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Photocatalytic CO2 reduction is currently one of the most attractive researched topics, 

however, most photocatalysts to date can only utilize the energy from the ultraviolet 

and visible light spectrum, wasting the infrared light spectrum which occupies half of 

the solar spectrum energy. Herein, a novel full solar spectrum responsive metal-organic 

framework material based on azapentacene, named CDN-1, was designed and 

constructed. Its absorption profile covered the entire spectrum from 250 nm to 1500 

nm. As a result, CDN-1 demonstrated remarkable photothermal properties, with a rapid 

temperature increase up to 140 °C within 60 s upon 808 nm laser irradiation. 

Electrochemical studies proved the potential of CDN-1 for CO2 photoreduction. With 

photothermal synergy, CDN-1 displayed a CO2 reduction rate of 656.8 μmol g-1h-1 for 

formic acid formation under white LED light, representing the highest performance 

among all copper-based metal-organic frameworks so far. Surprisingly, CDN-1 also 

showed a reaction rate of 454.9 μmol g-1h-1 under natural sunlight. Ultrafast 

spectroscopic analysis of CDN-1 indicated the presence of a photoinduced ligand-to-

metal charge-transfer process, which was confirmed by X-ray photoelectron 

spectroscopy (XPS), electron paramagnetic resonance (EPR), and assisted by DFT 

calculations. This photoinduced electron transfer pathway was found to be responsible 

for CDN-1’s full solar spectrum absorption, excellent photothermal properties, and 

efficient photocatalytic CO2 reduction performance. 

 

Keywords: Full solar spectrum utilization, metal-organic frameworks, CO2 

photoreduction, photothermal, transient absorption 

 

INTRODUCTION 

The dependence of human civilization on fossil fuels has resulted in a marked rise in 

carbon dioxide (CO2) emissions[1,2], thereby intensifying the global warming crisis[3,4]. 

Photocatalytic CO2 reduction of artificial photosynthesis has been emerging as one of 

the most promising and sustainable approaches to simultaneously address the world’s 

critical energy and environmental challenges[5-9]. The development of suitable 

photocatalysts is thus of crucial importance to the realization of efficient photocatalytic 

CO2 reduction reaction. In the last decades, a variety of materials ranging from 

inorganic semiconduc-tors like TiO2
[10], In2O3

[11], CdS[12], ZnGa2O4
[13] and perovskite 

halide (CsPbBr3)
[14] to organic semiconductors such as small molecular organic 
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dyes[15], graphitic carbon nitride (g-C3N4)
[16] and covalent organic frameworks 

(COFs)[17] have been widely investigated as photocatalysts. It is remarkable, however, 

to date many states of the art photocatalysts have their light absorption areas situated in 

the UV and visible light regions, while only a limited number of photocatalysts can 

utilize the near-infrared (NIR) light energy which accounts for nearly half of the solar 

energy[18-23]. To fully harness the energy of the entire solar spectrum, the utilization of 

NIR light is indispensable. Therefore, the development of full solar spectrum 

responsive catalytic CO2 reduction has attracted tremendous attention[24]. But there still 

remains a great challenge for the rational design of such materials mainly due to the 

contradiction between light absorption (band gap energy) and the redox reaction 

dynamics (redox potentials) of narrow-band-gap photocatalysts. This means that as the 

band gap becomes smaller, it becomes more difficult for the reduction potential of the 

excited state electrons to match the redox potential required for the occurrence of 

photocatalytic reactions[25]. A promising way to break this bottleneck is photothermal 

CO2 catalysis which can not only convert low-energy NIR photons into heat to lower 

the system’s energy barrier but also indirectly promote the photocatalytic CO2 

reduction process, thus circumventing the constraints of bandgap and redox potentials 

in narrow-band-gap photocatalysts[26]. However, pure photothermal catalysis 

performance is not satisfactory because of the difficulties of designing stable narrow-

band-gap materials as well as the limited photothermal conversion efficiency. 

Therefore, the development of a new class of materials capable of merging 

photocatalysis and photothermal catalysis to improve CO2 reduction catalysis is of 

great significance. 

 

Metal-organic frameworks (MOFs) are a class of organic-inorganic hybrid crystalline 

porous materials with unprecedented chemical and structural tunability and a broad 

range of applications[27-37]. Compared to the conventional inorganic semiconductors and 

small-molecule and polymeric organic semiconductors, MOFs-based photo-catalytic 

materials for CO2 photoreduction have several unique merits: (1) MOFs are composed 

of metal ions or clusters coordinated with organic linkers, in which both the inorganic 

and organic parts can act as light absorption centers; (2) it is common for MOFs to 

experience charge transfer transitions between metal nodes and organic linkers, which 

can further enhance light harvesting beyond intrinsic absorption; (3) the employment of 

suitable redox-active metals and organic linkers could tune the redox potential energy 
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level of MOFs to match with the CO2 reduction potential; and (4) their porous 

structures could efficiently increase the amount of catalytically active sites and shorten 

the migration paths for photo-generated charge carriers and enhance the separation of 

electrons and holes. Due to the above advantages, MOFs-based materials have 

demonstrated their great potential as prospective photocatalysts for CO2 reduction[38-42]. 

Notably, some MOFs-based materials consisting of redox-active organic linkers or 

organic radicals have demonstrated highly efficient absorption of light in the visible 

and NIR region as well as very impressive near-infrared photothermal conversion 

ability[43-45]. In this scenario, we speculate that a rational design of novel redox-active 

MOFs with full solar spectrum absorption would realize the integration of 

photocatalysis and photothermal catalysis to achieve full solar spectrum-driven highly 

efficient CO2 reduction. Recently, our group has systematically investigated the redox 

properties of phenazine derivatives and their versatility in self-assembly, demonstrated 

that phenazine-based assemblies can form stable radical cations for catalyzing aza-

Diels-Alder reactions and photoreductive dehalogenation[46,47]. Besides, we have also 

disclosed that the increase in conjugation length of organic photocatalysts could 

significantly tune their photophysical and redox properties, and eventually affect the 

photocatalytic performance[48]. On this basis, we deliberately design a new redox-active 

MOF consisting of Cu ions and a linker of azapentacene bearing two benzoic 

carboxylic acid sites. As the derivative of phenazine, azapentacene is expected to not 

only inherit the redox activity of phenazine moiety but also exhibit more excellent 

light-absorbing properties due to its extended conjugation length[49]. Therefore, we 

anticipate that such azapentacene-based copper MOF could be a good candidate for full 

solar spectrum-driven CO2 photoreduction [Scheme 1]. 
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Scheme 1. Schematic diagram of the strategy adopted in this study. 

 

In this study, a new full solar spectrum responsive copper metal-organic framework 

material based on azapentacene, named CDN-1, was elaborately designed and 

synthesized. The resultant CDN-1 displayed unprecedented full solar spectrum 

responsive properties that its absorption spectrum covered the wavelength region from 

250 nm to 1,500 nm. As a consequence, CDN-1 exhibited excellent photothermal 

properties, e.g., the temperature of CDN-1 could rapidly increase and reach a 

maximum of 140 °C within 60 s upon 808 nm laser irradiation. Electrochemical studies 

indicated that CDN-1 possessed a more negative conducting band (CB) potential than 

the CO2 reduction potential. Surprisingly, CDN-1 serving as photocatalyst not only 

demonstrated a high CO2 conversion rate of 656.8 μmol g-1h-1 for formic acid formation 

under LED light irradiation but also exhibited a reaction conversion rate of 454.9 μmol 

g-1h-1 under natural sunlight, which may represent one of the most efficient Cu-MOFs-

based photocatalyst for CO2 reduction to date. Ultrafast spectroscopic studies of CDN-

1 revealed the formation of a charge separation state and radical cation under 

illumination, suggesting the presence of a photoinduced ligand-to-metal charge-transfer 

(LMCT) process. This was further confirmed by X-ray photoelectron spectroscopy 

(XPS) and electron paramagnetic resonance (EPR) studies, and assisted by DFT 

calculations, which collectively proved that the photoinduced electron transfer pathway 

within CDN-1 accounted for its characteristic full solar spectrum absorption and its 

outstanding photothermal properties as well as photocatalytic CO2 reduction 

performance. 

