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 12 

Abstract 13 

Developing highly efficient photocatalysts for converting CO2 into solar fuels is of great 14 

importance for energy sustainability. However, efficient photoreduction of CO2 over the 15 

heterogeneous catalyst is hindered by lack of precisely controlled active sites and poor contact 16 

between active sites and the semiconductor, which leads to low selectivity and poor photochemical 17 

stability of the catalyst. Herein, utilizing highly stable and readily tunable photoresponsive covalent 18 

triazine frameworks (CTFs) as intriguing platforms, the well-defined molecular catalysts are 19 

directly knitting into CTFs by an in-situ covalent-bonding strategy for the first time to afford photo-20 

responsive single-site Ru CTFs. The robust chemical knitting of molecular catalyst with porous 21 

CTFs provides the atomically dispersed catalytic sites, providing enhanced light absorption and CO2 22 

diffusion. Significantly, the resulting Ru-CTF can reduce CO2 to formic acid under visible light with 23 

excellent selectivity (98.5%) and activity (6270 μmol·gcat-1), which greatly outperforms most other 24 

polymer semiconductors reported so far. However, the homogeneous Ru counterpart 25 

(Ru(dcbpy)(CO)2Cl2, dcbpy=2,2'-bipyridine-5,5'-dicarbonitrile) exhibits a low activity and 26 

deactivates within 1 h. Systematic investigations reveal that the introduction of single sites (Ru-N2) 27 

can promote photoinduced charge separation and CO2 activation, thus significantly enhancing the 28 

photocatalytic performance. The combination of in-situ fourier transform infrared spectrometer (in-29 

situ FTIR), density functional theory (DFT) calculations and luminescence quench experiments 30 

were particularly investigated to confirm the possible photocatalytic CO2 reduction mechanism over 31 

Ru-CTF. This work provides a new pathway and significant insights into the design of CTF-based 32 

single-site photocatalysts for highly selective CO2 photoreduction. 33 



 34 
Graphical Abstract 35 

Introduction 36 

The solar-light-driven CO2 reduction reaction (CO2RR) is expected to perfectly mimic natural 37 

photosynthesis and enables the sustainable production of solar fuels or high-value-added chemicals 38 

in a more environmentally friendly manner.1 Among the CO2 conversion strategies, the selective 39 

reduction of CO2 to liquid formic acid (HCOOH) via photocatalysis possesses broad application 40 

prospects. 2,3 It is a promising liquid organic hydrogen carrier that can store and release H2 in the 41 

presence of a suitable catalyst.4,5 The reduction/re-oxidation process thus can complete a carbon-42 

neutral cycle without release of harmful byproducts.6 This strategy can create renewable energy 43 

fuels and chemical raw materials, which has important scientific research value in the field of energy 44 

storage and transformation.  45 

To attain high CO2RR activity and selectivity, various semiconductor catalysts, such as Ta2O5,7 46 

TiO2,8 and g-C3N49,10, have been implemented. However, these traditional semiconductor-based 47 

photocatalysts are usually difficult to atomic-scale regulate and control the photoelectrochemical 48 

performances, hampering the improvements on the photocatalytic performance. Since pioneered by 49 

Thomas,11 porous covalent triazine frameworks (CTFs) have emerged as a new type of porous 50 

materials showing a variety of promising applications including in CO2 capture and storage, 51 

photocatalysis and energy storage due to their π-conjugated nitrogen-rich structures, large surface 52 

areas, and very high thermal, chemical and mechanical stabilities.12-15 Compared to the traditional 53 

trimerization process catalyzed by Lewis acids such as ZnCl2 at elevated temperatures (400°C), the 54 

catalytic process by using trifluoromethanesulfonic acid (CF3SO3H) as the catalyst affords high-55 

quality CTFs with minimized surface carbonization as efficient photocatalysts. 16-18 CTFs as the 56 

versatile platforms can effectively integrate a molecular catalyst via selection of appropriate 57 

bridging ligands with triazine units as connecting nodes, thereby enabling efficient 58 

photosensitization of multielectron reduction catalysis.16 For example, the ligand of 2,2'-bipyridine-59 



5,5'-dicarbonitrile (dcbpy) is an ideal linker for constructing functionalized CTFs photocatalysts for 60 

photocatalytic CO2 reduction due to the strong coordination ability of its bipyridine unit. 19,20  61 

In recent years, several ruthenium(II)-based photocatalytic molecular catalysts have been 62 

employed as high-selective active sites to produce HCOOH under visible light. 6,9,21-22 However, it 63 

is difficult for homogeneous molecular catalytic systems to isolate the products and recycle the 64 

catalysts.23,24 Promisingly, molecular active sites anchored on porous materials as heterogeneous 65 

catalysts can prevent the dimerization of the molecular catalyst and its deactivation, which are 66 

expected to achieve better photocatalytic performance and recyclability.18,25-26 The knitting of a 67 

molecular catalyst into the photo-responsive porous materials can not only enhance the 68 

photocatalytic performances by stabilizing the molecular catalyst and promoting electron transfer 69 

between frameworks and active catalysts,26 but also facilitate the photocatalysis without any 70 

additional costly photosensitizers.27 This synthetic tunability in conjunction with the improved 71 

durability of the molecular catalytic units grants the catalyst-modified frameworks benefits of both 72 

homogeneous and heterogeneous catalysts. 19 At present, the development of photocatalytic CO2 73 

reduction to HCOOH with high selectivity and high activity based on stable CTFs has encountered 74 

a bottleneck due to the lack of precise and controllable catalytic centers on the stable supports. It is 75 

necessary to develop a method to integrate light harvesters and highly active and selective catalytic 76 

sites on CTF structures for photocatalytic CO2 reduction to produce formic acid.  77 

Herein, we report a newly devised photocatalyst via a new strategy for the first time by knitting 78 

the precise single-atom site (Ru(dcbpy)(CO)2Cl2) into the photo-responsive CTFs for highly 79 

selective photoreduction of CO2 to HCOOH. Firstly, the strategy of post-modification of Ru metal 80 

sites into a preformed framework (dcbpy-CTF, Fig. 1A) was unsuccessful due to the preformed 81 

frame dcbpy-CTF cannot be synthesized by the superacid method, resulting from the formation of 82 

a salt by the reaction of pyridine moieties with trifluoromethanesulfonic acid (Fig. 1 and 83 

Supplementary Fig. 5).28 Significantly, employing metal-coordinating molecules as building blocks 84 

was successfully applied to in-situ construct the single-site photocatalysts (Ru-CTFs, Fig. 1B). 85 

Therefore, the molecular catalysts direct knitted CTFs with robust covalently-bonded interfacial 86 

contact and high charge transfer efficiency can be constructed, which would benefit the spatial 87 

separation of photogenerated carriers. In addition, this effectively knitted strategy can prevent the 88 

dimerization of the molecular active sites and its deactivation, thus leading to better photocatalytic 89 

performance and recyclability.  90 



 91 

Fig. 1 Schematic representation of the in-situ knitting strategy for Ru-CTFs.  92 

Results 93 

Synthesis and characterization. According to the synthetic approach in Fig. 1, four Ru-CTFs with 94 

different molar amounts of Ru(dcbpy)(CO)2Cl2 (X=0, 0.01, 0.025, 0.1) and dcbph precursor (0.6-95 

