
九州大学学術情報リポジトリ
Kyushu University Institutional Repository

Mechanistic and Electronic Insights into
Efficient Carbon Dioxide Reduction Driven by
Visible Light Using a Coordination Polymer

Tsuji, Yuta
Faculty of Engineering Sciences, Kyushu University

Yamamoto, Sayoko
Faculty of Engineering Sciences, Kyushu University

Kamakura, Yoshinobu
Department of Chemistry, School of Science, Tokyo Institute of Technology

Suppaso, Chomponoot
Department of Chemistry, School of Science, Tokyo Institute of Technology

他

https://hdl.handle.net/2324/7357491

出版情報：ACS Applied Energy Materials. 7 (10), pp.4472-4483, 2024-05-14. American Chemical
Society (ACS)
バージョン：
権利関係：This document is the Accepted Manuscript version of a Published Work that appeared
in final form in ACS Applied Energy Materials, copyright © 2024 American Chemical Society
after peer review and technical editing by the publisher. To access the final edited and
published work see https://doi.org/10.1021/acsaem.4c00408.



 1 

Mechanistic and Electronic Insights into Efficient 

Carbon Dioxide Reduction Driven by Visible Light 

Using a Coordination Polymer 

Yuta Tsuji,1* Sayoko Yamamoto,1 Yoshinobu Kamakura,2 Chomponoot Suppaso,2 Daisuke 

Tanaka,3* Kazuhiko Maeda2,4* 

1. Faculty of Engineering Sciences, Kyushu University, Kasuga, Fukuoka 816-8580, Japan. 

2. Department of Chemistry, School of Science, Tokyo Institute of Technology, Meguro-ku, 

Tokyo 152-8550, Japan. 

3. Department of Chemistry, School of Science, Kwansei Gakuin University, Sanda, Hyogo 669-

1337, Japan. 

4. Living Systems Materialogy (LiSM) Research Group, International Research Frontiers 

Initiative (IRFI), Tokyo Institute of Technology, 4259 Nagatsuta-cho, Midori-ku, Yokohama, 

Kanagawa 226-8502, Japan. 

  



 2 

ABSTRACT 

In this study, a comprehensive theoretical analysis was undertaken to elucidate the remarkably 

efficient conversion of CO₂ into HCOO- employing a coordination polymer (CP) featuring Pb-S 

bonds, namely [Pb(tadt)]n (where tadt stands for 1,3,4-thiadiazole-2,5-dithiolate), referred to as 

KGF-9. The catalytic activity of this visible-light responsive solid photocatalyst has been carefully 

compared with that of PbS, a typical compound that also contains the Pb-S bond. The former shows 

a very high catalytic activity, while the latter shows almost no activity. The photoreduction process 

of CO2 on the KGF-9 surface was analyzed in detail using periodic density functional theory 

calculations. The reduced catalyst surface was modeled as a hydrogenated surface. The reaction at 

the active center of a formate dehydrogenase provides an interesting contrast, suggesting that the 

S-H group plays an important role in the conversion of CO₂ to HCOO-. However, the S-H group 

on the reduced PbS surface does not facilitate the conversion to the same extent as KGF-9. This is 

because the electrons supplied to CO2 on the PbS surface come from deep within the solid, whereas 

on KGF-9, they come from the top surface. This difference is due to differences in the electronic 

structure of the S-H bond, band gap, and valence band maximum position between the two surfaces, 

accounting for the marked difference in their catalytic activity. These insights are consistent with 

experimental and computational results on the thermodynamic and kinetic characteristics of the 

CO2 reduction reaction of KGF-9 and PbS, and provide guidance for the design of CO2 

photoreduction catalysts. 

KEYWORDS: artificial photosynthesis, photocatalyst, CO2 reduction, CO2 adsorption, 

coordination polymer, DFT calculation, orbital interaction 
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Introduction 

Coordination polymers (CPs) are materials that combine inorganic and organic components in 

which metal ions and clusters are bound by organic ligands.1 CPs are particularly attractive as 

photocatalysts for CO2 conversion because the diverse coordination chemistry derived from the 

combination of metal ions and organic ligands, efficient sunlight absorption, and highly dispersed 

active sites can be used to integrate light-harvesting and catalytic components for artificial 

photosynthesis.2 ,3  Despite these excellent properties of CP, there is still much to be studied 

regarding the catalytic mechanism of CP, especially with respect to structural design strategies.4 

Researchers are trying to understand the multi-electron reactions in CP-based catalysts and the 

influence of the organic environment surrounding the metal ions on the catalytic performance; 

further theoretical studies are crucial to understand the photocatalytic process using CP materials 

and to develop a basic framework for the design of CP-based catalysts.5 This, in turn, will lead to 

the development of a fundamental paradigm for the design of CP-based catalysts. 