 

EXPERIMENTAL 
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Materials and methods 

All chemical reagents were used as received and were commercially available. The 1H 

NMR and 13C NMR spectra were obtained using the Bruker 500 MHz spectrometer; 

moreover, tetramethylsilane (TMS) or solvent peaks were used as an internal standard. 

Multiplicities are denoted as follows: s = singlet, d = doublet, m = multiplet. 

Electrospray ionization (ESI) mass spectra were recorded with a Waters Synapt G2 

mass spectrometer. The single crystals were measured on Rigaku XtaLAB PRO 

MM003-DS dual system with a Cu Kα radiation (λ = 1. 54184 Å). The powder X-ray 

diffraction (PXRD) patterns were collected on a Rigaku Ultima IV diffractor meter 

using Cu Kα radiation at 35 kV and 25 mA in the 2θ angle range of 3-50° using a step 

size of 0. 02° and at a scanning speed of 2°/min. Thermogravimetric analysis (TGA) 

was carried out on a PerkinElmer STA8000 instrument under a N2 atmosphere in the 

temperature range of 30-800 °C with a heating rate of 10 °C min-1. Gas sorption 

isotherms (N2 and CO2, up to 1 bar) were measured on a Micromeritics ASAP 2020 

surface area analyzer. Fluorescence spectra were recorded on HORIBA Duetta. 

Electrochemical and photoelectrochemical measurements were carried out on a 

CHI760E electrochemical workstation using a conventional three-electrode cell 

 

Synthesis of 6,13-dihydrodiazapentacene (1) 

 

2,3-dihydroxynaphthalene (930 mg, 5.8 mmol) and 2,3-diaminonaphthalene (930 mg, 

5.8 mmol) were ground together with a mortar and pestle. The resulted solid was 

heated in an oil bath at 180 °C under a nitrogen atmosphere for 1.5 h. The crude 

product was filtered and washed with MeOH several times. Pale green powder 1 was 

obtained in a yield of 80% (1.314 g). 

 

Synthesis of 4,4’-(6,13-diazapentacene-6,13-diyl)dibenzoate (2) 

 

A mixture of 6,13-dihydrodiazapentacene (1) (1.41 g, 5 mmol), methyl 4-

bromobenzoate (4.30 g, 20 mmol), catalyst Pd(dba)2 (287.5 mg, 10 mol%), ligand 

RuPhos (205 mg, 10 mol%) and t-BuOK (2.24 g, 20 mmol) in anhydrous toluene (30 

mL) was degassed by three freeze (77 K)-pump-thaw cycles. The mixture was stirred 

and heated at 110 °C for 16 h. After cooling to room temperature, the mixture was 
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extracted with dichloromethane (DCM) (100 mL × 3). The combined organic phase 

was washed with brine (50 mL ×3). The organic phase was dried over anhydrous 

Na2SO4 and the organic solvent was removed under reduced pressure. The crude 

product was purified by chromatography on silica gel eluting with ethyl acetate: 

petroleum ether = 1: 20 to get give pure product 2 (2.34 g) in 82% yield. 

 

Synthesis of 4,4’-(6,13-diazapentacene-6,13-diyl)dibenzoic acid (DAP) 

 

A suspension of compound 2 (2.75 g, 5 mmol) and NaOH (1.2 g, 30.0 mmol) in EtOH 

(20 mL) and THF (20 mL) was heated to reflux for overnight under argon. After 

cooling down to room temperature, the reaction mixture was poured into water. The 

concentrated HCl aq. solution (37%, 10 mL) was added into the mixture and product 

solid precipitated out. The solid was filtered and washed by water to give the crude 

compound. The crude product was purified by crystallization in EtOH solvent to give 

pure product DAP (2.61 g) in 93% yield. 

 

Synthesis of CDN-1 

Cu(NO3)2 (10 mg, 0.0429 mmol), 4,4’-(6,13-diazapentacene-6,13-diyl)dibenzoic acid 

(10 mg, 0.0192 mmol) were dissolved with 1.5 mL DMF and 0.2 ml H2O in a Pyrex 

tube. The tube was degassed by three freeze-pump-thaw cycles, and then flame sealed 

under vacuum (the freezing step was carried out by cooling the reaction mixture with 

liquid nitrogen to 77 K). The reaction tube was put into an isothermal oven for 48 h and 

heated to 120 °C, yielding dark green cubic crystals (75% yield based on organic 

linkers). 

 

Near-infrared photothermal conversion 

About 100 mg of CDN-1 was pressed into thin slices (1.8 cm in diameter) on a quartz 

slide and positioned 21.3 cm from an 808 nm laser (Hi-Tech Optoelectronics Co., Ltd., 

Beijing, China). Laser power density was varied from 0.1 to 0.7 W cm-2. Infrared 

videos were recorded using a FLIR A6260 thermal camera, and images and 

temperature profiles were extracted with FLIR Tools software. Blank quartz glass 

showed negligible temperature change under 0.5 W cm-2 808 nm laser irradiation for 60 

s. Heating/cooling cycles were performed with a duration of 3 min per cycle. 
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Photocatalytic CO2 reduction performance 

 

The freshly prepared CDN-1 was washed with DMF (20 mL × 3) to remove the 

adhesive ligand molecules on the crystals, followed by a solvent exchange process by 

soaking crystals in acetonitrile five times in three days to remove guest molecules such 

as DMF. The crystals were then evaporated under vacuum at 100 °C for 6 hours and 

stored at room temperature for further use. CDN-1 (10 mg) was added into the 

CH3CN/TEOA mixed solution (20 mL, v/v = 10/1) which has been pre-degassed with 

CO2 to remove the dissolved O2 for 1 hour. A white LED serves as the source of 

illumination, with an intensity of 448.5 mW/cm2 and a wavelength range of 400 nm to 

830 nm. The photocatalytic reactions are under a CO2 atmosphere at ambient pressure, 

except the control experiment under N2. The reaction was kept stirring constantly with 

a magnetic bar to ensure the photocatalyst particles in suspension. Controlled 

experiments include (1) dark reaction, (2) without CDN-1, (3) without TEOA, (4) 

replacement of CDN-1 with DAP, (5) in N2. The concentration of formate was detected 

by using a Thermo Scientific ICS-5000+ system and 30 mM KOH/ methanesulfonic 

acid solution was used as an eluent at a flow rate of 1. 0 mL/min at 303 K. 

 

Femtosecond transient absorption spectroscopy 

 

Femtosecond transient absorption (fs-TA) measurements were carried out on a Helios 

pump-probe system (Helios Fire, Ultrafast Systems) at room temperature. Pump pulses 

(400 nm, ~10 μJ at the sample) were delivered by an OPerA SOLO optical parametric 

amplifier (Coherent Inc.) pumped by a Ti:sapphire regenerative amplifier (Astrella, 800 

nm, 90 fs, 7 mJ, 1 kHz). White-light continuum probe pulses (420-750 nm) were 

generated by focusing a small portion of the 800 nm beam onto a sapphire plate. The 

instrument response function was ~ 120 fs, determined via cross-correlation. Chirp-

corrected transient absorption spectra were recorded with an optical fiber-coupled 

multichannel spectrometer and processed using Surface Xplorer. Samples were 

contained in a 0.7 mL quartz cuvette under continuous magnetic stirring to maintain a 

fresh photoexcited volume. 

 

RESULTS AND DISCUSSION 
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The linker 4,4’-(6,13-diazapentacene-6,13-diyl)dibenzoic acid (DAP) was designed 

and synthesized based on our previous work mainly involving a Buchwald-Hartwig 

coupling reaction and an ester hydrolysis reaction[46,47] (details see the Supplementary 

Information (SI), section 1). Subsequently, the Cu-based metal-organic framework, 

denoted as CDN-1, was successfully prepared by a solvothermal reaction of Cu(NO3)2 

and DAP in N,N-dimethylformamide (DMF) and water mixture at 120 °C for 48 hours. 

