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Covalent integration of photosensitizer and catalyst in the pore 
walls of periodic mesoporous organosilicas for efficient solar-
driven CO2 reduction  

Miguel A. Pozo-López,a Raúl Rojas-Luna,b Souvik Roy,b Francisco J. Romero-Salguero*a and Dolores 
Esquivel*a 

Solid-state architectures that spatially integrate light-harvesting and catalytic sites offer a promising strategy for 

photocatalytic CO2 reduction. However, most reported systems rely on metal–organic frameworks (MOFs), while analogous 

approaches using periodic mesoporous organosilicas (PMOs) remain unexplored. Herein, we report a dual-site periodic 

mesoporous organosilica (PMO) platform via co-immobilization of a visible-light photosensitizer (Ru- or Ir-based complexes) 

and a molecular CO₂ reduction catalyst, cobalt phthalocyanine (CoPc), within the pore walls of an ordered mesostructure. 

Under visible light irradiation, the PMO photosystems selectively convert CO2 to CO, achieving cobalt-based turnover 

numbers, TON (CO), of 61 and 78 for CoPc-RuPMO and CoPc-IrPMO, respectively. These values significantly exceed those of 

immobilized CoPc with the sensitizers in solution, and are nearly one order of magnitude higher than CoPc on conventional 

semiconductor supports. Interestingly, a physical mixture of CoPc-ndppz and Ru(bpy)2Cl2 produces CO at similar rates, 

suggesting in situ formation of active Ru-based photosensitizers by self-assembly under reaction conditions. 

Photoluminescence quenching studies reveal rapid photoinduced electron transfer enabled by the close spatial proximity of 

the co-immobilized catalyst and sensitizer within the PMO scaffold and a reductive quenching pathway under the reaction 

conditions. These results demonstrate that spatially organized dual-site PMOs enable efficient photoinduced charge 

transfer, establishing them as versatile platforms for heterogeneous solar-driven CO2 reduction. 

Introduction 

Ongoing global industrialization, accompanied by the ever-

increasing energy demand, has led to a substantial increase in 

fossil fuels consumption.1 Consequently, atmospheric CO2 

levels have risen significantly in recent decades, highlighting the 

urgent need for effective carbon mitigation strategies and the 

development of clean and sustainable energy sources.2–8 Solar 

light-driven CO2 reduction, which mimics natural 

photosynthesis, represents a promising approach for producing 

solar fuels and value-added chemical feedstocks, thereby 

offering a potential pathway to address both climate change 

and the global energy crisis.9–14 Extensive research efforts have 

focused on the design of molecular systems incorporating 

transition metal complexes that function either as 

photosensitizers (PSs) - responsible for light absorption and 

electron transfer - , or as catalysts that use these electrons to 

drive CO2 reduction reaction (CO2RR). However, achieving high 

efficiency in such photocatalytic systems remains challenging, 

as performance is constrained not only by the intrinsic catalytic 

activity and the photophysical properties of the individual 

components, but also by the efficiency of electron transfer 

between them.15–17 Over the past decade, numerous attempts 

have been conducted to strengthen the photoinduced electron 

transfer between PS and catalyst. Strategies such as hydrogen 

bonding, covalent linkage and coordinative interaction have 

been employed to construct effective electronic bridges 

between the two components, thereby facilitating charge 

separation and boosting CO2 photoconversion.18–20 Despite the 

enhanced photocatalytic performance achieved through these 

approaches, limited recyclability and long-term stability of 

these homogenous systems remain critical challenges, 

significantly restricting their practical applicability. In this 

context, the development of heterogeneous assemblies that 

integrate both PS and catalytic active sites have emerged as a 

promising strategy to overcome these drawbacks. Inorganic 

semiconductor-based systems, such as TiO2 or ZrO2, have 

shown great potential as heterogeneous catalysts for CO2 

photoreduction; however, their inherent absorption capacity is 

limited to the UV region. To extend their light-harvesting 

capability into the visible range and enhance CO2 

photoreduction efficiency, these materials typically require 

modification with visible-light absorbing sensitizers or co-

dopants.21–23 In response to these limitations, recent efforts 

have focused on the heterogenization of PS and molecular 

catalysts onto solid supports.24–26 This approach aims to 
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combine the high selectivity and tunability of homogenous 

catalysis with the robustness and recyclability of heterogenous 

systems, providing a promising pathway toward more efficient 

and sustainable CO2 photoreduction.  

Among the solid supports explored for the integration of PSs 

and catalytic units, metal-organic frameworks (MOFs)27–29 and 

covalent-organic frameworks (COFs)30,31 have attracted 

considerable attention in the field of CO2 photocatalysis. These 

porous and crystalline materials meet key requirements for 

efficient CO2RR. First, PS units are spatially distributed within 

the frameworks, therefore minimizing self-quenching effects 

and enhancing light-harvesting capacity. Second, the close 

proximity of PS molecules and catalytic sites embedded in the 

host matrix enables a rapid electron transfer from the excited 

or reduced PS to adjacent catalytic centers. Third, their 

beneficial textural properties, such as high surface areas and 

porosity, facilitate the diffusion of CO2 molecules to the active 

sites. In addition to MOFs and COFs, periodic mesoporous 

organosilicas (PMOs) represent a compelling alternative as 

heterogenous platforms for anchoring PS and catalytic units. 