In the existing literature, there are few theoretical studies that have investigated CO2 reduction 

by CP photocatalysts using methods such as density functional theory (DFT).6,7,8 These studies 

often use monomer units as models and provide insight into stability, electron transfer properties, 

band alignment, and catalytic cycle. However, CP is a crystalline material and photocatalysis 

occurs primarily at the surface. It would be difficult to determine the effect of CP surface 

morphology on catalysis using calculations based on the monomer model. Also, the electronic 

state of the catalytically active site may be affected by that of the neighboring repeating unit.  

Understanding the difference between bulk and surface structures is critical. In this study, the CP 

surface is approximated by a slab model and the mechanism of CO2 reduction by a CP 

photocatalyst is investigated using a periodic DFT method. 
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Some of the coauthors of this paper synthesized KGF-9, a highly crystalline CP with a three-

dimensional structure containing a two-dimensional Pb-S skeleton (Scheme 1), whose structure 

was confirmed by single-crystal X-ray diffraction.9 The phase purity of the synthesized KGF-9 

was confirmed by CHN elemental analysis and powder X-ray diffraction. It was shown that KGF-

9 efficiently absorbs visible light up to 500 nm. Time-resolved microwave conductivity and direct-

current photoconductivity measurements were performed on KGF-9,9 and the results of those 

experiments strongly suggested that carriers were generated by photoirradiation. In addition to 

such interesting structural and optical properties, KGF-9 was shown to function as a photocatalyst, 

with a selectivity of >99% for the conversion of CO2 to HCOO- and an apparent quantum yield at 

400 nm is 2.6%. 10  To evaluate the photochemical stability of KGF-9 under photocatalytic 

conditions, powder X-ray diffraction and X-ray photoelectron spectroscopy measurements as well 

as field-emission scanning electron microscopy observations were performed after the 

photocatalytic reaction.10 Based on the results of such experiments, it was shown that KGF-9 

generally maintained its skeletal structure under the reaction conditions, although a slight 

degradation of the surface structure was suggested. Notably, KGF-9 does not require cocatalysts 

such as noble metals and has active CO2 reduction sites on its own surface; KGF-9 has Pb(II) as 

its metal center, but classical Pb-S compounds such as PbS are known not to work as a catalyst. 

This suggests the significance of the contribution of elements other than Pb in CO2 reduction by 

KGF-9. In this paper, we harness insights from a range of scientific disciplines, such as theoretical 

chemistry, catalytic chemistry, semiconductor physics, and bioinorganic chemistry, to unveil the 

exceptional catalytic activity of KGF-9 through a comparative analysis with PbS. 
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Scheme 1. Left: Schematic of the Synthesis of KGF-9 from 1,3,4-Thiadiazole-2,5-Dithiol (H2tadt). 

Right: Network Structure Formed by KGF-9 Based on the Pb-S Bond. 

 

 

Methods 

The crystal structures of KGF-9 and PbS, available from CCDC and ICSD (CCDC 2046612 for 

KGF-9, ICSD 38293 for PbS), were fully optimized using the Vienna ab initio simulation package 

(VASP) 5.4.411,12 (see Figures 1a and 1b). The PBE functional13 was used with a plane-wave basis 

set and the PAW method.14 The cutoff energy was set to 500 eV. The convergence criterion for 

the electronic self-consistent field (SCF) loop was set to 1.0 × 10–5 eV. Both the atomic positions 

and cell parameters were fully optimized until the forces on all the atoms became less than 0.01 

eV/Å. The Γ-centered k-point meshes with a k spacing of 2π × 0.05 Å–1 were employed for 

sampling the Brillouin zone. Grimme’s D3 dispersion correction formalism with Becke–Johnson 

damping15 was adopted. Optimized structures shown in this paper were drawn by using VESTA.16 

The optimized KGF-9 and PbS lattice constants are compared to those obtained experimentally in 

Table S1 in the Supporting Information (SI). 

Miller indices for typical surfaces of KGF-9 and PbS are reported to be (010) and (100), 

respectively.9,17 Based on scanning electron microscopy images, it is reported that KGF-9 forms 

plate-like crystals.9 The KGF-9 plate surface consists of a two-dimensional Pb-S coordination 
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sheet with a Miller index of (010), which is supported by single-crystal XRD measurements.9 

Surface energy calculations reported in the literature indicate that the (100) facet of PbS is the 

thermodynamically stable surface with the lowest surface energy of the low-index facets.18 Thus, 

the KGF-9 and PbS surfaces were approximated by the (010)-(2×1) and (100)-(2×1) slab models, 

respectively (see Figures 1c and 1d). The results of the validation of these slab model thicknesses 

are presented in Figures S1 and S2. A 20 Å-thick vacuum layer was placed on the surface. The 

same functional, dispersion correction, cutoff energy, and SCF tolerance used in the bulk 

calculations were also used in the slab calculations. A Γ-centered k-point grid with a k spacing of 

2π × 0.05 Å–1 (2 × 2 × 1 k-point grid) was used. In order to reduce computational costs, the 

convergence conditions for the optimization were relaxed to a threshold of 0.05 eV/Å. The 

coordinates of all atoms were fully relaxed. 