The structure of CDN-1 was unambiguously confirmed by single crystal X-ray 

crystallography and the molecular formula was [Cu(DAP)(NMe2)] [Figure 1]. X-ray 

crystallo-graphic analysis revealed that CDN-1 crystallized in the monoclinic C2/c 

space group. Specifically, two Cu(II) cations and four carboxyl groups of DAP linker 

formed a paddle-wheel cluster capped with two dimethylamine cations to serve as 

secondary building units (SBUs), namely Cu2(RCOO)4(NMe2)2, which were linked 

together by azapentacene linker to generate a framework consisting of stacked square 

grids with an sql topology, where the distance between adjacent layers was around 2.5 

Å [Figure 1A and Supplementary Figure 5A]. The direction of stacking did not align 

perpendicular to the layers but instead adopted a certain offset to facilitate π-π stacking 

[Figure 1B and 1C]. As a result, the azapentacene core exhibited a 160° bend shape in 

contrast to the flat molecular conformation of the free DAP, indicating the intrinsic 

conformation-adaptive of this phenazine derivative[46,47] [Supplementary Figure 5]. The 

powder X-ray diffraction (PXRD) pattern of the as-prepared CDN-1 exhibited a little 

peak broadening due to crystallite size and microstrain, but the pattern almost 

resembled the simulated one based on single-crystal X-ray diffraction data 

[Supplementary Figure 6B]. The scanning electron microscopy (SEM) observations 

demonstrate that CDN-1 features a well-defined spherical morphology [Supplementary 

Figure 6c]. The thermogravimetric (TG) curve suggested that CDN-1 was thermally 

stable up to 290 °C [Supplementary Figure 7]. The porosity of CDN-1 was evaluated 

through N2 adsorption analysis [Supplementary Figure 8], while their interaction with 

CO2 was reflected by CO2 adsorption experiments conducted at different temperatures 

[Supplementary Figure 9]. In particular, the nitrogen adsorption isotherm of the 

activated CDN-1 at 77 K indicated a characteristic type II behavior with good 

reversibility, and its Brunauer–Emmett–Teller (BET) and total pore volume were then 

calculated to be 7.2217 m2/g and 0.0157 cm3/g, respectively [Supplementary Figure 8]. 

The CO2 adsorption properties of CDN-1 MOF at 1 atm revealed an uptake of 24.02 

cm3/g and 8.91 cm3/g at 273 K and at room temperature (298 K), respectively 
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[Supplementary Figure 9]. Arguably, CDN-1 exhibited significant affinity towards 

carbon dioxide even at room temperature given its characteristic microporosity, which 

would be vital to enhance its photocatalytic CO2 reduction performance. 

 

 

Figure 1. (A) Coordination environment of CDN-1, where light green, magenta, red, 

and dark green represent carbon, nitrogen, oxygen, and copper atoms, respectively. 

Hydrogen atoms and counter cations are omitted for clarity; (B) Top and side view of 

the stacking mode; (C) Topological structure of CDN-1. 

 

The photophysical properties of CDN-1 MOF was analyzed by UV-vis diffuse 

reflectance spectra (UV-vis DRS) [Figure 2A]. Surprisingly, the results of UV-vis DRS 

indicated that CDN-1 featured an extremely broad range of light absorption covering 

the entire spectrum from the UV (250 nm) to the NIR (1500 nm), resulting in its dark 

green appearance. Consequently, the band gap energy of CDN-1 can be estimated to be 

1.26 eV from the Tauc plot derived from its UV-vis DRS [Figure 2B]. In contrast, the 

organic linker DAP was yellow color with the onset ab-sorption edge of 420 nm and a 

~ 2.92 eV band gap energy [Supplementary Figure 10]. We inferred that the distinct full 

solar spectrum absorption behavior of CDN-1 could be attributed to the occurrence of 

ligand-to-metal charge-transfer (LMCT) between azapentacene core and Cu ions (vide 

infra)[50]. Notably, the azapentacene core, as the derivative of phenazine, has the feature 

of outstanding redox activity and can be easily oxidized to generate stable radical 

cation species with strongly enhanced absorption [Supplementary Figure 11][49]. These 

properties allow for the stabilization of the holes generated after transferring an 

electron to the metal during the LMCT process, thus may serve as the driving force to 

enhance the LMCT. Considering its intriguing photophysical properties, the potential 

physiochemical processes and reactions that occur within CDN-1 under light 
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irradiation were then surveyed by the photocurrent measurement [Figure 2C]. The 

results indicated the fast and uniform photocurrent responses within the CDN-1 

electrodes under light irradiation, indicating the efficient charge separation. 

Additionally, the photo responsive behavior of CDN-1 was observed to be fully 

reversible, which was beneficial to its photothermal and photocatalytic activity. Mott-

Schottky measurements were also conducted to evaluate the semi-conductive behavior 

of CDN-1 MOF [Figure 2D]. The positive slope displayed in the plot at various 

frequencies was basically consistent with that of n-type semiconductors. The flat band 

position was determined to be approximately -0.40 V vs. NHE (i.e., −0.60 V vs 

Ag/AgCl) from the intersection. Since in typical n-type semiconductors, the bottom of 

the conduction band (CB, analogous to the LUMO) could be regarded as equal to the 

flat band potential[51,52], the conduction band (CB) of CDN-1 can be estimated to be -

0.40 V vs. NHE. The valence band (VB analogous to the HOMO) can then be 

calculated to be 0.86 V vs. NHE based on the conduction band and the optical band 

gap. Notably, proper redox potential of stimulated electrons is a vital requirement in the 

photoreduction of CO2, and the more negative CB potential of CDN-1 than the redox 

potential of CO2 to formate (-0.28 V vs. NHE)[53-56] implies that CDN-1 as a full solar 

spectrum-driven catalyst is theoretically feasible for the photocatalytic CO2 reduction 

reaction. 
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Figure 2. (A) UV-vis-NIR DRS spectra spectrum of CDN-1. The insets show the 

picture of CDN-1 powder; (B) Tauc plot analysis showing the band gap of CDN-1; (C) 

Transient photocurrent responses of CDN-1 electrode with light on/off cycles; (D) 

Mott-Schottky plot of CDN-1 in 0.2 M sodium sulfate solution. The insets show the 

energy diagrams of the HOMO and LUMO levels of CDN-1. 

 

Considering the pronounced full solar spectrum absorption capacity of CDN-1, its 

photothermal conversion efficiency was subsequently investigated by monitoring 

temperature changes using an IR camera (details see SI, section 3). As illustrated in 

Figure 3A, when a 1.8 cm diameter pallet of CDN-1 powder was exposed to an 808 nm 

laser with an energy power of 0.7 W/cm2, the temperature increased rapidly from 

22.8 °C to approximately 140 °C within 40 s and reached a maximum of 142.2 °C 

through a quasi-steady state period of 200 s (see SI video). Remarkably, the 

temperature decreased rapidly to 30 °C within 60 s after laser removal, indicating a fast 

photothermal conversion response of CDN-1. We determined a photothermal 

conversion efficiency of 46.9 ± 1.0% at 0.7 W/cm2 from the heating−cooling curve data 



                                        Page X of 6 

[Supplementary Information Section 3, Supplementary Figure 12], which was relatively 

high compared with those of other reported MOFs [Supplementary Table 2]. By 

varying the energy power to 0.1, 0.3, and 0.5 W/cm2, the maximum temperatures of 

CDN-1 were altered to 41.0, 87.3, and 112.6 °C in 240 s, respectively [Figure 3B]. 

Moreover, a cyclic test was per-formed on CDN-1, with six repeated illumination 

cycles across all four power densities, and no significant degradation in its performance 

was observed [Figure 3C]. The PXRD pattern analysis conducted after the cycling 

experiments also confirmed its good photostability [Supplementary Figure 13]. These 

results verify that CDN-1 possesses remarkable photothermal conversion properties, 

which are comparable to those of the most state-of-the-art photothermally active MOF 

under light irradiation [Figure 3D][43-45,57-62]. We propose that the superior photothermal 

performance of CDN-1 is attributed to its efficient charge separation process followed 

by a fast non-radiative relaxation, which suppresses the radiative recombination of the 

excited carriers upon electron transition from the valence band to the conduction band 

upon photon absorption. This significantly reduces the release of energy in the form of 

photons and thus enhances the photothermal conversion efficiency of CDN-1. It is 

worth mentioning that some recent studies have demonstrated that photothermal 

synergy can spark the reduction of CO2 over semiconductor photocatalysts, e.g., 

photothermal effect can increase the temperature to reduce the apparent activation 

energy based on the Arrhenius equation, boost the transfer rate of photogenerated 

carriers, and accelerate the rate of mass transfer and adsorption of reactants[63-66]. 

