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The overuse of fossil fuels and CO2 greenhouse gas emissions have led to serious environmental challenges 
and energy dilemmas. Photochemical processes that utilize solar energy to drive the direct conversion of 
CO2 into high-value fuels or chemicals are seen as a promising solution[1-4]. Among them, photoreduction of 
CO2 to syngas is of particular interest, but it is limited by the slow carrier migration and the difficulty in 
regulating the affinity between the catalytic site and the reaction intermediates, resulting in low product 
yields[5-8]. Although photocarrier transport can be facilitated by optimizing the material structure, regulating 
the interaction between the reaction intermediates and the catalytic sites to achieve a high CO yield and an 
ideal CO/H2 ratio is still a current challenge. Given the critical role of abundant electrons in the metal sites 
for stabilizing the reaction intermediates and promoting chemical bond breaking and recombination, fine-
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tuning the electronic localization of the metal sites while maintaining the nanostructure of the catalysts may 
be able to adjust the activation mechanism of the interfacial molecules, and thus enhance the efficiency of 
syngas generation kinetics[9-14].

To solve this problem above, Lyu et al. constructed a 3D ordered macroporous framework by assembling 
2D nanosheets, termed 3DOM Co-SNS[15]. Three-dimensional structures can reduce aggregation, expand 
the exposure of active sites, promote mass transfer, etc.[16]. The 3DOM-SNS materials assembled from 
nanosheets were successfully synthesized by employing a metal-organic framework (MOF)-mediated phase 
transition strategy [Figure 1A]. Furthermore, transmission electron microscopy (TEM) revealed time-
dependent morphological changes in 3DOM Co-OHNS particles. After four minutes of transformation, a 
core–shell structure emerged, featuring a ZIF-67 core surrounded by a Co(OH)2 nanosheet shell; and after 
10 min, the core disappeared completely and transformed into a macroporous framework assembled from 
nanosheets [Figure 1B]. Finally, using extended X-ray absorption fine structure (EXAFS) and X-ray 
absorption near edge structure (XANES) analysis techniques, we have deeply probed the changes in the 
coordination surroundings of the Co sites during the phase transition, and clearly pointed out the transition 
from Co–N coordination to Co–O coordination [Figure 1C-E].

Under visible light irradiation, all 3DOM-NS samples exhibited high syngas yields, with 3DOM Co-SNS 
performing particularly well, with a syngas yield of up to 347.3 μmol·h-1 [Figure 2A]. EXAFS analysis 
identified a distinct peak at ~1.8 Å corresponding to Co–S coordination, while the absence of notable Co–Co 
and Co–O interactions ruled out the formation of metallic cobalt or cobalt oxide species [Figure 2B and C]. 
Interestingly, the CdS@3DOM Co-SNS system enabled the efficient conversion of 5-hydroxymethylfurfural, 
furfuryl alcohol, and benzyl alcohol into 2,5-furandicarboxylic acid, 1,2-bis(2-furyl)-1,2-ethanediol, and 1,2-
diphenyl-1,2-ethanediol, respectively, along with syngas production - highlighting its promise for enhanced 
solar energy utilization [Figure 2D]. In a large-scale outdoor flow reactor, 3DOM Co-SNS demonstrated a 
syngas yield of up to 1,150.7 μmol·h-1 under direct natural sunlight with a CO/H2 ratio of 1.0, fully 
demonstrating its great potential for practical applications [Figure 2E and F].

In situ infrared spectroscopy analysis showed that multiple intermediate characteristic peaks were gradually 
revealed on the surface of 3DOM Co-SNS with increasing light time, but no adsorption bands of CO were 
observed, implying a weak interaction between CO and Co sites [Figure 3A]. Density-functional theory 
(DFT) calculations revealed the pathways and free energy changes of CO2 conversion reactions on different 
cobalt-based coordination structures, pointing out that the lowest energy barrier for CO2 reduction was 
observed on the Co3S4 model, which exhibited the optimal CO2 conversion potential [Figure 3B]. In 
addition, comparing the adsorption configurations of HCOO* on the surfaces of Co3S4 and Co3O4, The O–
Co interaction in the adsorbed HCOO* intermediate on Co3S4 was found to be particularly strong, likely 
contributing to C–O bond activation through enhanced electron transfer from the cobalt site [Figure 3C]. 
DFT calculations were employed to explore CO2 adsorption on various catalysts, aiming to elucidate how 
electron localization influences catalytic performance [Figure 3D]. The local electronic structure of the 
catalysts was probed using low-frequency and low-charge techniques, and it was found that modifying the 
neighboring metal or non-metal atoms effectively regulated the electronic localization at Co sites, leading to 
a broad charge distribution ranging from -0.84 to 0.46 eV. By tuning electronic localization, the catalyst’s 
affinity toward adsorbed molecules can be modified, which directly influences their subsequent adsorption 
and activation.