X) were fabricated and named as pure-CTF, Ru-CTF-1, Ru-CTF-2, and Ru-CTF-3, respectively (see 96 

the details in Supplementary Fig. 4). The structures of the synthesized CTFs were first confirmed 97 

by using the Fourier transform infrared (FT-IR) technique (as shown in Fig. 2a). The successful 98 

formation of triazine structures in these CTFs were confirmed by the C=N stretching bands (1566, 99 

1500 and 801 cm-1) and C-N stretching vibration band (1356 cm-1) in the FT-IR spectra. Additionally, 100 

the absence of a vibrational band for the terminal cyano group at 2225 cm-1 indicating the high 101 

degree of polymerization. 17,29-31 Compared to the spectrum of pure-CTF, an additional peak at 1960 102 

cm−1 was observed in the spectrum of Ru-CTF, which were attributed to the stretching vibration of 103 

v(C=O) in the Ru(dcbpy)(CO)2Cl2 moiety, thus indicating the molecular active sites were 104 

successfully knitted in the CTFs.32 Notably, compared with vibration of v(C=O) in the complex 105 

Ru(dcbpy)(CO)2Cl2 (2072 and 2011 cm−1), Ru-CTF exhibited a red shift in the v(C=O) stretching 106 

vibration (1960 cm−1), indicating that CO dissociation occurred in the in-situ synthetic process.8,33 107 

X-ray photoelectron spectroscopy (XPS) was further employed to analyze the chemical states and 108 

structural insight of CTFs. As compared with pure-CTF (Supplementary Fig. 10), the additional 109 

peaks in the high-resolution C 1s + Ru 3d spectrum of Ru-CTF (Fig. 2b) at about 281.5 eV and 110 

284.8 eV were assigned to RuII 3d5/2 and 3d3/2 states, respectively.34 Moreover, these values 111 

correspond well with previous reports on the hexacoordinated [RuII–N6] system.35-36 Three similar 112 

emission features in the high-resolution N 1s spectrum for Ru-CTF (Fig. 2c) were observed at 398.5 113 

eV (C-N=C), 400.7 eV (C≡N), and 399.8 eV (C-NH-C), respectively, which were located at higher 114 



binding energy as compared to pure-CTF (Supplementary Fig. 10).37 The observed chemical shifts 115 

demonstrated the successful synthesis of Ru-knitted CTFs and the influence of Ru doping on the 116 

electronic properties of the frameworks. 38 Additionally, the successful incorporation of Ru units 117 

was further supported by the elemental mapping analysis by energy-dispersive X-ray spectroscopy 118 

(EDX) (Supplementary Fig. 11) and inductively coupled plasma–atomic emission spectrometry 119 

(ICP-AES). After the introduction of Ru sites, the structures of these Ru-CTFs were maintained as 120 

confirmed by Raman studies. As shown in Supplementary Fig. 13, the Raman spectra of all Ru-121 

CTFs were both similar, indicating a similar structure of these Ru-CTFs to that of pure-CTF. The 122 

strongest G+ peak at 1613 cm-1 is an indication of a well-ordered sp2 planar structure. The G peak 123 

and D peak at 1519 and 1416 cm-1 relate to the distortion and carbon defects in each layer, 124 

respectively.39,40,41 125 

In addition, volumetric CO2 adsorption measurements (Fig. 2d) revealed the increased uptake 126 

after knitting of the Ru(dcbpy)(CO)2Cl2 despite a similar BET surface area (Supplementary Fig. 14). 127 

The improved CO2 adsorption capacity may be attributed to the enhanced interaction between the 128 

CO2 molecules and the coordination unsaturated Ru(dcbpy)(CO)2Cl2 centers.42,43 The higher CO2 129 

capture capability for Ru-CTFs offers more possibilities for CO2 access and transport in the porous 130 

structure, which is vital for the following CO2 conversion at pore surface and active sites.  131 

 132 
Fig. 2 Characterization of the CTFs. (a) FT-IR spectra of CTFs and precursor. (b) C 1s +Ru 3d 133 

and (c) N 1s XPS spectra of Ru-CTF. (d) 273K CO2 adsorption-desorption isotherms of CTFs.  134 

To further confirm the local coordination environment of single Ru atoms in the Ru-CTF 135 

catalyst, the X-ray absorption near-edge structure (XANES) spectroscopy and extended X-ray 136 

absorption fine structure (EXAFS) analyses of the Ru-CTF as well as the reference systems 137 

(Ru(dcbpy)(CO)2Cl2, Ru foil, RuO2, RuCl3, and Rubpy) were then carried out in detail (Fig. 3). As 138 



shown in the Ru K-edge XANES spectra (Fig. 3a), the energy absorption threshold values of Ru-139 

CTF and Ru(dcbpy)(CO)2Cl2 are higher than that of Ru foil and lower than that of RuCl3, and 140 

overlapping the position of tris(2,2′-bipyridyl)dichlororuthenium(II) hexahydrate (Rubpy), 141 

implying that the stable valences state of Ru is +2 in Ru-CTF and Ru(dcbpy)(CO)2Cl2, which is 142 

consistent with the result of XPS analysis. Expectedly, Ru-CTF gave nearly the same signals as the 143 

Ru(dcbpy)(CO)2Cl2 precursor, which indicates that the valence state of Ru in Ru(dcbpy)(CO)2Cl2 144 

does not change during the preparation of Ru-CTF framework. In addition, from the k2-weighted 145 

Fourier transformed EXAFS (FT-EXAFS) for the Ru K-edge of Ru-CTF and Ru(dcbpy)(CO)2Cl2 146 

sample (Fig. 3b), the main peak at 1.97 Å was corresponding to the Ru–N(C)(O) coordination 147 

environment. The shoulder peak located at 2.36 Å was attribute to scattering path of Ru–Cl bonds 148 

for Ru-CTF and Ru(dcbpy)(CO)2Cl2. In contrast to the Ru foil, Ru-CTF did not present a prominent 149 

peak at the positions of Ru-Ru bonds located at 2.64 Å, supporting the conclusion that the atomically 150 

dispersed Ru atom was anchored on the CTF framework. By comparing the scattering path intensity 151 

of Ru–N(C)(O) bonds in Ru-CTF and Ru(dcbpy)(CO)2Cl2, the Ru–N(C)(O) coordination number 152 

in Ru-CTF was much lower than that in Ru(dcbpy)(CO)2Cl2, indicating that CO dissociation had 153 

occurred in the synthesis process, which was also consistent with the result of FTIR characterization. 154 

In addition, the wavelet transform EXAFS (WT-EXAFS) can intuitively demonstrate the local 155 

coordination environment of Ru-CTF catalyst (Fig. 3g-i and Supplementary Fig. 16). Compared 156 

with the characteristic scattering path signal of Ru–Ru bond in the Ru foil located at [9.66, 2.83], 157 

no characteristic peak corresponding to Ru−Ru coordination was detected in the Ru-CTF, thus 158 

indicating the successful construction of single-site Ru catalytic center. 159 

Moreover, quantitative χ(R) and χ(k) space spectra fitting were also performed to investigate 160 

local atomic structure and further obtain the coordination numbers of Ru in Ru-CTF and 161 

