be attributed to the loss of solvent molecules in the sample
pores, and remains good from 170 °C to 380 °C, beyond which there
is a significant weight loss and the skeleton of the sample begins
to collapse. The results imply that ZrT-1-NH,-IS and ZrT-1-NH,-IS-
Co retained the favorable thermal stability of ZrT-1-NH, (Fig. S9 in
Supporting information).
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Fig. 2. (a) Tauc plots of ZrT-1-NH,, ZrT-1-NH,-IS and ZrT-1-NH,-IS-Co. Mott-
Schottky plots of ZrT-1-NH; (b), ZrT-1-NH,-IS (c) and ZrT-1-NH,-IS-Co (d). (e) EIS
Nyquist plots of ZrT-1-NH,, ZrT-1-NH,-IS and ZrT-1-NH,-IS-Co. (f) Transient pho-
tocurrent response of ZrT-1-NH;, ZrT-1-NH,-IS and ZrT-1-NH,-IS-Co.

As shown in Fig. S10 (Supporting information), the ultraviolet-
visible (UV-vis) diffuse reflectance spectra of ZrT-1-NH,, ZrT-1-
NH,-IS and ZrT-1-NH,-IS-Co absorbed in both the UV and visi-
ble regions. Furthermore, the broad absorption band of ZrT-1-NH,-
IS-Co in the range of 500-750nm may originate from the 3d-4d
electron transitions of Co [4]. The band gaps of materials were in-
vestigated by UV-vis diffuse reflectance spectroscopy (DRS) based
on the Tauc plot equation. The band gap energies (Eg) of ZrT-1-
NH,, ZrT-1-NH,-IS and ZrT-1-NH,-IS-Co were assessed to be 2.55,
2.54 and 2.57 eV, respectively, demonstrating typical semiconduc-
tor properties (Fig. 2a) [39]. The Mott-Schottky (MS) plots were
used to speculate on the energy level structure of MOCs. The flat-
band (FB) potentials of ZrT-1-NH,, ZrT-1-NH,-IS and ZrT-1-NH,-IS-
Co are —0.46, —0.43 and —-0.55V vs. normal hydrogen electrode
(NHE) (Figs. 2b-d). At the same time, the materials are all n-type
semiconductors and are confirmed due to the positive slope of the
MS curve. For n-type semiconductors, the conduction band (CB) is
0.1V lower relative to FB, therefore the conduction band (CB) of
ZrT-1-NH,, ZrT-1-NH,-IS and ZrT-1-NH,-IS-Co were —0.56, —0.53
and —0.65V vs. NHE [40]. According to the formula Ecg=Eyp -
Eg, the valence band (VB) potentials of ZrT-1-NH,, ZrT-1-NH,-IS
and ZrT-1-NH,-IS-Co were obtained as 1.99, 2.01 and 1.92V vs.
NHE. The energy level structures of the materials suggest that
ZrT-1-NH,-IS-Co can reduce CO, to prepare syngas which is con-
sistent with the catalytic results (CO,-CO=-0.53V vs. NHE, H*-
H, =-0.42V vs. NHE) (Fig. S11 in Supporting information) [41].

It is well known that the photogenerated charge transfer
and separation efficiencies of the samples have a crucial im-
pact on the photocatalytic efficiency, therefore electrochemical
impedance spectroscopy (EIS) and photocurrent experiments were
performed. Compared with ZrT-1-NH, and ZrT-1-NH,-IS, ZrT-1-
NH,-IS-Co demonstrates the smallest charge transport resistance,
indicating the highest charge separation efficiency (Fig. 2e) [42].
Photocurrent experiments reveal that ZrT-1-NH,-IS-Co has higher
current density, which implies enhanced spatial separation of pho-
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Fig. 3. (a) Photocatalytic performances under different reaction conditions. (b)
Trend of CO, reduction of ZrT-1-NH,-IS-Co over time. (c) The result of the isotopic
experiment. (d) Reproducibility experiment of ZrT-1-NH,-IS-Co. (e) Trend in CO, re-
duction of monodisperse ZrT-1-NH,-IS-Co over time. (f) The syngas yields compared
with other reported literature.

togenerated charge carriers within the material (Fig. 2f). These
findings suggest that Co introduction facilitates charge separation
and photoelectron transport.

To investigate the photocatalytic performance of ZrT-1-NH,-IS-
Co, photocatalytic CO, reduction experiments were executed in
a 10 mL reactor (CO,-saturated). Sample, Ru(bpy)s;Cl, as a photo-
sensitizer, and TEA/TEOA as a sacrificial reagent was dispersed in
a reactor with MeCN, and then irradiated by applying a 300W
xenon lamp at 420 nm for 1h. To determine the optimum catalytic
system, the type and quantity of sacrificial reagents and the ratio
of dispersant to sacrificial reagents were optimized (Figs. S12
and S13 in Supporting information). Finally, 1 mg catalyst, 2 mL
TEOA, 7 mg Ru(bpy);Cl, and 4 mL MeCN were used as the optimal
catalytic system for further study. Gaseous products are detected
by GC, and liquid products are detected by IC. As a control, the
photocatalytic properties of ZrT-1-NH, and ZrT-1-NH,-IS were
investigated under the same reaction conditions. In Fig. 3a, com-
pared to ZrT-1-NH, and ZrT-1-NH,-IS, which have almost no CO,
reduction activity, ZrT-1-NH,-IS-Co exhibits excellent catalytic ac-
tivity for the preparation of syngas (7.3 mmol g'' h-! CO yield and
9.56mmol g1 h! H, yield), suggesting that the newly introduced
Co serves as catalytic sites for the photocatalytic reduction of CO,
to syngas.