Their unique features - including well-defined ordered 

structures, large pore diameters, and functionalization of the 

organic moieties within pore walls - satisfy the demands of 

effective CO2 photoreduction.32 While MOF- and COF-based 

photocatalytic systems have been extensively studied for CO2 

photoreduction, only a few examples of PMOs are reported for 

this purpose, underscoring their untapped potential as a 

versatile platform for the hybrid photocatalyst design. In a 

pioneering study, Inagaki and co-workers developed the first 

photocatalytic system for CO2 conversion by anchoring a Re-

complex onto 2,2’-bipyridine ligands incorporated on the 

mesochannels of a photoactive biphenylene-bridged PMO.33 In 

a similar approach, an enhanced photocatalytic activity was 

achieved when Re-bipyridyl complexes were immobilized on 

phenylene-bridged PMO nanotubes functionalized with 

bipyridine moieties.34 More recent strategies have exploited 

bipyridine-bridged PMO (Bpy-PMO) as chelating platforms to 

heterogenize both the PS and the molecular catalyst, taking 

advantage of the strong coordination ability of bipyridyl ligands 

toward metal complexes.35,36 Through this approach, both the 

Re-complex [Re(bpy)(CO)3]Cl (molecular catalyst) and the Ru-

complex [Ru(bpy)3]2+ (photosensitizer) have been successfully 

embedded in the PMO framework via coordination with the 

bipyridyl ligands, affording efficient heterogeneous 

photocatalytic systems for CO2 reduction.37,38  

As an alternative to the Bpy-PMO support for generating 

well-defined organometallic sites, we recently reported the 

synthesis of a novel solid chelating platform, ndppz-PMO, 

prepared through the surfactant-directed self-assembly of a 

tailored home-made organosilane precursor containing 

dipyridylpyridazine units (ndppz) and 1,2-

bis(triethoxysilyl)ethane. Ndppz-PMO was successfully 

employed as solid support for heterogenizing Ru- and Ir- 

complexes as photosensitizing units for photocatalytic 

hydrogen production.39 Moreover, these N-chelating ligands 

have also been exploited to anchor Co- and Ni- based molecular 

catalysts bearing polypyridine ligands for CO2 photoreduction in 

the presence of a homogenous photosensitizer,40 and Ir-based 

complexes for chemical water oxidation reaction.41 These 

findings clearly demonstrate the versatility of ndppz-PMO 

material, envisioned as a multifunctional platform for the 

heterogenization of both photosensitizing and catalytic units 

toward efficient H2 and CO2 conversion. 

Herein, we report the synthesis of novel PMO-based hybrid 

photosystems that integrate both photosensitizer and 

molecular catalyst within a single, well-defined framework. By 

employing ndppz and cobalt-phthalocyanine (CoPc) 

organosilane precursors, followed by post-metalation with Ru 

and Ir complexes, we achieved precise spatial control over the 

distribution of the PS and the catalytic units in the PMO scaffold. 

CoPc was chosen as the catalyst because of its robustness and 

well-established CO2 reduction properties, and accessibility to 

synthetic routes for integrating CoPc in PMOs.42 Structural, 

textural and spectroscopic characterizations unambiguously 

confirmed the successful co-immobilization of both molecular 

components. Under visible-light irradiation, the resulting hybrid 

photosystems showed significantly enhanced CO2 

photoreduction activity compared to analogous photosystem 

containing immobilized catalyst (CoPc-ndppzPMO) and the non-

surface-attached photosensitizer ([Ru(bpy)2(dppz)]2+ and 

[Ir(ppy)2(dppz)]+) in solution. 

 

Experimental 

Synthesis of CoPc-ndppzPMO  

Periodic mesoporous organosilica containing cobalt 

phthalocyanine and 3,6-di-(2’-pyridyl)pyridazine moieties was 

synthesized according to the following procedure.39 The 

structure-directing agent octadecyltrimethylammonium 

bromide (OTAB, 0.85 g) was dissolved in a basic solution 

consisting of distilled water (53 mL) and sodium hydroxide (6 M 

NaOH, 0.89 mL). The mixture was stirred at 40 оC for 24 h. Then, 

a mixture of organosilane precursors, containing the 

conventional bridged-organosilica source, 1,2-

bis(triethoxysilyl)ethane (BTEE) (1.632 mmol), and the 

homemade ndppz trialkoxysilane precursor (0.408 mmol) was 

dissolved in 10 mL of DMSO containing CoPc(SiOEt)4 (0.025 

mmol) (see Supporting Information). This solution was then 

added dropwise to the reaction mixture under vigorous stirring. 

The resulting mixture was stirred at 40 оC for 24 h and 

subsequently aged at 97 оC for 5 days under static conditions. 