Ru(dcbpy)(CO)2Cl2. As depicted in Fig. 3c-f, the EXAFS fitting curve in k space and R space for 162 

Ru-CTF and Ru(dcbpy)(CO)2Cl2 samples suggested that the coordination number of the central 163 

atom Ru is six. In addition, the local structural parameters were provided in Supplementary Table 1. 164 

In Ru K-edge χ(R) space spectra, Ru(dcbpy)(CO)2Cl2 displayed Ru-C bonding with coordination 165 

number (CN) approaching 2 [CN=N*amp=5*(0.83+/- 0.13)] at 1.93 Å and Ru-N bonding with 166 

coordination number (CN) approaching 2 [CN=N*amp=2*(0.85+/- 0.11)] at 2.04 Å, while Ru-Cl 167 

bonding with coordination number (CN) approaching 2 [CN=N*amp=2*(0.80+/- 0.16)] at 2.37 Å. 168 

As a contrast, Ru-CTF displayed Ru-N bonding with coordination number (CN) approaching 169 

2[CN=N*amp=2*(0.85+/-0.11)] at 2.04 Å, Ru-Cl bonding with coordination number (CN) 170 

approaching 2 [CN=N*amp=2*(0.80+/- 0.16)] at 2.37 Å, which were consistent with χ(R) space 171 

spectra fitting curve of Ru(dcbpy)(CO)2Cl2. Significantly, Ru-CTF displayed Ru-C bonding with 172 

coordination number (CN) approaching 1[CN=N*amp=1*(0.83+/-0.13)] at 1.93 Å, Ru-O bonding 173 



with coordination number (CN) approaching 1 [CN=N*amp=1*(0.84+/-0.15)] at 2.10 Å, thus 174 

clearly indicating that one CO detached from Ru atoms in Ru-CTF with extra one H2O molecule 175 

coordination. The good fitting result of χ(R) and χ(k) space spectra with reasonable R-factor 176 

quantitatively support the local atomic structure and coordination numbers information discussed in 177 

Ru-CTF and Ru(dcbpy)(CO)2Cl2 above. 178 

 179 
Fig. 3 X-ray absorption near-edge structure (XANES) spectroscopy and extended X-ray 180 

absorption fine structure (EXAFS) analyses of the Ru-CTF. (a) Normalized Ru K-edge XANES 181 

spectra and (b) corresponding k2-weighted Fourier transform spectra from Ru K-edge EXAFS of 182 

Ru foil, RuO2, RuCl3, Rubpy, Ru(dcbpy)(CO)2Cl2 and Ru-CTF. χ(R) space spectra fitting curve of 183 

EXAFS spectra of (c) Ru-CTF and (e) Ru(dcbpy)(CO)2Cl2. k2χ(k) space spectra fitting curve of (d) 184 

Ru-CTF and (f) Ru(dcbpy)(CO)2Cl2. 3D contour WT-EXAFS map with 2D projection of (g) Ru-185 

CTF, (h) Ru(dcbpy)(CO)2Cl2, (i) Ru foil. 186 

Photocatalytic CO2 reduction performance. The photocatalytic CO2 reduction activity was tested 187 

under visible light irradiation (Supplementary Fig. 17). It can be seen that the generated formate 188 

increased with appropriate increase of Ru content in the CTFs (Supplementary Fig. 18), while with 189 

the increase of more Ru content, the color of the catalyst gradually deepens (Supplementary Fig. 190 

19), thus causing the weak light transmittance and less efficient light utilization.44As shown in Fig. 191 

4a, under continuous visible light illumination, formate production of Ru-CTF exhibits a time-192 

dependent increase. The average formation rate of HCOO- is 2090 μmol·gcat -1·h-1 in 3 h, which is 193 

higher than that of most previous catalysts (Fig. 4b and Supplementary Table 4). In contrast, the 194 

amount of produced HCOO- with homogeneous Ru(dcbpy)(CO)2Cl2 and physically mixed 195 



Ru(dcbpy)(CO)2Cl2 with pure-CTF (1.34 wt% of Ru(dcbpy)(CO)2Cl2), respectively, remains almost 196 

unchanged from 1 to 9 hours possibly due to the dimerization-driven deactivation. Rapid 197 

deactivation of the homogeneous system was supported by time-dependent HCOO- production and 198 

obvious changes from 600 to 700 nm of Ru(dcbpy)(CO)2Cl2 upon light irradiation in UV-Vis 199 

absorption graph (Fig. 4c). In contrast, the UV-Vis absorption graph of Ru-CTF showed almost no 200 

change with the extension of light irradiation time (Fig. 4d). Additionally, the inset image in Fig. 4d 201 

showed almost no color change after the photocatalytic reaction for heterogeneous Ru-CTF, while 202 

the color of homogeneous Ru(dcbpy)(CO)2Cl2 (inset in Fig. 4c) changed from yellow to dark green 203 

upon light irradiation. Therefore, the above results further show that the anchored molecular active 204 

sites in CTFs as heterogeneous catalysts can prevent the dimerization of the molecular catalyst and 205 

its deactivation, thus resulting in a better photocatalytic performance.  As a solid catalyst, Ru-CTF 206 

was recycled and reused at least three runs without a significant decrease in activity (Supplementary 207 

Fig. 20), demonstrating the robust stability with the extended reaction duration, and this slight 208 

decrease may be due to the recovery loss during the reaction process. Besides, from the FTIR, DRS 209 

and Raman analyses of the recovered Ru-CTF, no substantial changes can be observed after three 210 

cycles (Supplementary Fig. 21), confirming the high durability of Ru-CTF. These observations 211 

further illuminate that incorporation of molecular catalysts with porous materials can be an 212 

effectively heterogenized approach for easy product isolation and catalyst recycle, prolonging their 213 

service lives.  214 

Control experiments are conducted to further understand the CO2 reduction under various 215 

conditions (Fig. 4e). First of all, negligible activity in the absence of TEOA under otherwise identical 216 

conditions. Additionally, the CO2 reduction process was also investigated in the absence of visible 217 

light, and the whole reaction was immediately terminated, verifying that the CO2 reduction is indeed 218 

driven by the photoirradiation. Furthermore, when N2 was used as the feedstock gas instead of CO2, 219 

bare of HCOO- was detected from the catalytic process, suggesting that the generated formate should 220 

originate from the CO2 reactant. Formate as the liquid product was detected and quantified by the 221 

HPLC technology (Supplementary Fig. 22). In addition, the gaseous products were detected and 222 

quantified by gas chromatography (GC), indicating only traces of gaseous CO and CH4 were tested 223 

as the byproducts (Supplementary Fig. 24). As a consequence, super high selectivity for CO2-to-224 

HCOOH photosynthesis was obtained by Ru-CTF (98.5 %, Supplementary Fig. 25). In comparison, 225 

the selectivity for CO2-to-HCOOH photosynthesis by homogeneous Ru(dcbpy)(CO)2Cl2 (86.1%) 226 

and physically mixed Ru(dcbpy)(CO)2Cl2 with pure-CTF (81.4%) was much lower than that of Ru-227 

