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ABSTRACT In this work, we report a new single-site photocatalyst (Co-Ru-UIO-67(bpy)) 

based on metal organic framework platform with incorporated molecular photosensitizer and 

catalyst. We show that this catalyst not only demonstrates exceptional activity for light-driven H2 

production but also can be recycled without loss of activity. Using the combination of optical 

transient absorption (OTA) spectroscopy and In Situ X-ray absorption spectroscopy (XAS), we 

not only captured the key CoI intermediate species formed after ultrafast charge transfer from the 

incorporated photosensitizer but also identified the rate limiting step in catalytic cycle, providing 

insight into the catalysis mechanism of these single-site metal-organic framework photocatalysts. 
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The direct conversion of solar energy to clean fuel as alternatives to fossil fuels is a desirable 

approach to address the global energy and environmental problems.1-5 Hydrogen generation 

through water splitting is an emerging strategy of doing so that has attracted great attention, yet 

its development is largely hampered by the difficulty in efficient integration of multiple 

resource-intensive processes, i.e. light absorption, charge separation, and finally utilization of the 

photogenerated carriers to drive water splitting. Homogeneous solution based systems 

comprising of molecular photosensitizer (PS) and catalysts have naturally attracted much 

attention due to their merit in synthetic control over functional tunability and selectivity.6-10 

However, their limited stability and efficiency remains a major challenge. In contrast, 

heterogeneous systems have shown beneficial features in long-term durability and high catalytic 

activity.11-13 However, these materials not only lack design flexibility but also suffer from the 

difficulty in characterizing their mechanistic functions, rendering poor understanding of the 

origins behind their remarkable catalytic efficiency.  

     Due to their unique capability in combining the most advantageous features of 

heterogeneous and homogenous catalysts, metal organic frameworks (MOFs) are one of the best 

solutions to the above-mentioned stability and efficiency issues.14-18 MOFs have the ability to 

incorporate homogeneous catalytic components in their heterogeneous matrix to achieve isolated 

active sites.19-23 As such, MOFs can offer the same level of advantages as homogeneous catalysts 

while the robustness of the catalysts are increased. In addition, MOFs are built from periodic 

organic bridging ligands and inorganic nodes with tunable pore structure and functional 

components, which not only allows precise determination of the nature of the incorporated 

catalytic active sites, but also opens up the possibility to engineer MOF catalytic sites in a 

defined manner.24-26  
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     Due to these reasons, an increasing number of systems that demonstrate successful 

application of MOFs in photocatalysis, with either a molecular PS or a molecular catalyst 

incorporated in the structure, have emerged. For example, photosensitizers such as porphyrin,26-

30 Ru complexes,31-34 and tetraphenylethylene,35 etc. have been successfully incorporated into 

MOFs for their beneficial photophysical properties. Meanwhile, molecular catalysts based on 

Ru,36 Re,37-38 Ir,22, 37 Co,19, 21, 39 Fe,40-41 Rh,20, 42 Pt,34, 43-44 Pd,45 have been introduced into MOF 

structure and demonstrated catalytic activities. Despite these progresses, there are only two 

examples that reported the immobilization of both molecular photosensitizers (RuDCBPY,34 

Ir(III)DCBPY43) and molecular catalysts (PtDCBPY) into the framework structure, both of 

which indeed showed enhanced activities for H2 generation compared to their corresponding 

homogeneous counterpart. Offering their large potential as efficient photocatalytic systems for 

solar fuel conversion as well as the ease for fundamental studies of MOF structure/catalytic 

function relationships, such single solid platform are especially ripe targets for further 

development.  

     In this work, we report a new single site MOF system that incorporates a molecular catalyst 

based on earth-abundant metal and Ru based PS to UIO-67(bpy), which not only demonstrates 

exceptional catalytic activities, but also is recyclable and reusable for H2 evolution reaction 

(HER). More importantly, we established the fundamental structure-function relationships of this 

system for HER examined under standard catalytic conditions. Using in situ X-ray absorption 

spectroscopy, we identified the intermediate species that determines the rate limiting step and 

unravel the origins of induction period, a complication that has long plagued mechanistic 

investigations in catalysis. Using time-resolved absorption spectroscopy, we elucidated the 
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fundamental origins of light harvesting and charge transfer dynamics, the properties that 

essentially dictate the function of this system for photocatalysis.   