The resulting solid was collected by filtration and washed 

several times with water. To remove the surfactant from the 

pores, 1 g of as-synthesized material was refluxed overnight in 

50 mL of ethanol containing 1 mL of HCl solution (37% wt). After 

repeating this extraction process twice, the solid was recovered 

by filtration, washed with ethanol and dried under vacuum at 

80 оC to give CoPc-ndppzPMO (0.36 g) as a bluish-green powder. 
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Post-synthetic metalation of CoPc-ndppzPMO  

Typically, CoPc-ndppzPMO (125 mg) was suspended in an 

ethanolic solution (40 mL) of Ru(bpy)2Cl2 (25 mg, 0.052 mmol) 

or in a dichloromethane solution (40 mL) of Ir[(ppy)2Cl]2 (25 mg, 

0.024 mmol) to afford CoPc-RuPMO43 and CoPc-IrPMO,44 

respectively. The resulting mixtures were stirred overnight at 80 
оC. The solids were collected by filtration, washed with ethanol 

to remove any unreacted metal complex, and finally, dried 

under vacuum at 90 оC to yield CoPc-RuPMO as a brownish-

yellow powder and CoPc-IrPMO as a greenish-yellow solid.  

 
Photocatalytic experiments  

Photocatalytic CO2 reduction experiments were carried out in 

an 8 mL clear glass vial sealed with rubber septa. Typically, 1 mg 

of the photocatalyst (CoPc-RuPMO or CoPc-IrPMO) was 

dispersed in 4 mL CH3CN/TEOA (9:1, v/v) solvent mixture 

containing 20 mM BIH as sacrificial electron donor. The mixture 

was purged with CO2 for 20 min and irradiated with Xe Lamp 

(300 W) equipped with a water filter and Newport filter 

(FSQGC400, λ ≥ 400 nm). Sample aliquots (50 μL) from the 

headspace were taken at different reaction times using a gas-

tight syringe and quantified in a gas chromatograph (Shimadzu 

GC-2010 Plus) equipped with a barrier discharge ionization 

detector (BID) and a ShinCarbon ST column (2 m x 2 mm i.d.). 

After 9 h irradiation, 100 μL of reaction mixture was injected in 

high-performance liquid chromatograph (Agilent 1260 infinity 

II) equipped with a Hi-Plex column (300 x 7.7 mm) and a 

refractive index detector (RID) using H2SO4 (0.1 M) as mobile 

phase to determine any product present in the liquid phase. 

Control experiments were performed under the same reaction 

conditions without one of the components: visible light, 

sacrificial electron donor (BIH), photosensitizer (without Ru and 

Ir complexes) or catalyst (without CoPc). Additionally, 

photocatalytic tests were carried out using CoPc-PMO catalyst 

without dppz coordinating units un the presence of Ru(bpy)2Cl2 

or Ir2(ppy)4Cl2 as photosensitizers under identical reaction 

conditions. For recycling experiments, 5 mg of the photocatalyst 

were irradiated for 6 h under identical conditions. After 

photocatalytic activity, the solid was collected by centrifugation 

and washed several times with acetonitrile to remove adsorbed 

compounds. Finally, the photocatalyst was redispersed again in 

a fresh CH3CN/TEOA solution containing BIH (20 mM) and 

irradiated under the same reaction conditions.  

 

Results and discussion 
 
Synthesis and characterization  

The heterogenization of both molecular units - catalyst and 

photosensitizer - within a single ordered scaffold for visible-light 

driven CO2 photoreduction is presented in this study. For that, 

a dual-site periodic mesoporous organosilica (PMO) was 

synthesized via co-condensation of a cobalt phthalocyanine 

tetraalkoxysilane precursor with a bipyridine-like 

triethoxysilane precursor (ndppz). The former precursor 

enables the incorporation of the molecular catalyst (CoPc) into 

the silica framework, while the latter provides nitrogen-

chelating ligands capable of coordinating metal complexes. 

Subsequent post-synthetic metalation of the 

dipyridylpyridazine moieties embedded within the pore walls 

with Ru and Ir precursors led to the formation of light-

harvesting units, [Ru(bpy)2(dppz)]2+ and [Ir(ppy)2(dppz)]+, 

respectively. This metalation process is visually evidenced 

through a distinct color change from the initial bluish-green 

Scheme 1. Synthesis of CoPc-RuPMO and CoPc-IrPMO photocatalysts via post-synthetic metalation of CoPc-ndppzPMO.
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colour of CoPc-ndppz to a brownish-yellow or greenish-yellow 

color presented for CoPc-RuPMO or CoPc-IrPMO photocatalysts 

(Scheme 1). 

The structural ordering of the materials was confirmed by 

powder X-ray diffraction (Fig. 1a). The XRD pattern of CoPc-

ndppzPMO showed three diffraction peaks, one of high 

intensity at 2θ = 1.8о with d-spacing of 4.9 nm, and two weak 

peaks at higher incidence angles, associated with (100), (110) 

and (200) reflections, characteristics of a 2D-hexagonal material 

with a p6mm symmetry.45 Similar XRD patterns were observed 

for the CoPc-RuPMO and CoPc-IrPMO photocatalysts, 

confirming that the original structure of CoPc-nppzPMO was 

preserved even after the formation of the photosensitizing units 

onto the pore surface. These results were further corroborated 

by HRTEM images (Fig. S6a and S6c), showing a regular 

hexagonal array of parallel mesochannel for both 

photocatalysts. Additionally, their corresponding FFT patterns 

(Fig. S6b and S6d) revealed multiple crystalline planes with d-

spacing of 4.1 ± 0.5 nm and 2.1 ± 0.5 nm, corresponding to (100) 

and (110) reflections. These values are in good agreement with 

the results obtained from XRD analyses (Table S1).  