CTF.  228 

To further prove that the reaction is driven by light absorption, the activities for HCOO‒ 229 

generation over Ru-CTF were carried out at different wavelengths. The dependence of HCOO‒ 230 



production on irradiation wavelength showed that the trend of HCOO‒ generation matched well 231 

with the photon absorption characteristics of Ru-CTF (Fig. 4f), confirming that the reaction was 232 

indeed induced by light excitation of Ru-CTF. Notably, HCOO‒ can even be produced even at 942 233 

nm (near-infrared region) as shown in Fig. 4f, indicating the wide light-responsive capacity of Ru-234 

CTF. 235 

 236 
Fig. 4 Photocatalytic CO2 reduction performance. (a) Amount of HCOO- generated from CO2 as 237 

a function of the irradiation time over heterogeneous Ru-CTF, homogeneous Ru(dcbpy)(CO)2Cl2, 238 

and physically mixed Ru(dcbpy)(CO)2Cl2 with pure-CTF. Reaction conditions: λ > 400 nm; 239 

Photocatalyst: 0.5 mg/ml; DMA/TEOA volume ratio: 3/1. (b) Comparison of HCOO¯ selectivity 240 

and activity of reported photocatalysts without extra photosensitizer under visible light irradiation. 241 

UV-Vis absorption changes for (c) homogeneous Ru(dcbpy)(CO)2Cl2 and (d) heterogeneous Ru-242 

CTF in DMA at different irradiation times. (e) Amount of HCOO- generated from CO2 in the 243 

catalytic system under different reaction conditions. (f) Wavelength dependent HCOO‒ production 244 

in photocatalytic CO2 reduction. (Reaction time is 6h in e, f) 245 

Photoelectrochemical measurements. In order to understand the excellent photocatalytic activity 246 

of Ru-CTFs, we further characterized the optical properties and analyzed the electronic structures 247 



of the materials. As suggested by the UV-Vis diffuse reflection spectra (DRS) (Fig. 5a), the strong 248 

visible light absorption of pure-CTF only extended to ca. 600 nm, while Ru-CTFs showed a much 249 

broader light absorption range up to 900 nm. The broader light absorption range was ascribed to the 250 

MLCT (metal-to-ligand charge transfer) processes of Ru(dcbpy)(CO)2Cl2 at the absorption from 251 

400 to 500 and 610 to 700 nm (Supplementary Fig. 28), in which the electrons were excited from 252 

an occupied metal-localized orbital to a vacant ligand-localized orbital, thus resulting in the long-253 

wavelength light absorption.45,46 Notably, an obvious red-shift of the optical absorption edge 254 

occurred upon increasing the content of Ru units in the structure, plus with a decrease in the optical 255 

band gap from 2.75 to 2.28 eV by their Tauc plots (Supplementary Fig. 29), respectively.47 In order 256 

to illustrate their semiconductor characters and the possibility for the subsequent CO2 257 

photoreduction study, the Mott−Schottky measurements on CTFs were performed at a frequency of 258 

500, 1000, and 1500 Hz. The positive slope of the obtained C−2 values (vs. the applied potentials) 259 

was consistent with those of typical n-type semiconductors (Fig. 5b and Supplementary Fig. 30). 260 

The bottom of the conduction bands (CB) of CTFs were calculated to be from -0.92 to -0.77 V (the 261 

higher Ru loading, the more negative), respectively, versus the normal hydrogen electrode (NHE), 262 

which were all enough for the conversion of CO2 to formate (-0.61 V vs. NHE). Therefore, it is 263 

theoretically feasible for the photocatalytic reduction of CO2 to generate formate by utilizing Ru-264 

CTFs.  265 

The photoresponses of Ru-CTFs and pure-CTF catalysts were characterized by the 266 

chronoamperometric I-t curves under chopped illumination condition. As expected, the Ru-CTFs 267 

catalyst showed higher responses than the pristine pure-CTF, indicating the higher efficiency for the 268 

separation of electron-hole in the Ru-CTFs (Fig. 5c). The fast charge transfer capability is further 269 

confirmed by electrochemical impedance spectroscopy (EIS). As shown in Fig. 5d, the small arc 270 

radius of Nyquist plot of the Ru-CTFs electrode indicated that the photogenerated electron–hole 271 

pairs in Ru-CTFs could be more efficiently separated by the ligand-metal charge transfer effect,47 272 

which contributed to the improved photocatalytic activity. The measured steady-state 273 

photoluminescence (PL) spectra as shown in Fig. 5e suggested that the intrinsic emission peaks 274 

greatly decreased in the presence of Ru unit, indicating a relatively low recombination rate of 275 

electrons and holes for Ru-CTFs.48 The intensity of the emission band near 440 nm dropped 276 

significantly after addition of Ru(dcbpy)(CO)2Cl2, indicating that the Ru(dcbpy)(CO)2Cl2 served as 277 

charge carrier trap centers to facilitate charge migration from the bulk to the interface of the polymer 278 

for reducing the recombination of photogenerated charges. Under UV light irradiation, the pure-279 

CTF showed bright blue-green fluorescence (inset in Fig. 5e), consistent with the fluorescence 280 

emission spectrum.49 In addition, time-resolved fluorescence (TRPL) spectra were recorded for all 281 

samples at an excitation wavelength of 375 nm (Fig. 5f). The decay kinetics of pure-CTF displayed 282 



a shorter average lifetime (2.5 ns) than those of Ru-CTFs, confirming that the molecular Ru sites 283 

can greatly enhance the separation of photogenerated charge carriers. The attenuated PL emission 284 

and prolonged fluorescence lifetime of Ru-CTFs clearly reflected that the radiative recombination 285 

of photoexcitons within this properly functionalized CTFs was effectively retarded. 286 

 287 

Fig. 5 Photoelectrochemical measurements. (a) UV/Vis DRS spectra of CTFs with diffident 288 

content of Ru. (b) Mott–Schottky plots for Ru-CTF, inset is the energy diagram of the CB and VB 289 

levels of Ru-CTF. (c) Transient photocurrent response of all CTF materials under visible light 290 

irradiation as indicated. (d) EIS Nyquist plots of CTFs conducted under visible light irradiation. (e) 291 

Steady-state PL emission spectra of CTFs in the solid state. (f) Time-resolved PL spectra of all CTF 292 

materials in the solid state. 293 

Photocatalytic Mechanisms and Density Functional Theory (DFT) calculations. To further 294 

understand the role of the single-atom Ru sites in the photocatalytic CO2RR, photoluminescence 295 

measurement of the catalytic system was performed. To demonstrate whether the excited CTF 296 

support was reductively or oxidatively quenched by TEOA or Ru(dcbpy)(CO)2Cl2 unit, respectively, 297 

the luminescence quench experiments of CTF were studied with addition of TEOA and 298 



Ru(dcbpy)(CO)2Cl2. As shown in Fig. 6a and b, the luminescence of CTF support was efficiently 299 

quenched by the Ru(dcbpy)(CO)2Cl2 but not by TEOA. Therefore, these results indicate that the 300 

photocatalytic reduction of CO2 process occurs via electron transfer from the photoexcited CTF 301 

support to the Ru unit, but not from TEOA to the excited CTF support, indicating an oxidative 302 

quenching mechanism in this photocatalytic process.3,50 Then the oxidized CTF support was reduced 303 

by TEOA to complete the redox cycle. All the above results demonstrate that the integration of 304 

single-atom Ru unit with CTF support could effectively inhibit the recombination of photogenerated 305 

charge carriers and accelerate the electron transfer.  306 

To reveal underlying the photocatalytic mechanism, we performed systematic DFT 307 

calculations to assess the electronic structures and possible reaction pathways in the pure-CTF and 308 