To obtain the transition state (TS) structure, we performed climbing image-nudged elastic band 

(CI-NEB) calculations.19,20 The spring constant between adjacent NEB images was set to 5.0 

eV/Å2. The calculation conditions were otherwise identical to those used for the slab calculations. 

We have performed vibration calculations for the TS structure and found that there is only one 

imaginary frequency. 

To better understand the electronic state of surface bonding, we utilized LOBSTER v4.1.021,22 

to calculate the crystal orbital Hamilton population (COHP). The crystal orbital bond index 

(COBI)23 was calculated to quantify the covalent bond strength of surface bonds. The Bader charge 

analysis24,25 was also conducted. 

Quantum chemical calculations for discrete molecular systems were performed using the 

B3LYP functional in conjunction with the 6-31G(d) basis set as implemented in Gaussian 16.26 A 
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fragment molecular orbital (FMO) analysis27 was performed using an extended Hückel program 

(YAeHMOP)28 in order to clarify the orbital interaction, and FMO diagrams were drawn using 

Viewkel.28  

 

 

Figure 1. Optimized crystal structures of (a) KGF-9 and (b) PbS. Side and top views of the 

optimized slab model structures for the (c) KGF-9 (010) and (d) PbS (100) surfaces. 

  



 9 

Results and Discussion 

A postulated reaction mechanism for CO2 reduction with KGF-9 is shown in Scheme 2. The 

reduction of CO2 presents a significant challenge from both a thermodynamic and kinetic 

standpoint, as it necessitates the transfer of multiple electrons with substantial energy levels, 

yielding a diverse range of products. Consequently, it becomes imperative to advance the 

development of photocatalytic CO2 reduction systems that can demonstrate elevated levels of 

activity and product selectivity when subjected to visible light, albeit at the cost of utilizing 

sacrificial electron donors.29,30,31 Absorption of visible light produces an electron (e-)-hole (h+) pair. 

Oxidation of the sacrificial agent, 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole 

(BIH), provides two electrons,32 one of which is used to remove h+ in the valence band (VB) and 

the other to reduce KGF-9 (see Supplementary Note 1 in the SI for further discussion). Along with 

those electrons, a proton is released, which is considered to be adsorbed on the surface of the 

catalyst. This can be regarded as reductive hydrogenation of the catalyst surface by BIH. Although 

we have not yet been able to spectroscopically observe the hydrogenated catalyst surface, the 

validity of the model is confirmed by comparing the results of the first-principles simulation on 

the reaction with the experimental results. 

The diagram in Scheme 2 implies two electrons in the conduction band (CB) per unit cell, which, 

given the periodicity, corresponds to a state in which a myriad of electrons are present in the CB. 

Such an accumulation of electrons is expected under steady-state illumination conditions. During 

the CO2 reduction reaction, KGF-9 exhibits a dark greenish color (Figure S4a), indicating the 

accumulation of electrons in the CB. This change could also be evidenced by the increase of 

absorption from 500 to 800 nm as can be seen from Figure S4b.  
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Scheme 2. Schematic Energy Diagram for the Reduction of CO2 and the Oxidation of BIH on the 

Surface of KGF-9. 

 

 

There are several possible methods to calculate the surface of the two-electron reduced KGF-9, 

including adding hydrogen atoms (each providing one electron), creating anion defects by 

removing sulfur atoms, and manually adjusting the number of electrons in the unit cell.33,34,35 

These methods may introduce artificial interactions and local relaxation. Therefore, results should 

be interpreted as representing qualitative trends. In this system, it is reasonable to assume that BIH 

provides both electrons and protons to the KGF-9 surface and that H is used for CO2 

hydrogenation; given that CO2 and H co-adsorption is the precursor state for CO2 hydrogenation, 

modeling the KGF-9 surface as hydrogenated would most closely resemble the actual system. 

Models for two-electron reduced surfaces of KGF-9 and PbS with two hydrogen atoms (KGF-9-

2H and PbS-2H) were created. For comparison, surface models with only one hydrogen atom 

introduced, corresponding to a one-electron reduced state, were also considered (KGF-9-1H and 
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PbS-1H). We investigated the most stable adsorption position of an H atom on the KGF-9 and PbS 

surfaces, finding that on both surfaces, the most stable state is that in which an S-H bond is formed 

on the topmost surface (see Supplementary Note 2 in the SI for the details of the model 

construction). The structures of the reduced surface model thus obtained are shown in Figure 2. 

DFT calculations for CO2 photoreduction were performed using these surfaces. Note that the two-

electron reduction does not mean that the surface Pb is locally reduced to Pb(0); the results of the 

Bader charge calculations performed for the KGF-9 and KGF-9-2H surfaces indicate that, moving 

from the non-reduced surface to the two-electron reduced surface, the average reduction in the 

positive charge of the top surface Pb is as small as 0.13. 