In the absence of photosensitizers, light and catalysts, the car-
bon products are almost negligible, proving that the catalytic pro-
cess is photosensitizing and the catalytic site is on the catalyst
(Fig. 3a). As illustrated in Fig. 3b, the CO concentration exhibited a
time-dependent trend during the first 60 min of the reaction. How-
ever, the CO concentration slowly increased above 45 min, and the
combined catalysts maintained effective catalytic activity even af-
ter several cycling experiments, which may be due to the deacti-
vation of the photosensitizer.

Comparative experiment under argon gas (Ar) atmosphere and
isotope labeling experiment were performed in order to evidence
that CO originates from the photocatalytic reduction of CO,. The
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Fig. 4. (a) Post-catalytic TEM and mapping images of ZrT-1-NH,-IS-Co. (b) Pre-
catalytic and post-catalytic FT-IR spectra of ZrT-1-NH,-IS-Co. Post-catalytic XPS of
ZrT-1-NH,-IS-Co (c) C 1s, (d) O 1s, (e) Zr 3d, (f) Co 2p.

reduction products were analyzed by gas chromatography-mass
spectrometry (GC—MS). There is negligible CO production in the Ar
control experiment, suggesting that CO originates from CO, reduc-
tion (Fig. 3a). At the same time, the 13CO signal (m/z=29) was ob-
served in the isotope experiment, further confirming that the car-
bon origin of CO (Fig. 3c).

The recoverability and stability of catalysts are important pa-
rameters considered for industrial applications, so cycling exper-
iments were executed to examine the stability of ZrT-1-NH,-IS-
Co. After five consecutive cycling experiments, ZrT-1-NH,-IS-Co re-
mained appealing catalytic activity (Fig. 3d). In addition, TEM, FT-
IR and XPS tests were conducted to characterize the post-catalytic
sample. The TEM and mapping plots indicate that the Co and
Zr distribution in the material remained uniform, and the mor-
phology of the reacted ZrT-1-NH,-IS-Co samples remained un-
changed, demonstrating the high stability of ZrT-1-NH,-IS-Co (Fig.
4a). The post-catalytic FT-IR spectrum and XPS spectra had negligi-
ble changes, further confirming the durability of the catalysts (Figs.
4b-f).

The outstanding dispersion of ZrT-1-NH,-IS-Co in MeOH offers
an attractive platform to study the effect of single ZrT-1-NH,-IS-Co
cage on the activity of photocatalytic CO, reduction [23]. Experi-
ments were performed in a 6 mL system (2 mL TEOA, 2 mL MeCN
and 2mL MeOH). The ultraviolet-visible diffuse reflectance spec-
tra exhibited almost identical strong of ZrT-1-NH,-IS-Co in MeCN
and MeCN/MeOH, indicating that the catalyst is stable in MeOH
solution. The catalytic results reveal more efficient catalytic activ-
ity with a syngas yield of 30.9 mmol g-! h™!, which is nearly twice
the yield of the directly dispersed catalyst. The ZrT-1-NH,-IS-Co
has been significantly greater than that of most crystalline porous
photocatalysts, which can be assigned to the introduction of single-
atom sites in the molecular cage and the monodispersion of the
catalyst in the solvent exposing more catalytically active sites (Figs.
3e and f and Figs. S14 and S15 in Supporting information) [43-50].

To better reveal the key intermediates in the photocatalytic CO,
reduction process, the in-situ Fourier-transform infrared (FT-IR) test
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Fig. 5. (a) In situ infrared spectrum of CO, reduction on ZrT-1-NH,-IS-Co. (b) Emis-
sion spectra of [Ru(bpy)s;]?* in the varying amounts of ZrT-1-NH,-IS-Co and TEOA.
(c) Gibbs free energy diagram for CO, reduction of ZrT-1-NH,-IS-Co. (d) Possible
mechanisms of ZrT-1-NH,-IS-Co for photocatalytic CO, reduction.

was executed. The catalytic system was in a CO,-saturated atmo-
sphere, and when light was introduced, obvious new absorption
peaks were generated, which enhanced with time. The peak at
1545cm™! is attributed to *COOH, implying that *COOH is a key
intermediate in the conversion of CO, to CO (Fig. 5a) [33].