Ru-CTF systems. The fully relaxed structures were depicted in Supplementary Fig. 33. A two-309 

dimension (2D) hexagonal periodicity was adopted for both the pure-CTF and the Ru-CTF, where 310 

the latter was constructed by substituting one of the biphenyl units with a Ru(dcbpy)(CO)2Cl2. The 311 

density of states (DOS) of pure-CTF and Ru-CTF were shown in Fig. 6c and d, respectively. The 312 

calculated band gaps of the pure-CTF and Ru-CTF systems are 2.93 and 2.48 eV, respectively 313 

(Supplementary Fig. 34), in consistent with the experimental values evaluated using the Tauc plot. 314 

We observed that the both the conduction band minimum (CBM) and the valence band maximum 315 

(VBM) in Ru-CTF lie much nearer to the Fermi level than those in pure-CTF, suggesting higher 316 

carrier density in Ru-CTF. The decrease of the band gap would facilitate the utilization efficiency 317 

of the visible light, and hence improve the CO2RR photocatalytic activity. Local density of states 318 

(LDOS) plots show that the band edge states localized on the CTF units for pure-CTF (Fig. 6e); 319 

while for Ru-CTF (Fig. 6f), both the CBM and the VBM were contributed by the Ru unit. 320 

Specifically, for Ru-CTF, the VBM and CBM located at the Ru unit and the dcbpy ligand, 321 

respectively, implying the Ru unit would be a good metal-to-ligand charge transfer (MLCT) 322 

acceptor-donor pair and would be feasible for electron-hole separation.  323 

In light of the above experimental results and DFT calculations, the photocatalytic mechanism 324 

is proposed (Fig. 6g and h). A comprehensive analysis of the band gap and conduction band shows 325 

that the conduction band position of the pure-CTF catalyst is -0.77 V, while that of Ru-CTF is -0.92 326 

V, indicating that CO2 is thermodynamically favorable to formic acid (-0.61 V vs. NHE). The 327 

possible charge-transfer pathway of the Ru-CTF is shown in Fig. 6h. Under visible light irradiation, 328 

the CTF support will be excited, which can transfer electron to the Ru unit, resulting in the 329 

separation of the photogenerated electron-hole pairs. In addition, a MLCT process could take place 330 

in the Ru unit according to the DRS results. The electrons at the Ru unit are used to reduce the 331 

adsorbed CO2 molecule for HCOOH, which then dissolves in solution as HCOO-. Finally, the holes 332 

in the excited CTF support can be reduced by sacrificial donor (TEOA) to complete the catalytic 333 



cycle. Additionally, the electron–hole separation and transfer processes were determined with a 334 

combination of optical absorption spectra analysis and electrochemical measurements 335 

(Supplementary Fig. 36). 336 

 337 

Fig. 6 Photocatalytic Mechanisms and Density Functional Theory (DFT) calculations. 338 

Photoluminescence spectra of the pure-CTF after the addition of different amounts of (a) 339 

Ru(dcbpy)(CO)2Cl2 and (b) TEOA in DMA with 320 nm excitation at room temperature. (c, d) 340 

Corresponding total density of states (DOS) and (e, f) Local density of states (LDOS) plots of pure-341 

CTF and Ru-CTF estimated by DFT calculations, respectively. Ef refers to “Fermi level” that is the 342 

center between CB and VB. (g) The band diagram of the pure-CTF and the Ru-CTF catalysts. (h) 343 

The mechanism of photoreduction CO2 by the Ru-CTF catalyst. 344 

Reaction Mechanisms of CO2 to HCOO- on the single-atom Ru Site. To probe the reaction 345 

intermediates in the photocatalytic reaction, the in-situ attenuated total reflection-infrared (ATR-IR) 346 

spectroscopy was investigated. The in-situ ATR-IR spectra of the photocatalytic reaction recorded 347 

without addition of the catalyst were selected as the background, then, all the subsequent ATR-IR 348 

spectra were recorded by subtracting the background (Supplementary Fig. 37). As the range from 349 

1200 to 2100 cm-1 contains a lot of carbonaceous species information, a three-dimensional zoomed-350 

in perspective of this region is shown in Supplementary Fig. 37 and the obvious change can be seen 351 

from the figure, then several spectral lines were selected for specific analysis (Fig. 7a). As shown in 352 



Fig. 7a, the carbonyl stretch peak at 1650 cm-1 was gradually strengthened with the increase of the 353 

irradiation time. This can be ascribed to the fact that CO2 may react with TEOA to form a 354 

zwitterionic alkylcarbonate (CO2-TEOA, Supplementary Fig. 38).51 Notably, the major species 355 

observable by IR correspond to metal hydride Ru-H at 2017, 1942, 1891 and 1867 cm−1, consistent 356 

with previous reports.51,52 In addition, the CO2 coordinated to the metal hydride Ru-H resulted in 357 

the quick formation of Ru-H-CO2 species, corresponding to the peaks from 1240 to 1270 cm-1 358 

ascribed to the CO2 coordinated to the metal hydride.42 The emergence of the peak at 1257 cm-1 359 

over CO2-saturated Ru-CTF suggests the direct adsorption of CO2 onto the Ru-H center.53 The H-360 

bound formate intermediate followed by rotational rearrangement to generate the O-bound formate 361 

product (Ru-COOH).51 The peaks at 1359, 1539, 1555, 1572, 1683, 1697, 1732 and 1748 cm-1 362 

corresponding to Ru-COOH also increased as time went on, demonstrating that Ru-COOH is a 363 

crucial intermediate for the photo-reduced conversion of CO2 to formic acid.36,38,48,54,55 Moreover, 364 

the peaks at 1455, 1607, 1772, 1794 and 1828 cm-1 are ascribed to formate ion (HCOO-).42,56 365 

A detailed and thorough mechanistic pathway over the Ru-N2 site in Ru-CTF was proposed for 366 

better understanding the reaction thermodynamics based on DFT calculations. As shown in Fig. 7c, 367 

d and Supplementary Fig. 39, the introduction of Ru and N site in Ru(dcbpy)(CO)2Cl2 molecular 368 

could enhance the material’s absorption of CO2, and notably, the linear structure of CO2 was also 369 

bent, indicating that Ru(dcbpy)(CO)2Cl2 molecular had a strong ability to activate CO2, which was 370 

beneficial to start the entire reaction. Additionally, the improved CO2 adsorption capacity for Ru-371 

CTF was in consistent with the volumetric CO2 adsorption measurements. Furthermore, the relative 372 

Gibbs free energy (ΔG) diagram (Fig. 7e) along with detailed mechanistic pathway (Fig. 7b) was 373 

constructed by using DFT calculations based on the information obtained from in-situ ATR-IR (Fig.  374 

7a). Significantly, according to the results of XAFS measurements, one of the carbonyl ligands in 375 