Therefore, we believe that the excellent photothermal properties of CDN-1 MOF lay a 

solid foundation for its full-spectrum solar light-driven CO2 catalysis. 



Page X of 6                                         

 

 

Figure 3. (A) The IR thermal images of CDN-1 MOF powder (diameter = 1.8 cm) 

under 0.7 W/cm2 which was then turned off; (B) Photothermal conversion curves of 

CDN-1 at different NIR laser intensities; (C) Anti-photobleaching property of CDN-1 

radical MOF powder during six heating-cooling cycles; (D) The temperature change of 

various solid-state photothermal materials reported in the references. 

 

The CO2 photoreduction measurements were performed under visible-light irradiation 

(12 W white light LED as the light source) and a pure CO2 (1.0 atm, 293 K) 

atmosphere in acetonitrile with triethanolamine (TEOA) as electron donor and 

hydrogen donor source (details see SI, section 4). The liquid products after the reaction 

were detected by ion chromatography and a main product of HCOO− was conformed 

[Supplementary Figure 14]. We also tried to detect the gaseous products through gas 

chromatography. No gaseous product such as CO, CH4, or H2 can be detected 

[Supplementary Figure 15], suggesting that CDN-1 was highly selective toward CO2 

reduction to formate. The product of HCOO− was quantified through ion 

chromatography during the catalytic process and demonstrated a time-dependent 

HCOO- amount increase under continuous visible light illumination [Figure 4A]. The 

average generation rate of HCOO− was determined to be ~ 656.8 μmol g-1h-1, which 

may represent the best performance of visible-light-driven CO2 photoreduction to 

formate catalyzed by Cu-based MOFs as far as we know [Supplementary Table 5]. The 

corresponding apparent quantum yield (AQY) and turnover frequency (TOF) were 
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calculated to be 0.174% and 0.438 h-1, respectively. It should be noted that the 

temperature of the reaction mixture, especially near the photocatalyst CDN-1, 

obviously increased during the reaction process [Figure 4B], indicating that 

photothermal effects were involved and played a role in the catalytic process. To further 

validate the excellent full-spectrum photothermal performance of CDN-1, control 

experiments were conducted under monochromatic light irradiation at 380 nm, 600 nm, 

and 1064 nm. As shown in Supplementary Figures 16 and 17, both 380 nm and 600 nm 

irradiation effectively activated the catalytic activity of the MOFs, leading to HCOO⁻ 

generation rates of 11.53 and 128.7 μmol g-1h-1, respectively. In contrast, a relatively 

lower rate of HCOO- formation (1.42 μmol g-1h-1) was observed under 1,064 nm 

irradiation [Supplementary Figure 18]. These results clearly demonstrate that CDN-1 

was capable of harvesting light across the entire spectral range, although its catalytic 

efficiency decreases slightly in the near-infrared region. Furthermore, to quantitatively 

assess the specific contribution of the photothermal effect to CO₂ reduction, we 

performed control experiments of pure photocatalysis under constant temperature 

conditions. In these experiments, all other parameters were kept identical while the 

reaction temperature was maintained at 288 K. As shown in Supplementary Figure 19, 

under these isothermal conditions, the average generation rate of HCOO- decreased to 

approximately 14.43 μmol g-1h-1, indicating that the heat produced by the MOF upon 

light irradiation indeed plays a synergistic role in promoting the CO2 conversion 

process. Encouraged by its fantastic photothermal and photocatalytic activity, natural-

sunlight-driven photoreduction of CO2 by CDN-1 was then demonstrated 

[Supplementary Figure 20]. To our delight, the photocatalytic CO2 reduction to HCOO- 

driven by solar light can be achieved with comparable conversion and yield 

performance (454.9 μmol g-1h-1) to that under an artificial light source in similar 

conditions [Supplementary Figure 21]. This outstanding outcome strongly supports the 

conclusion that CDN-1 as a full-spectrum responsive photocatalytic material is highly 

effective in capturing and utilizing a significant amount of solar energy. Moreover, the 

heterogeneous CDN-1 can be readily separated and recovered from the reaction by 

centrifugation. Recycling experiments were performed to evaluate the stability of 

CDN−1, which demonstrated that no noticeable change in the yield rate of HCOO− 

occurred during the four reaction runs [Figure 4C]. The powder X-ray diffraction 

(PXRD) profile further revealed that the structure of CDN-1 remained almost 

unchanged after the reaction [Supplementary Figure 22]. Likewise, ICP-OES analysis 
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demonstrated that the concentration of copper ions leached into the solution was 

negligibly low (≈ 102 ppm), thereby unambiguously confirming that the catalytic 

activity originates intrinsically from the heterogeneous catalyst CDN-1 rather than 

from any dissolved copper species. The photocatalytic CO2 reduction was further 

confirmed by a series of controlled experiments including (1) dark reaction, (2) without 

CDN-1, (3) without TEOA, (4) replacement of CDN-1 with DAP, (5) in N2, and (6) 

isotopic label using 13CO2 [Supplementary Figure 23]. These results clearly displayed 

that, no formate was generated when the catalytic reactions were performed in the dark 

at 100 °C or in the absence of CDN-1 or TEOA [Supplementary Figure 23]. When the 

catalytic reaction was conducted in an N2 atmosphere instead of CO2, no HCOO- was 

formed either [Supplementary Figure 23]. Further, the photocatalytic experiment was 

also performed using 13CO2 to confirm the origin of HCOO-. The 13C NMR spectrum of 

the in-situ reaction mixture displayed a peak at 164.8 ppm which well corresponds to 

the product of H13COO- [Figure 4D]. Therefore, these results conclusively prove that 

CO2 is the main carbon source for production of HCOO−, eliminating the possibility of 

contamination from other carbon-containing species. Interestingly, a small amount of 

HCOO- (~ 6.3 μmol) was also produced under similar conditions when the organic 

linker was employed as the photocatalyst [Figure 4A], indicating the intrinsic 

photocatalytic activities of azapentacene moiety. As a result, when the organic linker 

DAP was combined with Cu moiety, the resultant CDN-1 significantly boosted the 

photocatalytic CO2 reduction reaction. 
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Figure 4. (A) Changes in HCOO- concentration as a function of irradiation time under 

different conditions; (B) The IR thermal images of photocatalysis system compared 

with a control condition; (C) The recycle experiments of used CDN-1, in which the 

catalyst was recovered by centrifugation and redispersed in a fresh acetonitrile solution 

for a 10 hours reaction; (D) 13C NMR spectra of liquid product from photoreduction of 

13CO2 (red) and CO2 (black) by CDN-1 for 10 h under NIR light. 

 

To gain insight into the superior full-spectrum-light-driven photocatalytic activity of 

CDN-1, we conducted a thorough analysis of the photoexcited dynamics involved in 

the neutral linker DAP, radical cation species DAP•+ and CDN-1 MOF by using 

femtosecond transient absorption spectroscopy (fs-TA), a technique for real-time 

monitoring of charge carrier dynamics with femtosecond time resolution[67-69] (details 

see SI, section 5). The pump wavelength was selected to be 400 nm, which can 

effectively excite all above three objects. The TA spectra shown here were plotted as 

differential transmission of probe in the range of 450–750 nm. For DAP, two excited-

state absorp-tion (ESA) peaks at around 453 and 557 nm [Figure 5A and 5B, 

Supplementary Figure 25] appeared right after excitation, while the ground state bleach 

(GSB) was not observed because its absorption onset in the steady-state absorption 

spectrum actually started at 440 nm. There were barely any spectra shift rather than 

amplitude decay seen in DAP, and the life-times were determined to be 13.5 ± 0.2, 123 

± 3, 685 ± 3 and a long-lived offset, respectively [Supplementary Figures 28-30]. The 

decay associated different spectra (DADS) of DAP were also extracted from global 

fitting and displayed in Figure 5C. It is clear that DADS-1 (black) is almost a mirror 

image of DADS-2 (red) and DADS-3 (blue), suggesting that DADS-1 is a precursor of 

DADS-2 and DADS-3. Since the 685 ps lifetime of DADS-3 matches well with the 0.7 

ns lifetime found in the time-resolved PL measurement [Supplementary Figure 38], it 

can be assigned to this major emissive decay channel in DAP, which could arise from 

charge recombination in DAP. Because of the highly spectral similarity between 

DADS-2 and DADS-3, DADS-2 should also arise from a decay channel due to charge 

recombination of DAP, yet it has a shorter lifetime. At last, DADS-4 should response to 

the longer emission lifetimes seen in the time-resolved PL measurement. 