 

     As shown in Figure 1a, Co-Ru-UIO-67(bpy) was synthesized according to previous published 

protocols46-47 by mixing ZrCl4 (50.0 mg, 0.21 mmol), 2,2-bipyridine-5,5-dicarboxylic acid 

(H2bpdcy) (45.0 mg, 0.19 mmol), Rudcbpy ([Ru(dcbpy)(bpy)2] Cl2, 10.0 mg, 0.012 mmol), 

CoCl2(25.0mg, 0.19mmol) and glacial acetic acid (93 µL, 1.6 mmol) in DMF (20 mL). Rudcbpy 

 

Figure 1. (a) Synthetic scheme of Co-Ru-UIO-67(bpy). XRD patterns (b) and diffuse 

reflectance spectra (e) for UIO-67(bpy), Co-UIO(bpy), Ru-UIO(bpy), and Co-Ru-UIO(bpy). 

(c) SEM image of Co-Ru-UIO-67(bpy). (d) N2 adsorption isotherm and pore size distribution 

(inset) of Co-Ru-UIO-67(bpy). 
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was prepared according to the previously published method.48 As controls, UIO-67(bpy), Ru-

UIO-67(bpy) and Co-UIO-67(bpy) were also synthesized under the similar conditions.  

     The XRD patterns of these MOFs (Figure 1b) agree well with the patterns for UIO-67, 

suggesting that the crystallinity of these MOFs retain after incorporation of molecular 

complexes.49 SEM image of Co-Ru-UIO-67(bpy) (Figure 1c) shows that the sample exhibits an 

octahedral crystalline structure with particle size ~ 500 nm. The porous structure of Co-Ru-UIO-

67(bpy) was confirmed by BET analysis. As shown in Figure 1d, the surface area and pore size 

of Co-Ru-UIO-67(bpy) are 1781 m2/g and 1.65 nm, respectively, which are close to those of 

UIO-67(bpy) (Figure S1) and comparable to literature data.50 The presence of Ru and Co 

complexes was supported by diffuse reflectance UV-visible spectroscopy. As shown in Figure 

1e, the additional broad absorption in the range of 350-700 nm in Co-Ru-UIO-67(bpy) compared 

to that of UIO-67(bpy) is consistent with the absorption features of Co complex in Co-UIO-

67(bpy) and Ru complexes in Ru-UIO-67(bpy), and thus can be attributed to the absorption 

resulting from Co- and Ru-complexes incorporated into UIO-67(bpy). The concentrations of Co 

measured by inductively coupled plasma mass spectrometry (ICP-MS) and Ru measured by 

atomic absorption spectroscopy in Co-Ru-UIO-67(bpy) are 5.68 x 10-7 mol/mg and 1.08 x 10-7 

mol/mg, respectively, corresponding to the elemental ratio of Co:Ru =5.26.  

     The direct incorporation of Co complex into UIO-67(bpy) structure as well as its local 

structure at Co center was confirmed by steady-state X-ray absorption spectroscopy (XAS) 

measured at Advanced Photon Source, Argonne National Laboratory. Figure 2a compares X-ray 

absorption near edge structure (XANES) spectra for Co-UIO-67(bpy) and Co-Ru-UIO-67(bpy) 

at Co K-edge. The XANES spectra of two reference samples with different geometry, i.e. the 

distorted tetrahedral Co complex (Co(6,6'-Dimethyl-2,2'-bipyridine)Cl2, abbreviated as 
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Co(dmbpy)Cl2) and CoO (octahedrally coordinated Co center), are also shown in Figure 2a in 

order to correlate the spectral shape with local structure. The spectrum of Co(dmbpy)Cl2 is 

featured by a prominent pre-edge feature corresponding to the dipole forbidden 1s-3d transition 