 

 

Figure 2. Top views of the surface structures of (a) KGF-9-1H, (b) KGF-9-2H, (c) PbS-1H, and 

(d) PbS-2H.  
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Since S-H groups are likely to be present on the surface of hydrogenated KGF-9 and PbS, the 

involvement of the S-H groups in CO2 reduction was investigated. Insights were gained from the 

formate dehydrogenase (FDH) of the sulfate-reducing bacterium Desulfovibrio desulfuricans, 

which catalyzes the reversible oxidation of formate to CO2, influenced by the availability of formic 

acid (subsequently formed from the formate) and CO2 and the production of Mo6+ and Mo4+ centers 

(Scheme 3a).36,37,38 It should be noted, however, that a different mechanism has also been proposed 

than the one presented here.39 The FDH enzyme catalyzes not only the oxidation of formate but 

also the reduction of CO2; the FDH catalyst undergoes reduction with one proton and two electrons, 

similar to the reduction of the KGF-9 surface by BIH. Based on the above, the states in the 

mechanism of CO2 reduction using S-H groups on the KGF-9 and PbS surfaces were classified 

into states 1, 2, and 3 as shown in Scheme 3b. Note that the adsorption mode of formate in state 3 

is shown only schematically. Referring to the literature,40 several adsorption modes of formate on 

Pb compounds can be assumed, as shown in Scheme 4. However, as will be shown later, the η2 

mode or μ mode is more stable than the η1 mode. The surface coordination mode of formate and 

its likelihood of occurring is better corroborated by experimental observation, ideally by 

spectroscopic techniques such as IR. However, this is very difficult to do. That is why the help of 

theoretical studies is needed. 
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Scheme 3. Schematic of the CO2 Reduction Reaction Involving the S-H Group in the Active 

Center of an Enzyme and the Reaction at the Surface with Reference to It.a 

 

a(a) Reaction mechanism for FDH-catalyzed formate oxidation (black arrows) and CO2 

reduction (blue arrows). The direction of this reversible reaction depends on the predominant 

oxidation/reduction state of molybdenum and the presence of formic acid/carbon dioxide. This 

diagram was drawn with reference to Refs. 36, 37, and 38. (b) CO2 reduction mechanism by an S-

H group on the surfaces of KGF-9 and PbS, drawn based on the mechanism of CO2 reduction by 

the FDH catalyst: starting with the catalyst surface and CO2 separated (1), CO2 is adsorbed on the 

catalyst surface (2), and then the formate produced is adsorbed on the catalyst surface (3). The 

wavy line indicates that the structure beyond it is omitted. 
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Scheme 4. Schematic Diagram of Possible Adsorption Modes of Formate to Pb Atoms. 

 

 

The energy landscape of CO2 reduction on the KGF-9 and PbS surfaces has been studied for 

one-electron reduced surfaces and the two-electron reduced. A variety of CO2 adsorption 

configurations were considered. The plots of energy for the minimum and maximum energy 

structures in each state are shown in Figure 3 (what is shown here is a digest version; see 

Supplementary Note 3 in the SI for details). We found a reaction pathway that destabilizes as the 

reaction proceeds at the one-electron reduced surfaces, while on the two-electron reduced surfaces 

the energy continues to decrease as the reaction proceeds. The presence of more stable reaction 

pathways on the two-electron reduced surfaces highlights the importance of the two-electron 

reduced surface in the conversion of CO2 to HCOO-. However, even if one were to consider what 

would be a three-electron reduced surface, this stabilization trend would not change (Figure S8). 

This corresponds well with the fact that the conversion of CO2 to HCOO- is a two-electron 

reduction. Furthermore, the reaction in KGF-9-2H is more exothermic than that in PbS-2H, 

suggesting the higher catalytic activity of KGF-9-2H, in agreement with the experimental results.10 
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Figure 3. Energy changes of states 1, 2, and 3 on (a) KGF-9-1H, (b) KGF-9-2H, (c) PbS-1H, and 

(d) PbS-2H surfaces. Of the many adsorbed structures found in each state, those with the lowest 

energy are indicated in orange and those with the highest energy are indicated in blue. 

 

Figure 3 reflects well the thermodynamic aspects of this reaction, but a discussion of the kinetic 

aspects is also necessary. Among the numerous adsorption configurations, the most stable 

configuration was selected for further analysis. The TS connecting states 2 and 3 was identified on 

the two-electron reduced surfaces as shown in Figure 4a. Comparing the energy diagrams, the 

conversion of CO2 to HCOO- has almost no barrier on the KGF-9-2H surface, while an 8-fold 

higher activation barrier of 0.31 eV was observed on the PbS-2H surface. Although an essentially 

equivalent energy diagram was obtained in calculations taking into account spin-orbit couplings41 
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(Figure S10), only the activation energy on PbS-2H increased slightly from 0.31 eV to 0.46 eV. 