The porous characteristics of these materials were 

evaluated by their nitrogen sorption isotherms at 77 K (Fig. 1b). 

All isotherms were type-IV with two-step capillary condensation 

at relative pressure (P/P0 = 0.3 – 0.6), typical of mesoporous 

structures.46 The textural properties are listed in Table S1. CoPc-

ndppzPMO exhibited a Brunauer- Emmett−Teller specific 

surface area (SBET) and total pore volume (Vp) of 860 m2 g-1 and 

0.72 cm3 g-1, respectively. After metalation with Ru and Ir 

precursors, a significant decrease in both SBET and Vp was 

observed, attributed to the partial clogging of the pores due to 

the assembly of [Ru(bpy)2(dppz)]2+ and [Ir(ppy)2(dppz)]+ 

moeities. CoPc-RuPMO and CoPc-IrPMO showed SBET ranging 

from 720 to 750 m2 g-1 and Vp between 0.55 and 0.60 cm3 g-1. 

The pore size distribution profiles, calculated by non-local 

density functional theory (NDFT) method, are presented in Fig. 

1c. CoPc-ndppzPMO showed a narrow pore size distribution 

with dominant mesopores centered at 3.8 nm, along with a 

minor population of smaller pores (< 2 nm). After metalation, 

the differential pore volume of the main mesopores decreased 

significantly, likely due to the coordination of Ru and Ir within 

the larger pores. Additionally, the pore size distribution peak 

exhibits a slight shift and broadening toward smaller pore sizes, 

further supporting the formation of light-harvesting units into 

the porous framework.  

The presence of the molecular CoPc moieties integrated in 

the PMO framework was confirmed by FT-IR, Raman and UV-vis 

spectroscopies. FT-IR spectrum of CoPc(SiOEt)4 precursor (Fig. 

2a) displayed bands at 1533, 1411, 1272, 1161 and 788 cm-1 

associated with the vibrations of isoindole groups of 

phthalocyanine ring, and a band at 952 cm-1 corresponding to 

Co-N stretching vibration, typical of metallophthalocyanines.47 

The presence of these bands for CoPc-ndppzPMO confirmed the 

successful incorporation of the CoPc catalytic units into the 

material. Moreover, additional peaks at 3461 and 1045 cm-1 

were assigned to the hydroxyl stretching of the surface Si-OH 

groups and asymmetric stretching of Si-O-Si framework, 

respectively, generated as a result of the self-assembly co-

condensation process.48 Raman analysis of CoPc(NH2)4 and 

CoPc-ndppzPMO showed bands at 1600-1000 cm-1 

characteristic of phthalocyanine skeletal vibrations (Fig. 2b).47 

Two additional bands were observed at 800-600 cm-1 associated 

to stretching vibrations of Co-N, typical of metal 

phthalocyanines.49 Additionally, the presence of CoPc units on 

CoPc-ndppzPMO were also confirmed by UV-Vis diffuse 

reflectance spectroscopy (DRS) which showed the characteristic 

B band (S0→S2) at 322 nm and the Q band (S0→S1) at 703 nm 

(Fig. 2c).50 The noticeable peak broadening observed upon 

incorporation of the CoPc units into the silica framework can be 

attributed to the aggregation of phthalocyanine units within the 

ordered porous structures, as reported in materials such as 

COFs and PMOs.51,52 In addition, a high-energy absorption band 

at ~ 280 nm, corresponding to the π→π* electronic transition 

of the dipyridyl-pyridazine groups of the ndppz precursor, 

further confirms the incorporation of these N-chelating 

heterocyclic ligands in the support.53 The formation of the light-

harvesting units, [Ru(bpy)2(dppz)]2+ and [Ir(ppy)2(dppz)]+, in 

CoPc-RuPMO and CoPc-IrPMO photocatalysts upon metalation 

of the parent material with the corresponding metal precursors 

was also confirmed by UV-Vis DRS (Fig. 2d and 2e). In addition 

to the absorption bands previously observed by CoPc-

ndppzPMO, the UV-vis spectrum of CoPc-RuPMO showed a 

broad band at 451 nm associated to the metal-to-ligand charge-

transfer (MLCT) between the Ru center and bipyridine ligands.54 

This finding was supported by the presence of a similar 

absorption band in the UV-vis spectrum of the homogeneous 

[Ru(bpy)2(dppz)](PF6)2 photosensitizer. In contrast, this MLCT 

band in the Ru(bpy)2Cl2 precursor appeared at a longer 

wavelength (~ 550 nm) due to the increased electron density at 

the Ru resulting from the coordination of the monodentate 

chloride ligands.55 For CoPc-IrPMO photocatalyst, the UV-vis 

spectrum exhibited absorption bands in the range of 350 – 500 

nm, associated to spin-allowed (~ 367 nm) and spin-forbidden 

(~ 465 nm) MLCT bands, respectively.56 Similar absorption 

features were observed for the iridium dimer, and its respective 

homogeneous [Ir(ppy)2(dppz)]PF6 photosensitizer, confirming 

the successful coordination of the iridium complex to the 

surface dipyridyl-pyridazine units.36,57 

Fig. 1 (a) X-ray diffraction patterns of CoPc-ndppzPMO, CoPc-RuPMO and CoPc-

IrPMO. (b) N2 adsorption-desorption isotherms of materials. (c) Pore width 

distribution profiles for materials determined by NLDFT.
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The elemental composition and oxidation state of the metal 

species in the synthesized materials were evaluated by X-ray 

photoelectron spectroscopy (XPS). The survey spectra of all 

materials revealed the presence of Si, C, N, O and Co (Fig. S7). 