The investigation of the mechanism reveals that the highly electronically localized Co sites can enhance the 
interaction with the HCOO intermediate, weaken the C–O bond, and thereby reduce the energy barrier of 
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Figure 1. (A) Synthetic route illustration for 3DOM Co-OHNS and (B) its structural transformation observed via TEM; (C) XANES 
spectra at the Co K-edge; (D) Fourier-transformed k3-weighted EXAFS data, and (E) corresponding wavelet-transformed analyses for 
SOM ZIF-67, 3DOM Co-OHNS, and selected controls. This figure is quoted with permission from Lyu et al.[15]. TEM: Transmission 
electron microscopy; XANES: X-ray absorption near edge structure; EXAFS: extended X-ray absorption fine structure.

Figure 2. (A) CO2 photoreduction activity; (B) Fourier-transformed k3-weighted EXAFS curves; (C) Corresponding wavelet-transformed 
spectra for 3DOM Co-SNS and control materials; and (D) Dual-function catalysis involving CO2 reduction and biomass oxidation using 
CdS@3DOM Co-SNS. (E) This photograph shows the conversion equation of biomass-derived molecules; (F) Photographs of the 
reaction system and photocatalytic performance under outdoor sunlight irradiation in March and April 2024 at Wushan Road (23°8′n, 
113°17′e), Guangzhou, China. This figure is quoted with permission from Lyu et al.[15]. EXAFS: Extended X-ray absorption fine structure.
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Figure 3. (A) Real-time FTIR spectra of 3DOM Co-SNS photocatalyzed CO2 reduction; (B) Free energy diagrams of adsorbates during 
CO2 reduction on Co3S 4, Co(OH) 2, and Co3O4; and (C) Integrals of Δρ in the plane of the Z-direction along the Z-direction of Co3S4-
HCOO* and Co3O4-HCOO *, with the blue and green regions representing the electron depletion and electron accumulation, respectively; 
the inset of (D) displays the visual charge distribution patterns across different Co-based catalysts. This figure is quoted with permission 
from Lyu et al.[15]. FTIR: Fourier transform infrared spectroscopy.

CO2 conversion. By changing the atoms around the Co site, the degree of electronic localization can be 
precisely regulated. In addition, the three-dimensional ordered macroporous framework and two-
dimensional nanosheet structure of the catalyst not only enhance the accessibility of active sites but also 
improve the transport efficiency of photogenerated carriers. The DFT calculation and experimental results 
show that the HCOO intermediate on Co3S4 has a longer C–O bond and is more prone to breakage, which is 
closely related to the high electronic localization of the Co site. 3DOM Co-SNS exhibits higher CO2 
adsorption capacity and more efficient photogenerated carrier transfer ability.

In summary, this study presents a series of ordered macroporous catalysts constructed from nanosheets 
through a MOF-mediated phase transition strategy. The tailored nanostructure not only improves active 
site accessibility but also promotes efficient transport of photoinduced charge carriers. Notably, the 
adaptable phase transition method allows for precise modulation of electronic localization at Co centers by 
tuning adjacent metal or non-metal species. DFT calculations reveal that in 3DOM Co-SNS, enhanced 
electron localization at Co sites strengthens dyz/dxz–p and s–s orbital interactions with HCOO*, thereby 
facilitating C–O bond cleavage. This work provides valuable guidance for developing advanced CO2 
reforming catalysts and offers a new pathway for regulating key intermediate behavior via electronic 
structure engineering at active sites.
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