Figures 4b and 4c show the structural details of the reaction. Note that these structures were 

obtained by re-optimization during the CI-NEB calculation process. They do not exactly match 

the most stable structure of each state shown in Figure S7. For example, the most stable structure 

in state 2 shown in Figure S7d was found to be unsuitable as the initial structure for the H-transfer 

reaction, so the structure shown in Figure 4c was adopted. The energy difference between them is 

about 0.05 eV.  

On KGF-9-2H, CO2 is contained in a surface recess, suggesting that CO2 adsorption is somewhat 

stronger than on PbS-2H (see Table S2 for the adsorption energies). This would be another reason 

why KGF-9-2H is more catalytically active than PbS-2H. On KGF-9-2H, the S-H groups and CO2 

are aligned in height, while on PbS-2H, CO2 is higher than the S-H groups. In the TS structure on 

PbS-2H, the S-H group that supplies H to CO2 protrudes, and this structural distortion may be a 

reason for the higher activation barrier on PbS-2H than on KGF-9-2H. The results of the 

vibrational analysis for these TS structures are shown in the SI (Figure S11). An energy diagram 

of the entire reaction is shown in Figure S12 for a comprehensive analysis. A discussion of the 

rate-limiting step based on this is given in Supplementary Note 4 in the SI. Briefly, if we focus on 

the process from CO2 adsorption to formic acid desorption, the desorption process appears to be 

the rate-limiting step. In addition to that, the inherent electron-hole recombination that occurs on 

the KGF-9 photocatalyst dominates the overall quantum yield of CO2 photoreduction. 
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Figure 4. (a) Energy changes associated with the transition from state 2 to state 3 via the TS on 

the KGF-9-2H (blue line) and PbS-2H (orange line) surfaces and the structures of state 2, TS, and 

state 3 for the (b) KGF-9-2H and (c) PbS-2H surfaces. The number near the arrow pointing to an 

H atom indicates its Bader charge. 
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The reaction we are considering here is quite simple: H moves from the S-H group to the C atom 

of CO2. The state of H in this reaction is very interesting. Figures 4b and 4c show the calculated 

Bader charge of H at each step. Their absolute values are close to zero, indicating that H transfers 

as a hydrogen atom, not as a proton or hydride. It is interesting to note that in the FDH catalyst, H 

is thought to migrate as a hydride,36,37,38 which is different from KGF-9. 

It is clear that CO2 on the KGF-9-2H surface undergoes a one-electron reduction by transferring 

an H atom to CO2, but where does the second electron come from? To get a clue, we calculated 

the density of states (DOS) profile of the KGF-9-2H surface with CO2 adsorbed (Figure 5a) and 

that of the non-reduced surface (Figure S13). The general shapes of the DOS profiles for both 

surfaces are similar. However, an important difference is that in the DOS of the KGF-9-2H surface, 

the Fermi level is very close to the CB. This suggests that KGF-9 is an n-type semiconductor and 

that the KGF-9-2H surface is reduced. Furthermore, it is clear that there are electrons occupying 

the states immediately below the Fermi level (indicated by the blue arrow), which correspond 

exactly to the electrons in the CB shown in Scheme 2. In other words, the second electron would 

come from there. In addition to the total DOS (TDOS), a partial DOS (PDOS) profile 

corresponding to the CO2 portion is also plotted in Figure 5a. The sharp peak around E = 2.3 eV 

corresponds to the lowest unoccupied molecular orbital (LUMO) of CO2. This is the orbital that 

will accept the electron. Similar features are seen in the DOS profile of the CO2 adsorbed PbS-2H 

surface (Figure 5b).  
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Figure 5. DOS profiles calculated for CO2-adsorbed (a) KGF-9-2H and (b) PbS-2H surfaces (left), 

COHP profiles of the S-H bonds at these surfaces (middle), and schematic illustrations of the 

formation of the σS−H and σS−H
∗  orbitals by orbital interactions between an orbital corresponding 

to the lone pair of the S atom and the 1s orbital of H (right). Total DOS (TDOS) is indicated by 

the black line and the partial DOS (PDOS) for CO2 is indicated by the orange line. The Fermi level 

(EF) is indicated by the dashed line. The COHP values are multiplied by -1, so that positive values 

correspond to bonding interactions and negative values correspond to antibonding interactions. 
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Next to the DOS profile in Figure 5a, a COHP profile calculated for the S-H bonds of the KGF-

9-2H surface is shown on the same energy scale. From this figure, it can be seen that there is a 

peak corresponding to the S-H antibonding orbital (σS−H
∗ ) just below the Fermi level. COHP 

analysis was also performed for the S-H bonds on the PbS-2H surface, and its COHP profile is 

shown in Figure 5b, but there is no peak just below the Fermi level. On the PbS-2H surface, the 

second electron for CO2 reduction likely originates from a source other than the S-H bond. This 

significant disparity in surface electronic structures between KGF-9-2H and PbS-2H is clearly 

shown by the schematic orbital interaction diagrams drawn on the basis of each COHP profile. 