In addition, CoPc-RuPMO and CoPc-IrPMO displayed the 

presence of Ru and Ir, respectively. The Co 2p region of the 

phthalocyanine complex CoPc(NH2)4 (Fig. 2f) showed two 

distinct peaks at 781.3 and 796.5 eV, which correspond to the 

Co 2p3/2 and Co 2p1/2 transitions, along with two satellite 

features indicative of cobalt in +2 oxidation state.58 Similar 

features were observed for the parent material and the 

corresponding photocatalysts, CoPc-RuPMO and CoPc-IrPMO 

(Fig. S8a and S8b), thus confirming the integration of the 

molecular catalyst in the organosilica framework. Moreover, 

the presence of the photosensitizing units in CoPc-RuPMO and 

CoPc-IrPMO were further verified via high-resolution C 1s + Ru 

3d and Ir 4f XPS spectra, respectively. The C 1s + Ru 3d region 

(Fig. 2g) showed two main carbon contributions at 285.2 and 

286.8 eV, corresponding to C-H/C-C/Car and C=N atoms, 

respectively,39,42 previously observed for CoPc-ndppzPMO (Fig. 

S8c). Additionally, two new contributions centered at 281.5 and 

285.6 eV were associated with the Ru 3d5/2 and Ru 3d3/2 spin-

orbit components, respectively. These findings are consistent 

with the Ru2+ oxidation state.59 Furthermore, the Ir 4f region for 

CoPc-IrPMO (Fig. 2h) showed two peaks at 62.1 and 65.0 eV 

assigned to Ir 4f7/2 and Ir 4f5/2, respectively, suggesting the 

presence of Ir3+.60 

The metal loadings in the samples were determined by 

inductively coupled plasma mass spectrometry (ICP-MS). While 

the Co loading remained unchanged for both photocatalysts 

(29.5 μmol Co g-1), the precious metal loadings were different 

for CoPc-RuPMO (116 μmol Ru g-1) and CoPc-IrPMO (83 μmol Ir 

g-1), corresponding to a photosensitizer/catalyst molar ratio of 

approximately 3.9 and 2.8, respectively. Moreover, elemental 

mapping using energy dispersive X-ray spectroscopy (EDS) 

showed the homogeneous distribution of Co, Ru and Ir atoms 

throughout the material (Fig. S9). 

 
Photocatalytic CO2 reduction  

Solar-driven CO2RR experiments were carried out using CoPc-

RuPMO or CoPc-IrPMO as a photocatalyst and BIH as a sacrificial 

electron donor under visible light. Headspace analysis by gas-

chromatography revealed CO and H2 as gaseous products, while 

no liquid products were detected by high-performance liquid 

chromatography.  

Control tests were conducted to confirm the necessity of 

each component in the photocatalytic system (Fig. S10). In the 

absence of the catalytic CoPc units, RuPMO and IrPMO39 - 

containing only photosensitizing units - produced only trace 

amounts of syngas. When the Ru and Ir complexes were 

omitted as photosensitizers, a negligible amount of syngas was 

observed in the presence of CoPc-ndppzPMO. Similarly, the 

removal of BIH from the system resulted in minimal syngas 

production, highlighting the crucial role of BIH as a two-electron 

donor that enables efficient electron transfer. Finally, to 

demonstrate the role of ndppz as chelating group, additional 

controls were performed using CoPc-PMO without dppz 

coordination units in combination with Ru(bpy)2Cl and 

Ir2(ppy)4Cl2 as photosensitizers. After 6 hours of irradiation, 

both photosystems displayed lower catalytic activity, reaching a 

Fig. 2 (a) FT-IR spectra of CoPc(SiOEt)4 and CoPc-ndppzPMO. (b) Raman spectra of CoPc(NH2)4 and CoPc-ndppzPMO. (c) UV-vis absorption spectra of ndppz (0.03 mM in EtOH) and 

CoPc(SiOEt)4 (0.06 mM in DMSO) in solution and UV-vis diffuse reflectance spectrum of CoPc-ndppzPMO at solid-state. (d) UV-vis absorption spectra of Ru(bpy)2Cl2 (0.07 mM) and 

Ru(bpy)2(dppz)(PF6)2 (0.04 mM) in CH3CN and UV-Vis diffuse reflectance spectrum of CoPc-RuPMO at solid-state. (e) UV-vis absorption spectra of Ir2(ppy)4Cl2 (0.03mM) and 

Ir(ppy)2(dppz)PF6 (0.2 mM) in CH3CN and UV-vis diffuse reflectance spectrum of CoPc-IrPMO at solid-state. (f) Co 2p XPS spectra of CoPc(NH2)4 and CoPc-ndppzPMO. (g) C 1s + Ru 3d 

XPS spectrum of CoPc-RuPMO. (h) Ir 4f XPS spectrum of CoPc-IrPMO
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total CO production of 112 and 355 μmol g-1, respectively. 