(inset of Figure 2a), supporting the non-centrosymmetric geometry about Co due to distorted 

tetrahedral structure.51 In contrast, the XANES spectrum of octahedral CoO presents relatively 

weak pre-edge feature due to centrosymmetric geometry at Co center.52-53 Both Co-UIO-67(bpy) 

and Co-Ru-UIO-67(bpy), which have nearly identical XANES spectra to one another, show 

similar XANES features as that of CoO, suggesting that Co centers in both samples likely 

possess octahedral geometry. Moreover, the edge energy of the XANES spectra of both MOF 

samples, as shown in the first derivative XANES spectra (Figure 2b), show excellent agreement 
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Figure 2. The Co K-edge XANES spectra of Co-UIO-67(bpy) and Co-Ru-UO-67(bpy) 

samples (solid lines) and CoII, Co0 reference compounds (dotted lines) (a) and their first 

derivative spectra (b). The K-space (c) and Fourier-transformed R-space (d) spectra 

compared with data as open points and FEFF fits as solid lines. Inset of (a) shows 

enlarged pre-edge feature. 
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with the edge position of CoO reference, suggesting that Co centers in MOF samples retain +2 

oxidation state.  

     The local geometry of CoII center in Co-UIO-67(bpy) and Co-Ru-UIO-67(bpy) samples, 

revealed by XANES studies above, indicates that Co is coordinated by more than four atoms, 

implying that solvents may have participated in coordination to Co center in the Co(bpy)Cl2 

moiety. This assignment is further supported by a recent literature report,54 where single-crystal 

X-ray diffraction data confirmed the presence of 5 and 6-coordinated Co sites in a Zr-based 

MOF with CoCl2 metalation of its bipyridine linkers due to coordination of Co to either one or 

two solvent molecules. In order to quantitatively support this assignment, the full EXAFS energy 

range spectra (Figure S2) were fit using the Demeter X-ray absorption analysis package.55 The 

FEFF input model was built from the crystal structure of Co(dmbpy)Cl2 by adding an additional 

solvent molecule (methanol) coordinated to Co. The scattering amplitude of the Co-solvent 

single scattering vector in the first shell of atoms about Co was parameterized to allow its 

variation with the other fitting parameters and was interpreted as the average solvent 

coordination number. The details of EXAFS fitting are discussed in SI with fitting parameters 

listed in Table S1 and a graphic of the fitting model in Figure S2. The EXAFS data and the 

resulting best fits in K-space and R-space are shown in Figure 2c and Figure 2d, respectively. 

From the best fitting results, the bond distance of Co to N atoms on bipyridine in Co-UIO-

67(bpy) and Co-Ru-UIO-67(bpy) is determined to be 2.08 Å and 2.09 Å, respectively, and the 

Co-Cl distance for both samples is 2.29 Å. The Co to solvent atom distance is 1.92 Å with 

coordination number of approximately 1.1 for both samples. The Co-N distances are within the 

range of distances reported in the literature (2.09 and 2.17 for 5-coordinate Co; 2.01 and 2.13 for 

6-coordiate Co), as are the Co-Cl distances (2.27 and 2.31 for 5-coordinate Co; 2.27 and 2.33 for 
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6-coordinate Co),54 suggesting the validity of our fitting model. With these insights into the 

structure/properties of Co-Ru-UIO-67(bpy), in the following sections, we investigate its catalysis 

activity for HER and fundamentally characterize its catalytic mechanism. 