They are shown next to the COHP profiles. These orbital interaction diagrams are drawn in the 

style established by the work of Hoffmann and co-workers.42 We would like to add that the COHP 

profile for the S-H bond of FDH, calculated using a cluster model for its active center, is 

interestingly similar to that for the KGF-9-2H surface (Figure S14). That is, peaks for σS−H
∗  states 

are identified just below the Fermi level. 

The orbital interaction diagram for the KGF-9-2H surface shows a two-orbital four-electron 

situation, while that for the PbS-2H surface shows a two-orbital two-electron situation. The former 

orbital interaction represents an unstable state,27 and it would be difficult to produce that state 

thermally, but it would be possible photochemically. In the case of KGF-9, the energy of the σS−H
∗  

orbital is lower than that of the CB minimum (CBM), so some of the excited electrons will flow 

out into the σS−H
∗  orbital. In the case of PbS, however, the energy of the σS−H

∗  orbital is higher than 

that of the CBM, so the excited electrons remain in the CB. 

The electronic state at the surface is more or less delocalized compared to the molecular 

electronic state.43 In the COHP diagram for KGF-9-2H, there is a peak corresponding to the σS−H
∗  
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orbital just below the Fermi level, but not all states corresponding to the σS−H
∗  orbital are occupied 

because there are also antibonding peaks above the Fermi level. The SH bond on KGF-9-2H is 

likely to be weak, but not so weak that its formation is not expected. The weak nature of the bond 

may also contribute to the ease of hydrogen transfer from the SH group to CO2. 

The energy level ordering of the σS−H
∗  orbital and the CBM that produces the above differences 

is determined mainly by three factors: 1) The stronger S-H bonding on the PbS surface destabilizes 

its σS−H
∗  orbital. Indeed, the COBI calculated for the S-H bond on the PbS surface is 0.96, while 

that on the KGF-9 surface is 0.90. This probably reflects the fact that the S-H bonds on the KGF-

9-2H surface are slightly longer than those on the PbS-2H surface; the enhanced strength of the S-

H bonds on the PbS-2H surface may also involve a larger contribution from ionic bonding on the 

PbS-2H surface (see Supplementary Note 5 in the SI for more details). The difference in the 

strength of the S-H bond on these surfaces is also reflected as a difference in the adsorption energy 

of H2 (see Supplementary Note 6 in the SI for more details). 2) PbS has a higher VB maximum 

(VBM) energy than KGF-9, further destabilizing its σS−H
∗  orbital (VBM levels calculated with 

respect to the vacuum level: KGF-9 -5.0 eV, PbS -4.5 eV), in agreement with experimental 

values.9, 44  3) PbS has a smaller band gap than KGF-9 and a lower CBM energy: The 

experimentally measured band gap of KGF-9 is about 2.5 eV9 while that of PbS is about 0.4 eV.45 

The band gap of PbS is so small that it makes sense that it would not work as a photocatalyst 

because of its very low reducing and/or oxidizing ability of photogenerated carriers. PbS may not 

have a suitable band edge potential for CO2 reduction and BIH oxidation. As described above, the 

S-H bond on the KGF-9 surface is unique. However, it would be possible to apply the concept of 

CO2 activation by occupied antibonding σ orbitals on the catalyst surface to other bonds than S-H, 
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such as O-H bonds (see Supplementary Note 7 in the SI for more details). This would be supported 

by the fact that α-FeOOH catalyzes the reduction of CO2 to formic acid.46 

The charge densities corresponding to the states indicated by the blue arrows just below the 

Fermi levels in the DOS profiles of Figures 5a and 5b are shown in Figures 6a and 6b. They 

correspond to the square of the wave function of the energy interval in question (partial charge 

densities). Figure 6a shows that most states are localized near the surface, i.e., near CO2. This is 

expected to result in effective electron injection into CO2. One cannot find population on the S-H 

bond containing the H atom that will be transferred toward CO2 in the CO2 reduction reaction, but 

one can find it on the other S-H bond. We further analyzed it using a contour plot (see the inset in 

Figure 6a) and found that there is a point between the S and H atoms where the amplitude of the 

wave function becomes zero, i.e., a node of the wave function, so that the electronic state shown 

there is indeed derived from the σS−H
∗  orbital. 

On the other hand, Figure 6b shows that the states are mainly localized inside the slab. This 

feature is also observed in a thicker slab model (see Figure S18), and this feature does not change 

even if the atomic coordinates of the lower layers of the slab model are fixed to those of the bulk 

(see Figure S19). Figure S20 shows the charge density distribution corresponding to the CBM of 

the non-reduced PbS surface, the location of which is in good agreement with that in Figure 6b. 