Ru-CTF was substituted by a H2O molecule. Furthermore, the exited CTF support could be 376 

oxidatively quenched by Ru unit to drive the [Ru-H2O]0 to generate [Ru-H2O]-2.52,57,58 Followed a 377 

[H2O] loss and reacts with H+ and e- to generate metal hydride [Ru-H]-2.51,59 In the process of CO2RR, 378 

the metal hydride [Ru-H]-2 intermediate was more likely to form through the substitution of H2O 379 

site (ΔG = -0.33 eV) rather than the substitution of chlorine (Cl) (ΔG = +2.49 eV) in Ru-CTF (details 380 

in Supplementary Fig. 40). Moreover, TEOA was the proton and electron source for metal hydride 381 

generation.51 The metal hydride can react with CO2 to generate a [Ru-H-CO2]-2 adduct.51,58 The 382 

formation of the [Ru-H-CO2]-2(TS) intermediates was found to be the rate-limiting step for CO2 to 383 

HCOO-. The H-bound formate intermediate [Ru-H-CO2]-2 was transiently formed after the 384 

nucleophilic attack of CO2 by the metal hydride, followed by rotational rearrangement to generate 385 

the O-bound highly stable [Ru-COOH]-2 intermediate (ΔG = -0.28 eV). Finally, the HCOO− can be 386 

released by cleaving the Ru-O bond to recover the initial state. The remaining exited CTF support 387 



from the oxidative quenching pathway can be reduced to original state by TEOA, completing the 388 

photocatalytic cycle. 51,57 High thermodynamic feasibility of almost all the intermediate steps as 389 

revealed from the relative Gibbs free energy calculations successfully explained the exceptionally 390 

high catalytic activity of Ru-CTF as a visible-light-driven photocatalyst for CO2RR. 391 

 392 

Fig. 7 Reaction Mechanisms of CO2 to HCOO- on the single-atom Ru Site. (a) In-situ attenuated 393 

total reflection-infrared (ATR-IR) of Ru-CTF samples in specific analysis. (b) Proposed catalytic 394 

mechanism with the molecular unit of Ru for photocatalytic CO2 reduction to HCOOH.  395 

Adsorption energy of CO2 on (c) pure-CTF and (d) Ru-CTF surface. (e) Gibbs free energy pathway 396 

for the formation of HCOO- from CO2.  397 

 398 



Conclusions 399 

In summary, the in-situ knitting of well-defined single-site catalysts into extended frameworks 400 

(CTFs) to construct efficient heterogeneous catalysts for photocatalytic CO2 reduction to HCOOH 401 

has been successfully created via a new strategy for the first time, which can not only maintain good 402 

photoresponsive performances of CTFs but also firmly anchor and atomically disperse Ru site. The 403 

precise coordination structure of the well-defined Ru-N2 sites in CTFs have been characterized and 404 

analyzed by using EXAFS analysis. Significantly, the resulting single-site Ru-CTF can serve as 405 

efficient platform to bridge the gap between homogeneous molecular catalysts and heterogeneous 406 

catalysts, greatly contributing to the excellent activity, selectivity and stability for the CO2 407 

photoreduction. The improved CO2 uptake capacity in the Ru-CTF could interact better with CO2, 408 

thus enhancing the photocatalytic CO2 reduction. Moreover, it has been found that single-site Ru 409 

knitted into stable CTFs can promote the separation of photogenerated electrons-holes, thus 410 

boosting the activity of photoreduction, which exceeds most of the previously reported 411 

photocatalytic systems. Notably, Ru-CTF also exhibits noteworthy recyclability, revealing the 412 

robust stability with the extended reaction duration. In addition, systematic DFT calculations were 413 

used to assess the electronic structures and possible reaction pathways. Our study offers a new 414 

approach toward the rational design and preparation of molecularly precise photocatalysts for 415 

efficient solar-to-fuel energy conversion, in addition, we believe that the in-situ knitting strategy of 416 

CTFs hold enormous potential for energy-related photocatalysis. 417 

Methods 418 

Chemicals. All reagents, unless otherwise stated, were obtained from commercial sources and were 419 

used without further purification. Specifically, 2,2'-bipyridine-5,5'-dicarbonitrile (dcbpy, 97%), 4,4'-420 

biphenyldicarbonitrile (dcbph, 97%), ruthenium(III) chloride trihydrate (RuC13 ▪3H2O, 99.9%), 421 

trifluoromethanesulfonic acid (CF3SO3H, 98%) and paraformaldehyde ((CH2O)n, AR) were 422 

purchased from Aladdin. Formic acid (88%), hexane, dichloromethane, ammonia solution (25-28 423 

vol%), N, N-dimethylacetamide (DMA, HPLC), triethanolamine (TEOA, HPLC 99.5%) and 424 

methanol (HPLC) were purchased from Sinopharm Chemical Reagent Co. Ltd. N,N-425 

dimethylacetamide (DMA) and TEOA were dried over 4 Å molecular sieves for several days. DMA 426 

and TEOA were kept under Ar prior to use.  427 

Synthesis of [Ru(CO)2C12]n. [Ru(CO)2C12]n was synthesized based on previously reported 428 

methods. 58,60 RuCl3·3H2O (0.522 g) and paraformaldehyde (0.206 g) were added to an argon-429 

degassed solution of formic acid (88%, 40 ml). Then the solution mixture was heated to reflux for 430 

12 h. After cooling to room temperature, the mixture was stored at 4 °C overnight for complete 431 

conversion to the [Ru(CO)2Cl2]n polymer. The product was obtained by removing the solvent under 432 



vacuum, which was washed twice with hexane (2 × 50 ml) and dried under vacuum to obtain a 433 

bright yellow solid (yield, 56%). IR(Nujol): υco at 2072 and 2011 cm-1 (υco at 2146 cm-1 for the 434 

orange dimer [Ru(CO)3Cl2]2, which may occur as an impurity). 435 

Synthesis of [Ru(dcbpy)(CO)2Cl2]. [Ru(dcbpy)(CO)2Cl2] was synthesized based on previously 436 

reported methods.60-61 In a typical experiment, 2,2'-bipyridine-5,5'-dicarbonitrile (0.103 g, 0.5 mmol) 437 

was mixed with methanol (25 mL) under N2 for 30 min, then [Ru(CO)2Cl2]n (0.114 g, 0.5 mmol) 438 

was added and heated at reflux under the inert atmosphere for 3 h with vigorous stirring in dark. 439 

After standing overnight at 4 °C for complete precipitation of the product, the precipitate was 440 

filtered onto a glass frit and washed twice with cold methanol (2 × 50 ml) and finally washed several 441 

times with a small amount of dichloromethane (6 × 0.5 ml) in dark. [Ru(dcbpy)(CO)2Cl2] was 442 

collected after being dried in a vacuum desiccator (yield, 47%). This product should be sealed in 443 

argon cool dry place away from light.  444 

Synthesis of Ru-CTFs. Covalent triazine frameworks (CTFs) were prepared by using tri-445 

fluoromethanesulfonic acid (CF3SO3H) as the catalyst.17,30,31,49,62 [Ru(dcbpy)(CO)2Cl2] (0.0108 g, 446 