 

For comparison, the radical cation analogue DAP•+ was also examined under similar 

conditions [Figure 5D and 5E, Supplementary Figures 26, 31-33], but with 
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dichloromethane as the solvent instead, as DMF could reduce the radical cation to its 

neutral form. Right after excitation, the radical cation DAP•+ displayed very similar TA 

spectra compared with DAP. Yet, there is an extra small ESA peak centered around 620 

nm as well as a bleach band at 587 nm. While this bleach band could arise due to the 

enhanced absorption of DAP•+ in this region [Supplementary Figure 26], the newly 

appeared TA signals resemble typical TA spectra feature reported in systems with 

strong Stark effect[70], suggesting effective charge transfer in DAP•+. In this case, 

DADS-1 and DADS-2 should also be assigned to the charge transfer process in DAP•+ 

due to the clear spectra features from Stark effect while DADS-3 should arise from 

charge recombination [Figure 5F]. 

 

Interestingly, the fs-TA spectra of CDN-1 MOF not only displayed ESA band at 453 

and 557 nm that closely resembled those of the neutral linker DAP, but also exhibited 

much stronger signals at 580 and 620 nm, respectively [Figure 5G and H, 

Supplementary Figure 27]. These results indicate that charge transfer is enhanced due 

to a ligand-to-metal charge transfer (LMCT) process after DAP is assembled into the 

MOF. Specifically, due to the strong electron-donating nature of azapentacene core, the 

electron of the DAP linkers could be excited upon light irradiation and transferred to 

the surrounding copper ions, leaving behind a hole that forms an azapentacene cationic 

radical. The bleach peak at 555 nm and ESA peak at 620 nm seen in DADS-1 of CDN-

1 should arise due to much stronger Stark effect in CDN-1, which is direct evidence for 

effective LMCT [Figure 5I]. While the intrinsic charge recombination channel with 

hundreds of ps lifetimes (DADS-2 and DADS-3) still exist in CDN-1, the amplitude of 

the long-lived component (DADS-4) is much larger in CDN-1 [Figure 5I]. The 

negative TA signals of DADS-4 should arise from the long-lived electrons in the MOF 

skeleton which block the ground state absorption. The lifetime of DADS-4, probably a 

few tens to hundreds of nanoseconds or even at microsecond scale, exceeded the 

detection window of our TA spectrometer. The presence of such long-lived species 

suggests the existence of electrons are trapped in the bandgap of CDN-1, as the 

characteristic lifetimes of such states (which characterize the electron-detrapping rates) 

typically fall within the nanosecond time domain based on the related report[71]. The 

steady-state photoluminescence (PL) spectra of CDN-1 MOF and DAP linker were 

examined to study their luminescent properties, which can provide some insights into 
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radiative carrier recombination. The absorption intensity of CDN-1 was found to 

exhibit a drastic decrease when compared to those of the pristine linker [Supplementary 

Figure 37]. This pronounced PL emission quenching indicated effective charge transfer 

in CDN-1 MOF. Additionally, the fluorescence lifetime of CDN-1 was shorter than that 

of the linker [Supplementary Figures 38 and 39]. The reduced PL decay lifetime and 

intensity observed in CDN-1 could also be attributed to the non-radiative electron 

transfer occurring between the linker and Cu cluster, namely, LMCT. Therefore, the fs-

TA and steady-state PL results collectively suggested that CDN-1 MOF displayed 

dramatically different photoexcited dynamics and carrier recombination processes, 

largely because the existence of ligand-to-metal charge transfer in the MOF. It is 

because of such LMCT that CDN-1 MOF possesses distinct absorption features in both 

near-infrared and visible region, and consequently resulting in its excellent 

photothermal and photocatalytic activity. 

 

 

Figure 5. (A) fs-TA spectra of DAP linker from 475 fs to 13.2 ps under 400 nm 

excitation; (B) fs-TA spectra of DAP linker excited from 13.2 ps to 7.14 ns; (C) The 

DADS of DAP linker; (D) fs-TA spectra of DAP linker radical cation from 435 fs to 
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20.4 ps under 400 nm excitation; (E) fs-TA spectra of DAP linker from 20.4 ps to 7.35 

ns; (F) The DADS of DAP linker radical cation; (G) fs-TA spectra of CDN-1 from 892 

fs to 55.7 ps under 400 nm excitation; (H) fs-TA spectra of CDN-1 55.7 ps to 6.93 ns; 

(I) The DADS of CDN-1. 

 

The LMCT in CDN-1 MOF was further demonstrated by electron paramagnetic 

resonance (EPR) spectroscopy and X-ray photoelectron spectroscopy (XPS). DAP 

linker was found to be EPR silent while CDN-1 MOF exhibited a characteristic EPR 

spectrum [Figure 6A]. Specifically, CDN-1 featured a broad EPR signal (g ≈ 2.05) 

corresponding to Cu(II) species and a single line from organic free radical (g = 

2.002~2.003) which is likely to stem from the electron transfer species of azapentacene 

moiety. Thus, the preliminary EPR data suggested the presence of LMCT process in 

CDN-1 MOF, that accounted for the observed organic radical signal. Furthermore, XPS 

analyses were performed on CDN-1 before and after the catalytic reaction to 

investigate the valence state evolution of the Cu centers. As shown in Supplementary 

Figure 24 and Supplementary Table 4, Cu(II) was predominant in CDN-1 prior to the 

reaction. However, after exposure to white light and completion of the catalytic 

process, all copper ions were converted to Cu(I) species [Figure 6B]. This observation 

provides strong evidence that a ligand-to-metal charge-transfer (LMCT) process occurs 

within CDN-1 during the catalytic cycle. This result further indicated that the 

photoinduced electrons from the organic linker were transferred to the metal SBUs, 

resulting in the formation of Cu(I) species. In addition, the time-dependent DFT 

calculations of the model structure of CDN-1 MOF disclosed that the long-wavelength 

absorption bands of CDN-1 were mainly ascribed to excitation from ground state S0 to 

singlet excitation state S7 and S0 to S13 [Supplementary Figures 40 and 41]. Further 

natural transition orbital analysis shows that both S0 → S7 and S0 → S13 excitations 

involve the transition from π orbitals of ligand DAP to d orbitals of Cu, especially for 

the excitation of S0 → S7 [Supplementary Figures 40 and 41]. Thus, it indicates an 

obvious ligand to metal charge transfer characters between DAP and Cu ions. 

Therefore, based on the experimental and calculation results, a plausible mechanism for 

CO2 photoreduction over CDN-1 is proposed [Figure 6C]: when the reaction system is 

illuminated, the DAP linker moieties are excited and then transfer electrons to the Cu-

oxo clusters to reduce the met-al centers from Cu(II) to Cu(I), namely photoinduced 
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LMCT; the resulting Cu(I) species serve as the active sites for reducing CO2 to HCOO- 

and are subsequently oxidized back to Cu(II); TEOA acts as an electron donor and 

proton source, consuming the photoinduced holes and facilitating selective *COO- 

protonation for HCOO-. 

 

 

Figure 6. (A) EPR spectra of CDN-1 and the DAP ligand; (B) XPS spectra of CDN-1 

after white light illumination; (C) Schematic representation of the mechanism of CDN-

1 photocatalytic reduction of CO2 driven by full solar spectrum. 