This confirms the correctness of the situation shown in the orbital interaction diagram in Figure 

5b. These observations indicate that not only the proximity of the energy level of the supplied 

electrons to the LUMO energy level of CO2, but also the spatial distribution of the wave function 

of the electrons is important for effective electron injection from the reduced catalyst surface to 

CO2 to be achieved. These results clearly indicate the superiority of KGF-9 in CO2 reduction.  
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Figure 6. Isosurface plots of partial charge density calculated for the (a) KGF-9-2H and (b) PbS-

2H surfaces. The energy interval used to calculate the partial charge density is shown below each 

plot. For KGF-9-2H, a contour plot of the partial charge density on a plane containing the S-H 

bond with population is also shown. 

 

The change in Bader charge of each atom during the transition from state 2 to state 3 was also 

examined. The formate species was found to have a charge of -0.74 both on KGF-9 and on PbS. 

Atoms on the catalyst surface with more positive Bader charge differences (Δq) before and after 

the reaction are shown in Figure 7. Since the total Δq values shown in this figure are balanced by 

the negative charge of the formate species, we may conclude that the electron density is primarily 

supplied to CO2 by these atoms. Note that it is the origin of the second electron that is being 

discussed here; the first electron has moved with the H atom. On the KGF-9-2H surface (Figure 

7a), electron density is supplied not only from Pb but also from the organic ligand (tadt unit) in its 

vicinity. The degree of electron density reduction on the tadt unit is greater than that on Pb, 

suggesting that the tadt unit plays a more important role than Pb. This tadt unit is presumed to be 

the active center for CO2 reduction on the KGF-9 surface. It should be added that the tadt unit 
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depicted here is different from that with the S-H group that provides the hydrogen atom to the CO2 

molecule. An analysis using a monomeric model of KGF-9 highlights the importance of the 

coexistence of the tadt unit and Pb in the catalytic reaction (see Supplementary Note 8 in the SI 

for more details). We would also like to add that in a previous study,9 a comparison of the UV-vis 

spectra of KGF-9 and H2tadt has already shown that the coordination of the H2tadt ligand to Pb2+ 

has a decisive influence on the visible light absorption properties of KGF-9. Thus, the combination 

of the organic ligand and the metal center is deemed to be the source of the unique visible light-

harvesting and CO2 reduction properties of KGF-9. It may be possible to make other metallic 

elements, such as Sn, take on the role of Pb.47  Theoretical studies on photocatalysis of CO2 

reduction with such Pb-free CPs remain a future challenge. On the other hand, the electron density 

supplied to CO2 on the PbS-2H surface (Figure 7b) appears to be entirely derived from Pb atoms. 

At the topmost surface, the Pb atoms bonded to the oxygen atoms of the formate species show the 

largest Δq values. In addition, the electron density of the lower Pb atoms is also found to be reduced, 

although the absolute values of Δq are not as large. 
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Figure 7. Atoms with more positive Bader charge changes (Δq) in the change from state 2 to state 

3 calculated for the (a) KGF-9-2H and (b) PbS-2H surfaces are indicated. Atoms with indicated 

Δq values were selected in descending order of Δq until the total Δq value was balanced by the 

negative charge of the formate species. 

 

Comparing Figure 6a and Figure 7a, one can see that the positions of the atoms with large charge 

changes and those with large partial charge density values roughly coincide, localized on the 

surface. This is because these electronic states are derived from the formation of the S-H bond at 

the surface, as discussed in Figure 5a. On the other hand, comparing Figure 6b and Figure 7b, one 

can see that the positions of the atoms with large charge changes and those with large partial charge 

density values do not coincide. This means that on the PbS surface, the second electron supplied 

to CO2 does not necessarily come from the highest occupied state.  

In addition to the unique catalytic activity of KGF-9, the high selectivity of KGF-9 was also 

investigated. In addition to the two-electron reduction pathway from CO2 to formic acid, there is 

also a two-electron reduction pathway to carbon monoxide (see Scheme 5).48,49  As we have 

discussed throughout this paper, if an HCOO- intermediate is produced, it would be converted to 
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formic acid. On the other hand, if a COOH- intermediate is formed, it would be converted to CO 

and H2O. Thus, it is suggested that the difference in stability of the HCOO- and COOH- 

intermediates is the key to discussing the selectivity of this reaction. 

 

Scheme 5. Schematic Mechanisms for the Two-Proton/Two-Electron (2H+/2e−) CO2 Reduction 

Reactions to HCOOH and CO.a 

 

a Comparing the energies of the adsorption states of HCOO- (top) and COOH- (bottom), HCOO- 

is more stable on the KGF-9 surface. See text for details. 