Remarkably, CO selectivity decreased drastically to 20 and 52%, 

respectively, demonstrating the positive impact of ndppz 

chelating group within the same scaffold containing the 

catalytic units. 

 To elucidate the synergistic effect arising from the 

confinement of both heterogenized catalytic and 

photosensitizing units within the PMO framework, a reference 

photosystem was evaluated using CoPc-ndppzPMO as the 

catalyst and photosensitizers in solution ([Ru(bpy)2(dppz)](PF6)2 

and [Ir(ppy)2(dppz)]PF6) (see supplementary experimental 

section, Fig. S2-S5), at concentrations comparable to those in 

the corresponding heterogeneous photocatalysts (CoPc-

RuPMO and CoPc-IrPMO). Electrochemical characterization 

(including cyclic voltammetry and redox potentials) and 

photophysical properties of these newly synthesized complexes 

are detailed in the Supporting Information (Fig. S11 and S12, 

and Table S2). As shown in Fig. 3a and c, photosystems with 

soluble photosensitizers, [Ru(bpy)2(dppz)]2+ or [Ir(ppy)2(dppz)]+, 

exhibited lower activity toward photocatalytic CO2 reduction. 

CO production plateaued after 1 h of irradiation, yielding 280 ± 

35 μmol g-1 and 183 ± 12 μmol g-1, respectively. These values 

correspond to a Co-based TON(CO) of 9 for the Ru-based system 

and 6 for the Ir-based system. In both cases, photosystem 

deactivation was accompanied by the complete bleaching of 

the reaction mixture (Fig. 3a and c, inset), suggesting rapid 

photodecomposition of the photosensitizer in solution. Upon 

immobilizing the photosensitizing units into the PMO 

framework, the amount of CO produced by CoPc-RuPMO and 

CoPc-IrPMO after 1 h was comparable to their homogeneous 

photosystems. However, the co-immobilized photosystem 

displayed significantly improved longevity with sustained 

evolution of CO over longer time periods (Fig. 3b and d), with an 

initial reaction rate of 327 μmol g-1 h-1, reaching a total CO 

production of 1820 ± 160 μmol CO g-1 for CoPc-RuPMO after 9 

h. CoPc-Ir PMO displayed higher catalytic activity, producing 

2310 ± 130 μmol g-1 of CO after 9 h with a reaction rate of 330 

μmol g-1 h-1. The lower activity for CoPc-RuPMO is due to the 

faster deactivation of the Ru-PS excited state arisen by the 

photodissociation of diimine ligands through the 3MC (triplete 

metal-centered) state.61 By contrast, for CoPc-IrPMO, 

cyclometalated ligands in the Ir-PS such as 2-phenylpyridine, 

increase ligand field stabilization energies, making the 3MC 

state less accessible, which leads to longer lifetime of the Ir-PS 

excited state.62,63 

CoPc-RuPMO maintained a selectivity of up to 85% for CO 

production throughout the entire process. However, the CO 

selectivity for CoPc-IrPMO decreased from 82% to 67% over 9 h 

of irradiation. TON(CO) values for CoPc-RuPMO and CoPc-

IrPMO photosystems were 61 and 78, respectively. These values 

are approximately 6.7 and 13-folds higher compared to those 

obtained with homogeneous photosensitizers under the same 

reaction conditions (vide supra). We hypothesise that there are 

two possible reasons behind the improved photocatalytic 

performance of CoPc-RuPMO and CoPc-IrPMO. First, 

immobilization of the photosensitizing units into the PMO 

scaffold increases durability by preventing the formation of 

deactivated Ru- and Ir-dimers. Second, the spatial proximity 

between RuII or IrIII photosensitizers and CoII catalytic sites 

within the ordered hybrid framework facilitates rapid and 

efficient electron transfer, thereby promoting the 

photocatalytic reduction of CO2 to CO. 

Following these findings, we compared our photocatalytic 

systems with previously reported heterogeneous 

photocatalysts based on cobalt-phthalocyanine as catalyst and 

carbon nitride as visible-light harvester in terms of CO 

production rate and TON (Table S3). Remarkably, our systems 

exhibited TON(CO) values nearly one order of magnitude higher 

than those previously reported,58,64 reaching TON values 

comparable to state-of-the-art COF/C3N4 nanocomposites.65 

To demonstrate the versatility and accessibility of the 

nitrogen-chelating ligands confined within the porous PMO 

channels for the construction of light-harvesting units, we also 

performed photocatalytic CO2RR using CoPc-ndppzPMO and 

Ru(bpy)2Cl2 in a mixed solvent mixture CH3CN/TEOA (9:1, v/v) 