     The photocatalytic performance of Co-Ru-UIO-67(bpy) for HER was tested under the 

illumination of a 447 nm LED lamp in the mixture of H2O and acetonitrile solution. The reaction 

conditions, including sacrificial donors, the concentrations of sacrificial donors and MOFs, 

proton sources, the ratios of catalyst to PS, and LED powers were systematically optimized to 

reach the maximum amount of H2 per gram of catalyst (Figure S3).  The optimized conditions 

for the Co-Ru-UIO-67(bpy) photocatalytic system is under Co:Ru = 5.26:1 of Co-Ru-UIO-

67(bpy) (1.0 mg), 0.4 mL of H2O, and 0.3 mL of TEOA, and 9 mW LED power in 3 mL 

acetonitrile solution. Control experiments omitting TEOA or H2O did not yield H2, suggesting 

their key roles as sacrificial donor and proton source (Figure S4). For comparison, Co-UIO-

67(bpy) or Ru-UIO-67(bpy) with the same metal loading as that in Co-Ru-UIO-67(bpy) only 

yields minimal amount of H2 under identical conditions (Figure S4), indicating incorporating 

both Ru PS and Co catalysts into the MOF structure is essential for HER. Under these 
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Figure 3. (a) Time profile of H2 production by Co-Ru-UIO-67(bpy) under 447 nm LED 

illumination at 9 mW in the presence of TEOA (0.3 mL) and H2O (0.4 mL) in acetonitrile 

solution (3 mL). (b) Recycling of Co-Ru-UIO-67(bpy) catalyst after multiple 5-hour 

experiments. (c) Commonly accepted catalytic pathway for photoinduced H2 generation with 

molecular photosensitizer (PS) and catalysts.  
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conditions, the HER activity of Co-Ru-UIO-67(bpy) achieves 27,853 mol H2/g of MOF after 40 

hours (Figure 3a), which accounts for TON of 99 based on Co and is comparable to previous 

MOF systems containing Pt complexes as catalysts.34, 56 The current system, however, benefits 

from the use of earth abundant Co complex as catalysts. 

      To evaluate the duration of the Co-Ru-UIO-67(bpy) catalytic system, the recycling tests were 

explored by collecting MOFs after each 5 hours’ illumination via centrifugation and dispersal in 

a fresh catalysis solution. Remarkably, Co-Ru-UIO-67(bpy) shows unchanged activity during the 

recycling experiments for at least three runs. Furthermore, the concentration of Co in the 

supernatant solution before and after catalysis was measured using ICP-MS to examine the 

possibility of Co leaching. While ~ 3.2% of Co is leached during catalysis process, HER 

experiments using supernatant solution under the same conditions did not yield detectable 

amount of H2, ruling out the possibility that the observed activity is due to leached Co. To further 

confirm the integrity of the MOF photocatalyst after catalysis, ex situ XAS was performed in 

which the MOF photocatalyst was removed from the catalysis solution after 20 hours and 

washed via centrifugation. The XANES and EXAFS results (Figure S5 and Table S2) indicate 

that the local structure of Co remains unchanged after catalysis. The significantly improved 

activity and stability suggest the important role of the framework in both boosting the catalytic 

activity of molecular catalysts and stabilizing the catalytic species, which prompted us to 

investigate the mechanistic origins of its catalytic function.  
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     As shown in Figure 3c, a commonly accepted scheme for photoinduced proton reduction is 

initiated with light absorption by PS, which is followed by two sequential charge separation (CS) 

processes, where the electrons in the excited PS transfer to the catalyst and holes are extracted to 

electron donors through either the reductive or oxidative cycle. Consequently, it is crucial to 

have a systematic study of these light harvesting and CS dynamics in Co-Ru-UIO-67(bpy) to 

gain mechanistic insight of its function for catalysis.  