0.025 mmol) and 4,4'-biphenyldicarbonitrile (0.1174 g, 0.575 mmol) were added into a pre-dried 447 

flask, then 3.24 g (21.6 mmol) of CF3SO3H was added under nitrogen at 0 °C. The obtained orange 448 

red solution was then stirred for 1 h to completely dissolve the monomers before the heating 449 

treatment of 120 °C for 10 min. The solution was then warmed at 100 °C and kept stirring at this 450 

temperature for 2 h to initiate the trimerization reaction of terminal cyano groups and form the Ru-451 

CTF oligomer. Then the solution was further stirred under the temperature of 80 °C for 10 h to allow 452 

complete conversion to the polymer. The obtained deep red solution was then quenched by ethanol 453 

for obtaining the precipitated golden solid (Supplementary Fig. 3). After that, the mixture was 454 

poured into 160 mL of water containing 25 mL of ammonia solution and stirred for 2 h. Notably, 455 

the suspension changed color from golden yellow to red-brown (Supplementary Fig. 3). The 456 

precipitates were filtered and further purified by Soxlet extraction with ethanol, methanol and 457 

dichloromethane, respectively. Finally, the obtained red-brown solid was grounded into powder with 458 

an agate mortar, which should be sealed in argon cool dry place away from light (63% yield). Ru-459 

CTF with various loading amounts of Ru(dcbpy)(CO)2Cl2 were denoted as Ru-CTF-3, Ru-CTF-2, 460 

Ru-CTF-1 (Supplementary Fig. 4). The pure-CTF was prepared by the same method without 461 

addition of Ru(dcbpy)(CO)2Cl2. 462 

Characterization. Scanning electron microscopy (SEM) images were obtained with a Hitachi 463 

SU8010 microscope. Energy-dispersive X-ray spectroscopy (EDX) mapping images were obtained 464 

using a TESCAN MIRA3 FEG-SEM instrument with an Oxford Instruments Aztec Energy X-maxN 465 

80 system at an acceleration voltage of 15 kV. Raman spectra were measured on a Raman 466 

spectrometer Labram HR evolution (Horiba JobinYvon, France), using a 532 nm excitation laser, 467 



between 100 and 3500 cm−1. X-ray photoelectron spectra (XPS) were performed using a Thermo 468 

scientific XPS K-alpha 250Xi surface analysis machine using an Al source. Analysis was performed 469 

using XPS Peak 4.1 software. All binding energies were referenced to the C1s peak (284.6 eV) of 470 

the surface adventitious carbon.63,43 Thermogravimetric analysis (TGA) was carried out on 471 

TASDT650 (TA Instruments, USA) by heating the samples from 40 to 1000 °C under nitrogen flow 472 

(100 mL/min) with a heating rate of 10 °C/min. N2 and CO2 adsorption isotherms were collected on 473 

a Quantachrome Instruments Autosorb-iQ (Boynton Beach, Florida USA) with extra-high pure 474 

gases at 77 K and 273 K from 0 to 1 atm, respectively. The samples were activated before adsorption 475 

measurements. The fresh as-synthesized samples (~50 mg) were activated by heating under a 476 

dynamic vacuum at 150 °C for 10 h. Before the gas adsorption test, the samples need to be dried 477 

again by using the outgas function of the surface area analyzer for 12 h at 150 °C. UV–Vis diffused 478 

reflectance spectra (DRS) were measured on a spectrometer (UV-2700, Shimadzu, Japan) by 479 

measuring the reflectance of powders in the solid state using barium sulfate (BaSO4) as a standard 480 

with 100% reflectance. The scan was arranged from 190 to 900 nm with the scan rate of medium. 481 

Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker D8 diffractometer (German) 482 

equipped with Cu/Kα radiation (λ = 1.5418 Å) under a scan rate of 5 degree/min. The sample was 483 

spread on the circular recess of silicon holder as a thin layer. Metal content analyse was obtained by 484 

inductively coupled plasma–atomic emission spectrometry (ICP-AES) using the iCAP 7400 485 

spectrometer (Thermo Fisher Scientific, USA). Heterogeneous samples were preprocessed by acid 486 

digestion with concentrated nitric acid. 1H and 13C NMR spectra were recorded in solution using a 487 

Bruker Advance 400 NMR spectrometer. Fourier-transform infrared spectra (FTIR) were collected 488 

on a Shimadzu IRTracer-100 FT-IR spectrometer in attenuated total reflection (ATR) infrared mode 489 

at a resolution of 4 cm-1 and averaging 45 scans. The samples were compressed on a ZnSe window. 490 

Photoluminescence (PL) spectra and decay curve. The steady-state photoluminescence (PL) 491 

emission spectra of CTFs were measured in the solid state by the HITACHI F-7000 PL spectrometer 492 

using a 320 nm laser as the excitation source at room temperature. Samples were placed in a hole at 493 

the center of a plate-S5 type cell, then CTFs were exposed to laser source, and the data were 494 

collected at the emission peak of the corresponding CTFs. Time-resolved fluorescence spectra for 495 

CTFs were obtained by a time-correlated single photon counting (TCSPC) method using an 496 

Edinburgh Instruments FL920 spectrofluorometer equipped with 375 nm laser for excitation light 497 

source. A detection wavelength of 445 nm was used for all CTFs samples.  498 

In-situ attenuated total reflection-infrared (ATR-IR). The in-situ attenuated total reflection-499 

infrared (ATR-IR) spectroscopy was performed on Shimadzu IRTracer-100 equipped with a single 500 

reflection silicon ATR module and IR cell (Supplementary Fig. 1) with IR incidence at 45 degrees. 501 

Firstly, the sample was treated under dynamic vacuum at 80 °C for 2 h. Then the solution with a 502 



catalyst was purged with CO2 (99.999%), after reaching adsorption equilibrium, an ATR-IR 503 

spectrum was collected. The solutions for photocatalytic CO2 conversion were irradiated by a 300 504 

W Xe-lamp (FX300, Beijing Perfect Light Technology Co., Ltd., Beijing, China). And in order to 505 

prevent evaporation of solvent and provide good light transmission, liquid samples kept covered 506 

with quartz. The ATR-IR spectra were recorded every 2 min at the resolution of 8 cm-1 and 150 507 

scans.  508 

X-ray absorption measurements (XAFS) and analysis. 509 

XAFS measurements. The X-ray absorption fine structure spectra (XAFS) were studied in X-ray 510 

absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) 511 

regions for Ru. The Ru K-edge XAFS were collected at BL14W1 beamline of Shanghai Synchrotron 512 

Radiation Facility (SSRF). The data were collected in transmission mode or fluorescence mode 513 

using a Lytle detector while the corresponding reference sample were collected in transmission 514 

mode. All samples were grinded and uniformly daubed on 3M Kapton Polyimide tape (purchased 515 

from 3M). 516 

XAFS Analysis and Results. The acquired EXAFS data were processed according to the standard 517 

procedures using the ATHENA module of Demeter software packages. The EXAFS spectra were 518 

obtained by subtracting the post-edge background from the overall absorption and then normalizing 519 

with respect to the edge-jump step. Subsequently, the χ(k) data of were Fourier transformed to real 520 