To deeply explore the photocatalytic mechanism, electron trans-
fer was first evaluated during CO,RR. Various quantities of ZrT-1-
NH,-IS-Co and TEOA were added to the acetonitrile solution with
Ru(bpy)sCl,. The fluorescence intensity gradually becomes weaker
with the addition of different masses of ZrT-1-NH,-IS-Co. Differ-
ently, as the amount of TEOA increased, the fluorescence intensity
remained essentially unchanged (Fig. 5b). These findings verify that
the excitation electrons from Ru(bpy)s;Cl, are transferred straight
to ZrT-1-NH,-IS-Co rather than to TEOA, which suggests the exis-
tence of an oxidative burst mechanism between ZrT-1-NH,-IS-Co
and Ru(bpy);Cl, [51]. Based on the above studies, the lowest un-
occupied molecular orbital (LUMO) energy levels and the highest
occupied molecular orbital (HOMO) of Ru(bpy);Cl, are —1.25V and
1.24V, respectively. It is noteworthy that the conduction-band (CB)
potential of the ZrT-1-NH,-IS-Co is —0.65V, which is lower than
the LUMO energy level of Ru(bpy)sCl,, suggesting that the exci-
tation electrons from Ru(bpy);Cl, can be efficiently transferred to
the catalyst to trigger the CO, and H* reduction (Fig. S16 in Sup-
porting information).

Density functional theory (DFT) was further employed for the
evaluation of catalytic sites. Previous work by Qi et al. has demon-
strated that Zr in Zr-MOC does not serve as a catalytic center for
CO, reduction, thus, we focused on the evaluation of the anchored
Co site (Fig. S17 in Supporting information) [23]. The Gibbs free
energies of the CO, reduction intermediates are shown in Fig. 5c.
The formation of CO,-*COOH is a rate-limiting step in the catalytic
reaction, whereas *COOH-*CO and the subsequent desorption of
*CO to produce CO are exothermic processes [37]. DFT calculation
suggests that the Co site anchored within Zr-MOC can function as
an effective catalytic site for CO, reduction. Moreover, when com-
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bined with data from catalytic experiments, it is evident that Co on
the Zr-MOC cage acts as the catalytic center. Therefore, a plausible
catalytic mechanism is proposed in which Ru(bpy);Cl, is excited
by light irradiation to produce Ru(bpy)s2+. In the process, electrons
are transferred from Ru(bpy);Cl, to Co, and CO, and H* are re-
duced to CO and H,. Finally, Ru(bpy);3* is reduced to Ru(bpy);%*+
by TEOA, completing the whole cycle (Fig. 5d).

To illuminate the universality of the post-synthetic strategy in
single-atom anchor on zirconium-MOC, Ni and Mn were tried. The
FT-IR spectrum demonstrates the successful synthesis of the mate-
rials, designated as ZrT-1-NH,-IS-Ni and ZrT-1-NH,-IS-Mn (Fig. S18
in Supporting information). The TGA of ZrT-1-NH,-IS-Ni and ZrT-
1-NH,-IS-Mn indicates satisfactory stability of their structures (Fig.
S19 in Supporting information). Application of photoelectrochemi-
cal characterization to evaluate the photovoltaic properties of ma-
terials and explore their potential in the preparation of syngas by
photocatalytic CO,RR. The results display that both ZrT-1-NH,-IS-
Ni and ZrT-1-NH,-IS-Mn possess effective charge separation effi-
ciencies and electron transfer performance (Figs. S20-S22 in Sup-
porting information). The photocatalytic properties of ZrT-1-NH,-
IS-Ni and ZrT-1-NH,-IS-Mn were investigated under the optimal
catalytic conditions (2 mL TEOA, 2 mL MeCN and 2 mL MeOH), and
the results illustrate that both ZrT-1-NH,-IS-Ni and ZrT-1-NH,-IS-
Mn have appealing catalytic activity for the photocatalytic CO,RR
for the preparation of syngas with yields of 21.8 and 18.6 mmol
g 1h1, respectively (Figs. S23-S25 in Supporting information).

In conclusion, by utilizing the step-wise post-synthetic strategy,
single-atom sites of Co were anchored on Zr-MOCs (ZrT-1-NH,-IS-
Co) for the first. Photoelectrochemical analysis revealed that ZrT-
1-NH,-IS-Co displayed enhanced electron transport properties and
charge separation efficiency. The experimental findings demon-
strate that ZrT-1-NH,-IS-Co exhibits remarkable catalytic activity
with a high yield of up to 30.9mmol g'h! in the reduction of
CO, to produce syngas. This achievement ranks among the high-
est in crystalline porous materials. Meanwhile, Co was confirmed
to be the catalytic site for the preparation of syngas. Additionally,
we successfully synthesized ZrT-1-NH,-IS-Ni and ZrT-1-NH,-IS-Mn
using a similar modification strategy, both of which displayed ex-
cellent catalytic properties for CO, conversion. This research offers
valuable insights into the development of SACs on metal-organic
cage catalysts for efficient CO, conversion.
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