with BIH. After stirring the reaction mixture in the dark for 1 h, 

the system was irradiated for 6 h. Under these conditions, the 

photocatalytic system reached a CO production of 1477 ± 86 

µmol g-1, which is comparable to that obtained for CoPc-RuPMO 

(Fig. 4a). This result suggests that Ru(bpy)2Cl2 rapidly 

coordinates with the dipyridyl-pyridazine (dppz) units 

embedded in the PMO framework, leading to the in-situ 

formation of the light-harvesting complex [Ru(bpy)2(dppz)]2+ 

within the pores. In contrast, under similar reaction conditions, 

the mixture of CoPc-ndppzPMO and [Ir(ppy)2Cl]2 showed 

markedly lower catalytic performance, yielding only 250 µmol 

g-1 after 6 h of irradiation (Fig. 4b). This poor performance 

suggests that Ir precursor is not able to coordinate the surface  

dipyridyl-pyridazine units under the reaction conditions. In 

addition, to confirm that the observed photocatalytic activity 

originated from the solid PMO-photocatalyst containing both 

catalytic and photosensitizing units, and not from the molecular 

Fig. 3 Time-dependent CO (orange or red) and H2 (black) evolution curves using (a) 

CoPc-ndppzPMO and 0.03 mM [Ru(bpy)2(dppz)]2+; (b) CoPc-RuPMO; (c) CoPc-

ndppzPMO and 0.02 mM [Ir(ppy)2(dppz)]+, (d) and CoPc-IrPMO. Reaction 

conditions: 1 mg of CoPc-ndppzPMO, CoPc-RuPMO or CoPc-IrPMO, 4 mL mixture of 

CH3CN/TEOA/ (9:1, v/v) and 20 mM BIH. 
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species leached into solution, leaching tests were performed. 

The reaction mixture was irradiated for 3 h, after which the 

photocatalyst was removed by filtration and the resulting CO2-

saturated filtrate was then exposed to light for 3 h. No further 

CO generation was detected in either case (Fig. 4c and d), 

suggesting that the photocatalytic activity arises from the 

heterogenized photosystem and not from any species present 

in solution. 

To evaluate the photocatalytic stability of CoPc-RuPMO and 

CoPc-IrPMO, recycling tests were carried out (Fig. S13). After 6 

h reaction, the photocatalysts were recovered by filtration, 

redispersed in a fresh reaction mixture, and irradiated under 

the same conditions. A significant decrease in catalytic activity 

(~ 50% of the initial CO production) was observed upon reuse. 

For CoPc-RuPMO, CO selectivity remained stable at 88%, 

whereas a decline in selectivity was noted by CoPc-IrPMO. ICP-

MS analysis showed that approximately 75% of Co leached out 

from the photocatalysts in the first run, correlating with the 

observed loss of catalytic activity. Similar Co leaching from CoPc 

units was previously observed by our research group during 

catalytic turnover.42 Furthermore, XRD patterns of the 

photocatalyst after 6 h of irradiation retained characteristic 

diffraction peaks of 2D-hexagonal structures, indicating that the 

ordered structures were maintained after catalysis (Fig. S14). 

 
Mechanism of CO2 photoreduction  

Photophysical studies were performed to probe the 

CO2 reduction mechanism by the hybrid materials. Time-

resolved photoluminescence (TRPL) measurement was 

employed to evaluate the electron transfer between the PS and 

the CoPc units. The decay curves exhibited faster 

photoluminescence quenching in the solid materials with 

embedded CoPc units (Fig. 5), indicating that electronic 

communication (via photoinduced electron transfer (PET) 

and/or energy transfer (EnT)) is facilitated by the proximity 

between the photosensitizer and the catalyst sites.27 The 

average photoluminescence lifetime (τ) was estimated from the 

fitting of the decay curves using multi-exponential functions 

(Fig. S15). For the Ru-containing materials, the lifetime 

decreased from 358 to 138 ns, while for the Ir-based 

counterparts, a reduction from 87 to 44 ns was observed upon 

incorporation of CoPc. The presence of multiple lifetime 

components suggests different quenching environments, 

consistent with the heterogeneous nature of the sensitizing 

units.37,66 This variation in quenching environments may arise 

from the spatially random molecular distribution of the 

immobilized sensitizer units on the PMO surface or within its 

channels, as well as their proximity to the embedded CoPc sites 

that can quench the photoexcited PS through oxidative electron 

transfer or energy transfer pathways. The emission decay for 

the homogeneous counterparts followed a monoexponential 

profile (Fig. S16), yielding lifetimes of 307 and 41 ns for 

[Ru(bpy)2(dppz)](PF6)2 and [Ir(ppy)2(dppz)]PF6, respectively. The 

enhancement of the PS lifetime upon immobilization has also 

been reported in Metal-Organic Frameworks (MOFs).27,67 This 

behavior is rationalized by the confinement effect within the 

pores, which restricts non-radiative decay pathways.  

To evaluate the reductive quenching pathway, steady-state 

photoluminescence spectra were recorded with incremental 

equivalents of BIH as quencher. The emission of the 

photoexcited RuPMO and IrPMO was efficiently quenched upon 

addition of BIH (Fig. S17), suggesting that the excited state of Ru 

and Ir sensitizing units undergo deactivation by photoinduced 

electron transfer from BIH. Bimolecular quenching rate 

constant (kq) values of 5.8×108 M-1 s-1 (RuPMO) and 1.4×109 M-

1 s-1 (IrPMO) were obtained from Stern-Volmer analysis (Fig. 