(R) space using a window (dk=1.0 Å-1) to separate the EXAFS contributions from different 521 

coordination shells. To obtain the quantitative structural parameters around central atoms, least-522 

squares curve parameter fitting was performed using the ARTEMIS module of Demeter software 523 

packages 524 

The following EXAFS equation was used: 525 

 526 

𝜒(𝑘) = 𝑁 𝑆 𝐹 (𝑘)𝑘𝑅 ⋅ exp [−2𝑘 𝜎 ] ⋅ exp [−2𝑅𝜆(𝑘) ] ⋅ sin [2𝑘𝑅 + 𝜙 (𝑘)] 527 

the theoretical scattering amplitudes, phase shifts and the photoelectron mean free path for all paths 528 

calculated. S02 is the amplitude reduction factor, Fj(k) is the effective curved-wave backscattering 529 

amplitude, Nj is the number of neighbors in the jth atomic shell, Rj is the distance between the X-ray 530 

absorbing central atom and the atoms in the jth atomic shell (backscatterer), λ is the mean free path 531 

in Å, ϕ j(k) is the phase shift (including the phase shift for each shell and the total central atom phase 532 

shift), σj is the Debye-Waller parameter of the jth atomic shell (variation of distances around the 533 

average Rj). The functions Fj(k), λ and ϕ j(k) were calculated with the ab initio code FEFF9. The 534 

additional details for EXAFS simulations are given below. 535 

All fits were performed in the R space with k-weight of 2 while phase correction was also 536 



applied in the first coordination shell to make R value close to the physical interatomic distance 537 

between the absorber and shell scatterer. The coordination numbers of model samples were fixed as 538 

the nominal values. While the S02, internal atomic distances R, Debye-Waller factor σ2, and the 539 

edge-energy shift Δ were allowed to run freely. 540 

Photoelectrochemical measurements. The Mott-Schottky (M-S) measurements, electrochemistry 541 

impedance spectroscopy (EIS) and transient photocurrent (TPC) response measurements were 542 

measured via a CHI 660E electrochemical station (Shanghai Chenhua Co.) in a standard three 543 

electrode configuration. The Pt plate served as the counter electrode, a saturated Ag/AgCl electrode 544 

as a reference electrode, indium tin oxides (ITO) conductive glass was used as the conductive 545 

substrate to prepare the working electrode. The details are as below: 10 mg CTFs were dispersed in 546 

a mixed solution of 0.2 mL ethanol containing 20 L 5 wt% Nafion D-520, and then were sonicated 547 

10 min to generate a homogeneous slurry. Subsequently, 60 L slurry was coated on the ITO glass 548 

substrate with the area 1×1 cm-2, and then dried at 60 ºC in vacuum oven for 12 h. 0.2 M Na2SO4 549 

aqueous solution was used as the electrolyte. The Mott-Schottky analysis was conducted in the dark 550 

at the frequency of 500, 1000 and 1500 Hz. The transient photocurrent was conducted under visible 551 

light irradiation with the fixed time interval. A 300 W Xenon lamp (Beijing PerfectLight Co. Ltd., 552 

PLS-SXE300) with a 400 nm cut-off filter was used as the light source in the photocurrent (TPC) 553 

response measurement. EIS analysis was performed at the open circuit condition at the frequency 554 

range from 0.01 to 100000 Hz. The EIS under the conditions of dark and light excitation was 555 

acquired.  556 

Photocatalytic measurement of CO2 reduction. The photocatalytic CO2 reduction experiments 557 

were carried in Parallel Light Reactor (WP-TEC-1020HSL, WATTCAS, China) (Supplementary 558 

Fig. 2). Before the CO2 reduction, these samples were activated by heating under a dynamic vacuum 559 

at 60 °C for 6 h to form the activated samples. After activation, samples for CO2 reduction were 560 

prepared in a 20 mL quartz tube. Each photocatalytic process includes 0.5 mg of Ru-CTF, 0.75 mL 561 

of DMA, and 0.25 mL of TEOA (triethanolamine). Then the vessel was sealed with a rubber stopper. 562 

The mixture was purged with CO2 (99.999%) by evacuated and backfilled CO2 three times to 563 

remove air before irradiation. Next, the reaction mixture was vigorously stirred to ensure the 564 

photocatalyst particles in suspension, and a LED lamp (8 W) was served as the visible light source 565 

by bottom-irradiation. The intensity of the incident light on the solution surface was about 258 566 

mW/cm2, which was measured on a spectroradiometer (PCS230580, WATTCAS, China). The 567 

irradiated surface area of the solution is about 3.14 cm2. The distance between the vent of the lamp 568 

and the bottom of the reactor was about 0.5 cm. All tests of the photocatalytic reaction were 569 

performed under the same conditions. The temperature of the solution was maintained at 20 °C 570 

using a circulating cooling water system during irradiation. After completion of the reaction, the 571 



amount of HCOOH was measured by high-performance liquid chromatography HPLC system (LC-572 

2030 Plus, Shimadzu. Japan) at wavelength of 210 nm with 20 mM H3PO4 as the mobile phase. 573 

Gaseous product was measured by gas chromatography (GC-2014, Shimadzu. Japan) equipped with 574 

a flame ionization detector (FID) and a thermal conductivity (TCD).  575 

Recycling experiments. All the Ru-CTF catalysts were isolated by centrifuging from the mixture, 576 

and washed with DMA for 3 times, then redispersed Ru-CTF in DMA to run photocatalytic reaction 577 

again under the same condition mentioned above. 578 

Computational details. To assess the effect of Ru(dcbpy)(CO)2Cl2 substitution on the electronic 579 

structures of the CTF, we adopted an extended model with two-dimensional periodicity in the 580 

molecular plane. In this part, all the calculations were carried out by using density functional theory 581 

with the projector-augmented wave method and the Perdew-Burke-Ernzerhof (PBE) exchange-582 

correlation function implemented in the VASP package. The dispersion corrected DFT-D3 scheme 583 

was used to account for the dispersion interactions. The pseudo wavefunctions were expanded in 584 

the space spanned by plane-waves with kinetic energy cutoff of 500 eV. The energy and force 585 

convergence criteria were set to 10  eV and 0.02 eV/Å, respectively. A hexagonal symmetry was 586 

adopted to construct the periodic model, containing Ru atoms in a 1 × 1 unit cell, respectively, for 587 

the pristine (Ru(dcbpy)(CO)2Cl2 substituted) systems. A vacuum layer of 20 Å was padded in the 588 

normal direction of the system, to avoid interactions between neighboring layers. Due to the large 589 

size of the unit cell, we used KGRID-MESH for structure relaxation, and with a Ru(dcbpy)(CO)2Cl2 590 

for electronic structure calculation. 591 

The catalytic reaction activity was assessed by DFT calculations with constraint models, where 592 

the electron-electron interactions were described with the hybrid B3LYPM06 functional 593 

implemented in the Gaussian 16 package. The moderate size basis set 6-31G* was used in structure 594 

optimization and frequency analysis, while the energetics and electronic structures were calculated 595 

with a much larger basis set 6-311++G basis set on the optimized structures. The LANL08 596 

relativistic effective core potential and basis set were used for the Ru atoms. In all the calculations, 597 

the self-consistent reaction field method with the polarizable continuum model (SCRF-PCM) was 598 

used to implicitly account for the solvent effects. 599 

Data availability 600 

The data that support the plots within this paper and other findings are available from the 601 

corresponding author upon reasonable request. 602 
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