 

CONCLUSIONS 

In summary, we designed and constructed a new full solar spectrum responsive metal-

organic framework material CDN-1. By judicious ligand selection, we successfully 

integrated photothermal effect and photocatalysis into this MOF. CDN-1 demonstrated 

excellent broad absorption covering from UV to infrared regions and impressive 

photothermal conversion performance. With the aid of photothermal synergy, CDN-1 

can not only convert CO2 to formate at a rate of 656.8 μmol g-1h-1 under white LED 

light but also perform photocatalysis successfully under sunlight irradiation. The results 

of transient absorption spectroscopy provided strong evidence for ligand-to-metal 

charge transfer within CDN-1. The conclusion was further confirmed by electron 

paramagnetic resonance and X-ray photoelectron spectroscopy experiments. We hope 

that this work will shed some light on the rational design of novel efficient narrow-

band-gap photocatalyst with full-spectrum absorption in the future. 

 

DECLARATIONS 

Acknowledgments 

We thank Prof. F. Zhang (Fudan University) for the assistance with photothermal 

conversion studies. The authors would like to thank Li Mengjing from Shiyanjia Lab 

(www.shiyanjia.com) for the XPS analysis. 



Page X of 6                                         

 

 

Authors’ contributions 

Made substantial contributions to conception and design of the study and performed 

data analysis and interpretation: Shi, X.; Yang, H. B.; Li, M.; Huang, B. 

Performed fs-TA spectra data acquisition and analysis: Jia, M.; Wang, X.; Chen, J. 

DFT calculations: Luo, Z.; Hu, L. 

Single crystal analyses: Niu Y. F.; Zhao X. L. 

 

Availability of data and materials 

Data supporting the findings of this study are available within this Article and its 

Supplementary Materials. Further data is available from the corresponding authors 

upon reasonable request.  

 

Financial support and sponsorship 

This study was funded by National Nature Science Foundation of China (22422105) 

and the Innovation Program of Shanghai Municipal Education Commission (Grant 

No.2025GDZKZD02). 

 

Conflicts of interest 

Yang, H. B. is Associate Editor of the journal Chemical Synthesis. Yang, H. B. was not 

involved in any steps of editorial processing, notably including reviewers’ selection, 

manuscript handling and decision making. The other authors declare that there are no 

conflicts of interest. 

 

Ethical approval and consent to participate 

Not applicable. 

 

Consent for publication 

Not applicable. 

 

Copyright 

© The Author(s) 2026. 

 



                                        Page X of 6 

REFERENCES 

1. Soden, B. J.; Collins, W. D.; Feldman, D. R. Reducing uncertainties in climate 

models. Science 2018, 361, 326-327. DOI: 10.1126/science.aau1864 

2. Humphrey, V.; Zscheischler, J.; Ciais, P.; Gudmundsson, L.; Sitch, S.; Seneviratne, 

S. I. Sensitivity of atmospheric CO2 growth rate to observed changes in terrestrial water 

storage. Nature 2018, 560, 628-631. DOI: 10.1038/s41586-018-0424-4 

3. Panwar, N. L.; Kaushik, S. C.; Kothari, S. Role of renewable energy sources in 

environmental protection: A review. Renew. Sust. Energ. Rev. 2011, 15, 1513-1524. 

DOI: 10.1016/j.rser.2010.11.037 

4. Chu, S.; Cui, Y.; Liu, N. The path towards sustainable energy. Nat. Mater. 2017, 

16, 16-22. DOI: 10.1038/nmat4834 

5. Cui, W. G.; Zhang, G. Y.; Hu, T. L.; Bu, X. H. Metal-organic framework-based 

heterogeneous catalysts for the conversion of Cl chemistry: CO, CO2 and CH4. Coord. 

Chem. Rev. 2019, 387, 79-120. DOI: 10.1016/j.ccr.2019.02.001 

6. Chang, X.; Wang, T.; Gong, J. CO2 photo-reduction: insights into CO2 activation 

and reaction on surfaces of photocatalysts. Energy Environ. Sci. 2016, 9, 2177-2196. 

DOI: 10.1039/C6EE00383D 

7. Gao, C.; Wang, J.; Xu, H.; Xiong, Y. Coordination chemistry in the design of 

heterogeneous photocatalysts. Chem. Soc. Rev. 2017, 46, 2799-2823. DOI: 

10.1039/C6CS00727A 

8. Zeng, L.; Wang, Z.; Wang, Y.; et al. Photoactivation of Cu Centers in Metal–

Organic Frameworks for Selective CO2 Conversion to Ethanol. J. Am. Chem. Soc. 

2020, 142, 75-79. DOI: 10.1021/jacs.9b11443 

9. Wang, L.; Wu, S.; Zhang, J. Spin polarization effect enhances photocatalytic CO2 

reduction. Chem. Synth. 2025, 5, 46. DOI: 10.20517/cs.2025.24 

10. Zhang, P.; Sui, X.; Wang, Y. et al. Surface Ru-H Bipyridine Complexes-Grafted 

TiO2 Nanohybrids for Efficient Photocatalytic CO2 Methanation. J. Am. Chem. Soc. 

2023, 145, 5769-5777. DOI: 10.1021/jacs.2c12632 

11. Wang, Y.; Qian, W.; Zhou, G.; et al. MOF-derived phase-selective synthesis of 

In2O3 with appropriate surface atomic arrangement for CO2 photoreduction. Chem. 

Eng. J. 2024, 501, 157513. DOI: 10.1016/j.cej.2024.157513 

12. Liu, J.; Liu, Z.; Lu, P.; et al. Lewis Acid–Base Dual Sites Enabled by Mg2+ Doping 

in CdS Quantum Dots for Selective Photocatalytic CO2 Reduction to CH4. Adv. Funct. 

Mater. 2025, DOI: 10.1002/adfm.202509666 



Page X of 6                                         

 

13. Shi, X.; Zhang, J.; Tang, R.; Dai, W.; Yu, Y.; Dong, X. Lattice strain engineering in 

ZnGa2O4 for selective CO2 photoreduction enhancement. Chem. Eng. J. 2025, 503, 

158561. DOI: 10.1016/j.cej.2024.158561 

14. Bian, H.; Yuan, X.; Zhang, N.; et al. Correlating vacancy-defect density with CO2 

activation for promoted CO2 methanation over CsPbBr3 photocatalyst. Chin. Chem. 

Lett. 2025, 36, 111034. DOI: 10.1016/j.cclet.2025.111034 

15. Lei, Q.; Yuan, H.; Du, J.; et al. Photocatalytic CO2 reduction with 

aminoanthraquinone organic dyes. Nat. Commun. 2023, 14, 1087. DOI: 

10.1038/s41467-023-36784-7 

16. Ismail, A.; Zahid, M.; Ahmad, B.; et al. Tailoring g-C3N4 properties through P and 

K co-doping: advancing photocatalytic CO2 reduction to CH4. Chem. Eng. J. 2025, 

513, 163023. DOI: 10.1016/j.cej.2025.163023 

17. Zhao, W.; Li, J.; Li, K.; et al. Enhancing CO2 Photoreduction Efficiency Through 

Improved Interaction Enabled by a Decorated Covalent-Organic Framework. Angew. 