S18a and S18b). Nevertheless, photoluminescence emission of 

Ru and Ir was also significantly supressed upon integration of 

cobalt phthalocyanine units in the PMO scaffold (Fig. S19), with 

a decrease of emission intensity of 47% and 66% for CoPc-

RuPMO and CoPc-IrPMO, respectively. This result, in line with 

TRPL analysis, indicates efficient intraframework 

communication between excited PS and catalytic units. While

Fig. 4 In situ anchored experiments of (a) Ru(bpy)2Cl2 on CoPc-ndppzPMO and (b) 

[Ir(ppy)2Cl]2 on CoPc-ndppzPMO. Solid line shows normal behaviour of CoPc-

RuPMO and CoPc-IrPMO and dashed line shows the activity of in situ formation of 

the photosensitizers. Leaching experiments for (c) CoPc-RuPMO and (d) CoPc-

IrPMO. Solid line displays the normal course of the reaction using CoPc-RuPMO or 

CoPc-IrPMO and dashed line shows the activity of liquid phase after removing the 

catalyst.

Fig. 5 Time-resolve photoluminescence spectra of (a) Ru-PMO and CoPc-RuPMO, 

and (b) Ir-PMO and CoPc-IrPMO.
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Scheme 2. Proposed mechanism for CO2 photoreduction.

the spectral overlap between PS emission and the excitation at 

the CoPc Q-band (Fig. S20) suggests that a Förster-type EnT 

maycontribute to the quenching of PS,68,69 these results also 

support the possibility of an oxidative quenching pathway 

through photoinduced electron transfer from Ru(II) and Ir(III) 

excited states to CoPc. Additionally, the incremental addition of 

BIH to CoPc-RuPMO and CoPc-IrPMO resulted in progressive 

quenching of the photoluminescence emission (Fig. S21), with 

kq value of 1.6×109 M-1 s-1 (CoPc-RuPMO) and 1.9×109 M-1 s-1 

(CoPc-IrPMO). These values exceeded those measured in the 

absence of CoPc moieties, indicating a more efficient quenching 

process in the fully integrated hybrid system. 

Based on literature70,71 and considering that the sacrificial 

electron donor is present in large excess ([BIH] = 20 mM), the 

calculated quenching efficiencies (ηq
Ru = 0.82; ηq

Ir = 0.63) 

support a photocatalytic mechanism governed predominantly 

by a reductive quenching pathway (Scheme 2). The process is 

initiated by absorption visible light by the integrated 

photosensitizer ([Ru(bpy)2(dppz)]2+ or [Ir(ppy)2(dppz)]+) (i). The 

excited photosensitizer is then reductively quenched by BIH, 

thus giving reduced photosensitizer and BIH+. Subsequent 

deprotonation of BIH+ generate BIH· radical, a highly reducing 

species capable of donating an additional electron. The two 

electrons (from PS- and BI·) are rapidly transferred to a nearby 

CoPc unit (ii), followed by CO2 coordination to the cobalt centre, 

leading to formation of CoPc(CO2) intermediate (iii). 

Protonation of these intermediate forms [CoPc(COOH)+] (iv), 

which subsequently undergoes a second protonation step, 

cleavage of C-O bond and elimination of a water molecule. This 

leads to formation of [CoPc(CO)]2+ intermediate (v), which after 

release of CO, regenerates the catalyst (vi). 

Conclusions 

In conclusion, we have successfully synthesized two novel PMO-

based photocatalysts, CoPc-RuPMO and CoPc-IrPMO, for solar-

driven CO2RR. Through a surfactant-directed self-assembly of 

two tailor-made organosilane precursors (ndppz and CoPc), we 

obtained CoPc-ndppzPMO consisting of cobalt phthalocyanine 

catalytic units (CoPc) embedded within the pore wall and 

dipyridyl-pyridazine moities (ndppz) in the pore channels. These 

chelating sites served as anchoring points for the 

immobilization of Ru- and Ir-based light-harvesting complexes, 

yielding robust hybrid architectures that integrate molecularly 

dispersed catalytic and photosensitizing components within a 

single mesostructured framework. Under visible-light 

irradiation, both CoPc-RuPMO and CoPc-IrPMO exhibited 

markedly enhanced CO2 to CO conversion rates, reaching a level 

of activity exceeding 6.7 and 13 folds higher, respectively, 

compared to CoPc-ndppzPMO using homogeneous 

photosensitizers [Ru(bpy)2(dppz)](PF6)2 or [Ir(ppy)2(dppz)]PF6 in 

solution. Interestingly, exposure of CoPc-ndppzPMO to 

[Ru(bpy)2Cl2] led to in situ assembly of the photocatalyst, which 

mediated the photocatalytic reaction with a CO evolution rate 

comparable to that of pre-synthesized CoPc-RuPMO. Time-

resolved photoluminescence studies demonstrated rapid 

electron transfer between photosensitizer and CoPc units, 

indicating their close spatial proximity within the PMO 

framework that plays a key role in facilitating photocatalysis. 

This work provides a rational approach for integrating 

photosensitizing and catalytic components in ordered hybrid 

frameworks, providing new insights into the design of efficient 

artificial photosynthetic systems for solar-driven CO2 reduction. 
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