 

If CO2 were to be converted to COOH- on the KGF-9-2H surface, how COOH- would be 

adsorbed is shown in Figure S22. The energy of such a structure was found to be about 1.1 eV 

higher than the energy of the adsorbed structure of HCOO-. Since the HCOO- adsorbed state is 

overwhelmingly more stable on the KGF-9 surface than the COOH- adsorbed state, HCOO- is 

expected to be formed with very high selectivity. The less stable adsorption of COOH- compared 

to HCOO- can be attributed to the energy difference between the two adsorbates themselves, with 

COOH- being 1.98 eV less stable than HCOO- at the B3LYP/6-31G(d) level. For COOH- to be 
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more stable than HCOO- on the surface, the interaction between the Pb atom and the C atom (seen 

in the adsorption structure of COOH-) would have to be about 2 eV stronger than the interaction 

between the Pb atoms and the O atoms (seen in the adsorption structure of HCOO-). Such a 

situation would be realized if elements with a strong affinity for C, such as Ni and Fe,50 were used 

as active centers. 

From the MO point of view, the instability of COOH- compared to HCOO- is explained by the 

interaction between the MOs of CO2 and the 1s orbital of H. In HCOO-, the 1s orbital has a large 

orbital overlap with the LUMO of CO2 in a bonding manner, so the highest occupied molecular 

orbital (HOMO) thus formed is sufficiently stabilized (Figure 8a), while the HOMO of COOH- is 

hardly stabilized due to the smaller orbital overlap (Figure 8b). This is evident from the HOMO 

distribution, where HCOO-, in contrast to COOH-, has a large wave function amplitude around the 

H atom. 

 

 

Figure 8. Interaction of the MOs of a bent CO2 molecule with the 1s orbital of H to form the MOs 

of (a) HCOO- and (b) COOH-. The HOMO distributions of HCOO- and COOH- are shown. 
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Conclusions 

In this study, we have investigated the reduction of CO2 to HCOO- by KGF-9, a recently 

developed visible-light responsive photocatalyst composed of a CP with Pb-S bonds. By contrast, 

PbS, a classical compound with Pb-S bonds, is known to have no photocatalytic activity for CO2 

reduction. We conducted a theoretical study to compare the difference in catalytic activity between 

them using periodic DFT calculations, finding that KGF-9 has a convex and concave surface, and 

that CO2 adsorption is effective when CO2 completely fits into the concavities of the surface. On 

the other hand, the surface of PbS is flat and does not seem to be particularly effective in stabilizing 

CO2 adsorption.  

The surface of KGF-9 as a photocatalyst was modeled as a structure with two H atoms adsorbed 

per unit cell. On the KGF-9 surface reduced by the addition of hydrogen atoms, the electron density 

corresponding to electrons with energy just below the Fermi level is mainly distributed on the 

catalyst surface. It contributes to effective electron injection into the adsorbed CO2. Furthermore, 

such electron density is distributed not only on the Pb atoms but also on the thiadiazole skeleton 

in the surface, suggesting that not only the redox ability of the Pb atoms but also the organic π-

conjugated skeleton of CP is important for the photoreduction of CO2. DOS calculations of the 

hydrogenated PbS surface suggested a similar electronic structure, but the electron density 

corresponding to the electronic states with energies just below the Fermi level is mainly distributed 

inside the PbS solid, suggesting that electron injection from the PbS surface to CO2 is almost 

prohibited. Such a difference seems to be determined by the presence of electrons in the σS−H
∗  

orbital of the S-H bond formed on the surface: on the KGF-9 surface, electrons are accommodated 

in the σS−H
∗  orbital, but not on the PbS surface. This difference is due to the difference in S-H bond 

strength, VBM energy level, and band gap between the KGF-9 and PbS surfaces. Consistent with 
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the above, the exothermicity of the reaction from CO2 to HCOO- on the reduced KGF-9 surface is 

greater than that on the reduced PbS surface, and the reaction barrier for the reaction on the reduced 

KGF-9 surface is much smaller than that on the reduced PbS surface.  

In addition to the unique catalytic activity of KGF-9, the high selectivity of KGF-9 was also 

investigated, and it was shown that the origin of the high selectivity of KGF-9 can be explained 

by the stability of the intermediates: HCOO- is definitely more stable than COOH-, and the order 

of stability is the same even when these are adsorbed on the KGF-9 surface. The difference in 

stability between HCOO- and COOH- can be explained by the interaction between the MOs of bent 

CO2 and the 1s orbital of H. 

The results of this study suggest that the KGF-9 surface has morphological features suitable for 

adsorption and hydrogenation of CO2, and that the S-H groups on its surface have electronic 

features suitable for electron injection into CO2. This, in turn, implies that further improvement of 

activity will be realized if bulk properties (e.g., crystallinity, morphology, specific surface area 

and so on) of KGF-9 are improved. More concretely, as the original KGF-9 has a very small 

specific surface area (< 1 m2 g–1, based on nitrogen adsorption measurement), increasing the 

surface area by refining the preparation method appears to be a straightforward way toward activity 

improvement. More difficult but worthwhile challenges include modifying organic ligands and 

metal centers to improve their light absorption and CO2 adsorption properties, as well as the 

efficiency of electron and hydrogen transfer from the surface to CO2. 
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