Chem. Int. Ed. 2025, 64, e202510550. DOI: 10.1002/anie.202510550 

18. Hisatomi, T.; Kubota, J.; Domen, K. Recent advances in semiconductors for 

photocatalytic and photoelectrochemical water splitting. Chem. Soc. Rev. 2014, 43, 

7520-7535. DOI: 10.1039/C3CS60378D 

19. Li, X.; Wu, H.; Yin, S.; et al. Up-conversion effect boosted NIR-driven 

photocatalytic solar fuel generation of NaYF4: Yb, Er decorated ZnIn2S4 flowers with 

rich Zn vacancies. Chem. Synth. 2025, 5, 29. DOI: 10.20517/cs.2024.127 

20. Hu, X.; Li, Y.; Tian, J.; Yang, H.; Cui, H. Highly efficient full solar spectrum (UV-

vis-NIR) photocatalytic performance of Ag2S quantum dot/TiO2 nanobelt 

heterostructures. J. Ind. Eng. Chem. 2017, 45, 189-196. DOI: 

10.1016/j.jiec.2016.09.022 

21. Wang, W.; Huang, W.; Ni, Y.; Lu, C.; Xu, Z. Different Upconversion Properties of 

β-NaYF4: Yb3+,Tm3+/Er3+ in Affecting the Near-Infrared-Driven Photocatalytic Activity 

of High-Reactive TiO2. ACS Appl. Mater. Interfaces 2014, 6, 340-348. DOI: 

10.1021/am404389g 

22. Tian, J.; Sang, Y.; Yu, G.; Jiang, H.; Mu, X.; Liu, H. A Bi2WO6-Based Hybrid 

Photocatalyst with Broad Spectrum Photocatalytic Properties under UV, Visible, and 

Near-Infrared Irradiation. Adv. Mater. 2013, 25, 5075-5080. DOI: 

10.1002/adma.201302014 



                                        Page X of 6 

23. Kim, W.; Kim, Y. An efficient near-infrared-responsive photocatalyst of flower-like 

Gd3+-doped WS2. Korean J. Chem. Eng. 2019, 36, 816-821. DOI: 10.1007/s11814-019-

0264-4 

24. Wang, X.; Wang, F.; Sang, Y.; Liu, H. Full-Spectrum Solar-Light-Activated 

Photocatalysts for Light–Chemical Energy Conversion. Adv. Energy Mater. 2017, 7, 

1700473. DOI: 10.1002/aenm.201700473 

25. Zhu, Y.; Zheng, X.; Lu, Y.; Yang, X.; Kheradmand, A.; Jiang, Y. Efficient 

upconverting carbon nitride nanotubes for near-infrared-driven photocatalytic hydrogen 

production. Nanoscale 2019, 11, 20274-20283. DOI: 10.1039/C9NR05276C 

26. Guo, X.; Xue, F.; Xu, S.; Shen, S.; Huang, H.; Liu, M. Coupling Photothermal 

Effect into Efficient Photocatalytic H2 Production by Using a Plate-like Cu@Ni Core-

shell Cocatalyst. ChemCatChem 2020, 12, 2745-2751. DOI: 10.1002/cctc.202000258 

27. Li, X.; Chen, K.; Guo, R.; Wei, Z. Ionic Liquids Functionalized MOFs for 

Adsorption. Chem. Rev. 2023, 123, 10432-40467. DOI: 10.1021/acs.chemrev.3c00248 

28. Iliescu, A.; Oppenheim, L. J.; Sun, C.; Dincă, M. Conceptual and Practical Aspects 

of Metal−Organic Frameworks for Solid-Gas Reactions. Chem. Rev. 2023, 123, 6197-

6232. DOI: 10.1021/acs.chemrev.2c00537 

29. Atkare, S.; Jagtap, S.; Late, D. J. Exploring the potential of metal-organic 

framework based composites as key players in bisphenol detection. Chem. Soc. Rev. 

2025, 54, 3736-3774. DOI: 10.1039/D4CS01117A 

30. Chen, C.; Shen, L; Wang, B.; et al. Environmental applications of metal-organic 

framework-based three-dimensional macrostructures: a review. Chem. Soc. Rev. 2025, 

54, 2208-2245. DOI: 10.1039/D4CS00435C 

31. Afshariazar, F.; Morsali, A. Mixed-valence metal–organic frameworks: concepts, 

opportunities, and prospects. Chem. Soc. Rev. 2025, 54, 1318-1383. DOI: 

10.1039/D4CS01061B 

32. Wu, Q.; Liang, J.; Wang, D.; Wang, R.; Janiak, C. Host molecules inside metal–

organic frameworks: host@MOF and guest@host@MOF (Matrjoschka) materials. 

Chem. Soc. Rev. 2025, 54, 601-622. DOI: 10.1039/D4CS00371C 

33. Sui, J. F.; Liu, H.; Hu, S. J.; et al. A General Strategy to Immobilize Single-Atom 

Catalysts in Metal-Organic Frameworks for Enhanced Photocatalysis. Adv. Mater. 

2022, 34, 2109203. DOI: 10.1002/adma.202109203 

34. Xie, F.; Wang, H.; Li, J. Flexible Metal-Organic Frameworks for Adsorptive 

Separation of Liquid Hydrocarbons. Acc. Chem. Res. 2025, 58, 2016-2027. DOI; 



Page X of 6                                         

 

10.1021/acs.accounts.5c00217 

35. Ding, G.; Li, C.; Chen, L.; Liao, G. Porphyrin-based metal–organic frameworks for 

photo(electro)catalytic CO2 reduction. Energy Environ. Sci. 2024, 17, 5311-5335. DOI: 

10.1039/D4EE01748J 

36. Yin, Y.; Feng, S.; Xu, X.; et al. Multivariate Tuning of Photosensitization in Mixed-

Linker Metal-Organic Frameworks for Efficient CO2 Reduction. J. Am. Chem. Soc. 

2025, 147, 16481-16493. DOI: 10.1021/jacs.5c02940 

37. Mitsuka, Y.; Ogiwara, N.; Mukoyoshi, M.; et al. Fabrication of Integrated Copper-

Based Nanoparticles/Amorphous Metal-Organic Framework by a Facile Spray-Drying 

Method: Highly Enhanced CO2 Hydrogenation Activity for Methanol Synthesis. 

Angew. Chem. Int. Ed. 2021, 60, 22283-22288. DOI: 10.1002/anie.202110585 

38. Li, M.; Li, C.; Shi, S. et al. Embedding Metallosalen Active Sites in Zr-MOF for 

Enhanced Selective Syngas Production from CO2 Photoreduction. Angew. Chem. Int. 

Ed. 2025, 64, e202510810. DOI: 10.1002/anie.202510810 

39. Jiang, Z.; Xu, X.; Ma, Y.; et al. Filling metal–organic framework mesopores with 

TiO2 for CO2 photoreduction. Nature 2020, 586, 549-554. DOI: 10.1038/s41586-020-

2738-2 

40. Zhao, C.; Jiang, Z.; Liu, Y. J.; et al. Molecular Compartments Created in Metal-

Organic Frameworks for Efficient Visible-Light-Driven CO2 Overall Conversion. J. 

Am. Chem. Soc. 2022, 144, 23560-23571. DOI: 10.1021/jacs.2c10687 

41. Zeng, J. Y.; Wang, X. S.; Xie, B. R.; Li, Q. R.; Zhang, X. Z. Large π-Conjugated 

Meta-Organic Frameworks for Infrared-Light-Driven CO2 Reduction. J. Am. Chem. 

Soc. 2022, 144, 1218-1231. DOI: 10.1021/jacs.1c10110 

42. Wu, J.; Xu, Z.; Sun, H.; Rao, H.; She, P.; Qin, J. S. Facilitated charge transfer of 

stable multivariate transition Metal-organic frameworks for photocatalytic CO2 

reduction. Chem. Eng. J. 2025, 515, 163381. DOI: 10.1016/j.cej.2025.163381 

43. Yan, T.; Li, Y. Y.; Gu, Q. Y.; et al. A Tetrathiafulvalene/Naphthalene Diimide-

Containing Metal-Organic Framework with fsc Topology for Highly Efficient Near-

Infrared Photothermal Conversion. Inorg. Chem. 2022, 61, 3078-3085. DOI: 

10.1021/acs.inorgchem.1c03246 

44. Su, J.; Cai, P. Y.; Yan, T.; et al. Enhancing the photothermal conversion of 

tetrathiafulvalene-based MOFs by redox doping and plasmon resonance. Chem. Sci. 

2022, 13, 1657-1664. DOI: 10.1039/D1SC07001K 



                                        Page X of 6 

45. Su, J.; Xu, N.; Murase, R.; et al. Persistent Radical Tetrathiafulvalene-Based 2D 

Metal-Organic Frameworks and Their Application in Efficient Photothermal 

Conversion. Angew. Chem. Int. Ed. 2021, 60, 4789-4795. DOI: 

10.1002/anie.202013811 

46. Jiang, W. L.; Huang, B.; Zhao, X. L.; Shi, X.; Yang, H. B. Strong halide anion 

binding within the cavity of a conformation-adaptive phenazine-based Pd2L4 cage. 

Chem 2023, 9, 2655-2668. DOI: 10.1016/j.chempr.2023.06.020 

47. Jiang, W. L.; Huang, B.; Wu, M. X.; et al. Post-Synthetic Modification of Metal-

Organic Frameworks Bearing Phenazine Radical Cations for aza-Diels-Alder 

Reactions. Chem. Asian J. 2021, 16, 3985-3992. DOI: 10.1002/asia.202100883 

48. Zhou, J.; Mao, L. J.; Wu, M. X.; et al. Extended phenothiazines: synthesis, 

photophysical and redox properties, and efficient photocatalytic oxidative coupling of 

amines. Chem. Sci. 2022, 13, 5252-5260. DOI: 10.1039/D2SC01086K 

49. Xie, G. Z.; Bojanowski, N. M.; Brosius, V.; et al. Stable N,N’-Diarylated 

Dihydrodiazaacene Radical Cations. Chem. Eur. J. 2021, 27, 1976-1980. DOI: 

10.1002/chem.202004548 

50. Gao, Y. J.; Zhang, L.; Gu, Y. M.; et al. Formation of a mixed-valence Cu(I)/Cu(II) 

metal-organic framework with the full light spectrum and high selectivity of CO2 

photoreduction into CH4. Chem. Sci. 2020, 11, 10143-10148. DOI: 

10.1039/D0SC03754K 

51. Zhang, Z. Z.; Long, J. L.; Yang, L. F.; et al. Organic semiconductor for artificial 

photosynthesis: water splitting into hydrogen by a bioinspired C3N3S3 polymer under 

visible light irradiation. Chem. Sci. 2011, 2, 1826-1830. DOI: 10.1039/C1SC00257K 

52. Maeda, K.; Sekizawa, K.; Ishitani, O. A polymeric-semiconductor-metal-complex 

hybrid photocatalyst for visible-light CO2 reduction. Chem. Commun. 2013, 49, 10127-

10129. DOI: 10.1039/C3CC45532G 

53. Xu, H. Q.; Hu, J. H.; Wang, D. K.; et al. Visible-Light Photoreduction of CO2 in a 

Metal-Organic Framework: Boosting Electron-Hole Separation via Electron Trap 

States. J. Am. Chem. Soc. 2015, 137, 13440-13443. DOI: 10.1021/jacs.5b08773 

54. Wang, D.; Huang, R.; Liu, W.; Sun, D.; Li, Z. Fe-Based MOFs for Photocatalytic 

CO2 Reduction: Role of Coordination Unsaturated Sites and Dual Excitation Pathways. 

ACS Catal. 2014, 4, 4254-4260. DOI: 10.1021/cs501169t 

55. Sun, M.; Yan, S.; Sun, Y.; et al. Enhancement of visible-light-driven CO2 reduction 

performance using an amine-functionalized zirconium metal-organic framework. 



Page X of 6                                         

 

Dalton Trans. 2018, 47, 909-915. DOI: 10.1039/C7DT04062H 

56. Qiao, J.; Liu, Y.; Hong, F.; Zhang, J. A review of catalysts for the electroreduction 

of carbon dioxide to produce low-carbon fuels. Chem. Soc. Rev. 2014, 43, 631-675. 

DOI: 10.1039/C3CS60323G 

57. Fan, K.; Tahir, M.; Alias, H. Synergistic Effect of Nickel Nanoparticles Dispersed 

on MOF-Derived Defective Co3O4 In Situ Grown over TiO2 Nanowires toward UV and 

Visible Light Driven Photothermal CO2 Methanation. ACS Appl. Mater. Interfaces 

2023, 15, 54353-54372. DOI: 10.1021/acsami.3c10022 

58. Wang, Y.; Zhu, W. G.; Du, W. N.; et al. Cocrystals Strategy towards Materials for 

Near-Infrared Photothermal Conversion and Imaging. Angew. Chem. Int. Ed. 2018, 57, 

3963-3967. DOI: 10.1002/anie.201712949 

59. Mi, Z.; Yang, P.; Wang, R.; et al. Stable Radical Cation-Containing Covalent 

Organic Frameworks Exhibiting Remarkable Structure-Enhanced Photothermal 

Conversion. J. Am. Chem. Soc. 2019, 141, 14433-14442. DOI: 10.1021/jacs.9b07695 

60. Ma, Q. L.; Yin, P. F.; Zhao, M. T.; et al. MOF-Based Hierarchical Structures for 

Solar-Thermal Clean Water Production. Adv. Mater. 2019, 31, 1808249. DOI: 

10.1002/adma.201808249 

61. He, Z.; Zhao, L. L.; Zhang, Q.; et al. An Acceptor-Donor-Acceptor Structured 

Small Molecule for Effective NIR Triggered Dual Phototherapy of Cancer. Adv. Funct. 

Mater. 2020, 30, 1910301. DOI: 10.1002/adfm.201910301 

62. Espín, J.; Garzón-Tovar, L.; Carné-Sánchez, A.; Imaz, I.; Maspoch, D. 

Photothermal Activation of Metal-Organic Frameworks Using a UV-Vis Light Source. 

ACS Appl. Mater. Interfaces 2018, 10, 9555-9562. DOI: 10.1021/acsami.8b00557 

63. Yang, Y.; Tan, H. Y.; Cheng, B.; Fan, J. J.; Yu, J. G.; Ho, W. K. Near-Infrared-

Responsive Photocatalysts. Small Methods 2021, 5, 2001042. DOI: 

10.1002/smtd.202001042 

64. Liu, H.; Gao, X.; Shi, D.; et al. Recent Progress on Photothermal Heterogeneous 

Catalysts for CO2 Conversion Reactions. Energy Technol. 2022, 10, 2100804. DOI: 

10.1002/ente.202100804 

65. Yang, Q.; Xu, Q.; Yu, S. H.; Jiang, H. L. Pd Nanocubes@ZIF-8: Integration of 

Plasmon-Driven Photothermal Conversion with a Metal-Organic Framework for 

Efficient and Selective Catalysis. Angew. Chem. Int. Ed. 2016, 55, 3685-3689. DOI: 

10.1002/anie.201510655 



                                        Page X of 6 

66. Meng, X.; Wang, T.; Liu, L.; et al. Photothermal Conversion of CO2 into CH4 with 

H2 over Group VIII Nanocatalysts: An Alternative Approach for Solar Fuel Production. 

Angew. Chem. Int. Ed. 2014, 53, 11478-11482. DOI; 10.1002/anie.201404953 

67. Zamzam, N.; Rakowski, R.; Kaucikas, M.; et al. Femtosecond visible transient 

absorption spectroscopyof chlorophyll-f-containing photosystem II. Proc. Natl. Acad. 

Sci. U.S.A. 2020, 117, 23158-23164. DOI: 10.1073/pnas.2006016117 

68. Cheng, C.; Zhang, J.; Zhu, B.; Liang, G.; Zhang, L.; Yu, G. Verifying the Charge-

Transfer Mechanism in S-Scheme Heterojunctions Using Femtosecond Transient 

Absorption Spectroscopy. Angew. Chem. Int. Ed. 2023, 62, e202218688. DOI: 

10.1002/anie.202218688 

69. Sarkar, S. K.; Ko, M.; Bai, X.; Du, L.; Thamattoor, D. M.; Phillips, D. L. Detection 

of Ylide Formation between an Alkylidenecarbene and Acetonitrile by Femtosecond 

Transient Absorption Spectroscopy. J. Am. Chem. Soc. 2021, 143, 17090-17096. DOI: 

10.1002/adma.201400428 

70. Wu, K.; Lian, T. Quantum confined colloidal nanorod heterostructures for solar-to-

fuel conversion. Chem. Soc. Rev. 2016, 45, 3781-3810. DOI: 10.1039/C5CS00472A 

71. Wheeler, D. A.; Zhang, J. Z. Exciton Dynamics in Semiconductor Nanocrystals. 

Adv. Mater. 2013, 25, 2878-2896. DOI: 10.1002/adma.201300362 

 

Graphical Abstract 



Page X of 6                                         

 

 

 

 