     Transient absorption (TA) spectroscopy was used to investigate the excited state (ES) and CS 

dynamics of the Co-Ru-UIO-67(bpy) MOFs. Figure 4a and 4b show the femtosecond TA spectra 

of Ru-UIO-67(bpy) and Co-Ru-UIO-67(bpy), respectively, following 447 nm excitation. Ru-

UIO-67(bpy) was used as control sample to illustrate the intrinsic ES dynamics of Ru complex in 

UIO-67(bpy) framework without the presence of Co catalyst species. The TA spectra of Ru-

UIO-67(bpy) show two main spectral features, i.e. a negative band centered at 513 nm and a 

broad absorption band at >560 nm, which can be attributed to the ground state bleach (GSB) and 

ES absorption of Ru complex, respectively. GSB recovery follows the same kinetics as ES decay 

(Figure 4c), together with the presence of an isosbestic point at 556 nm, suggesting that decay of 

ES molecules to their GS is the only recombination process. The TA spectra of Co-Ru-UIO-

Figure 4. Femtosecond TA spectra of Ru-UIO-67(bpy) (a) and Co-Ru-UIO-67(bpy) (b). 

(c) The comparisons of the GSB recovery and ES decay kinetics between Ru-UIO-67(bpy) 

and Co-Ru-UIO-67(bpy). The GSB recovery kinetics for both Ru-UIO-67(bpy) and Co-Ru-

UIO-67(bpy) were inverted in for better comparison.  
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67(bpy) (Figure 4b) also show a GSB band and a broad ES band. However, the center of the 

GSB band in the spectra of Co-Ru-UIO-67(bpy) shows a prominent blue shift with respect to 

that of Ru-UIO-67(bpy). This blue shift cannot result from the direct excitation of Co complex as 

negligible TA features were observed in the TA spectra of Co-UIO-67(bpy) following excitation 

under the same conditions. Instead, we attributed this blue shift to the formation of CS state 

between Ru- and Co-moieties, which was not only based on the literature reports with similar 

spectral shifts observed in many donor-acceptor systems,57 but also based on our experimental 

observations discussed below. 

      As shown in Figure 4c, while the kinetics of GSB recovery and ES decay is similar in the TA 

spectra of Ru-UIO-67(bpy), ES kinetics decays much faster than the ESB recovery in the spectra 

of Co-Ru-UIO-67(bpy). Moreover, while the GSB kinetics in Co-Ru-UIO-67(bpy) remains 

similar as that in Ru-UIO-67(bpy), the ES kinetics is much faster in the former than the latter 

(Figure 4c). These results, similar to the typical features accounting for ET process from Ru 

complex to electron donors reported previously,58 suggest that ET process occurs from Ru 

complex to Co complex in Co-Ru-UIO-67(bpy). The kinetics traces for ES decay and GSB 

recovery of Ru-UIO-67(bpy) as well as the GSB recovery of Co-Ru-UIO-67(bpy) can be fit by 

the same three-exponential decay function with fitting parameters listed in Table S3. The ES 

decay of Co-Ru-UIO-67(bpy) can also be fit by a three-exponential decay function (Table S3). 

Unfortunately, we are not able to accurately determine the ET time from the fitting results 

because of the presence of a long-lived decay component (>> 5 ns) which is beyond our TA time 

window. Nevertheless, we can conclude that ET process is much faster than the charge 

recombination process, as can be seen from Figure 4b where the ES decays much faster than the 

inverted GSB of Ru complex in Co-Ru-UIO-67(bpy). 
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     Furthermore, the Stern-Volmer experiment (Figure S6) indicates that reductive quenching of 

Ru-UIO-67(bpy) by TOEA occurs on a microsecond timescale (~ 5 μs), which is much slower 

than ET process from Ru complex to Co complex in Co-Ru-UIO-67(bpy). Following the scheme 

in Figure 3c, we believe that the oxidative quenching cycle is preferred after photoexcitation of 
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Figure 5. (a) Time profile of H2 production by Co-Ru-UIO-67(bpy) under 447 nm LED 

illumination at 9 mW in the presence of TEOA (0.3 mL) and H2O (0.4 mL) in acetonitrile 

solution (3 mL). The inset is the duration of induction period as a function of Co-Ru-UIO-

67(bpy) concentration and LED power. (b) In situ XANES spectra of Co-Ru-UIO-67(bpy) 

as a function of irradiation times. The insets are enlarged regions I. and II. (c) The offset 

first derivative of in situ XANES spectra. (d) In situ XANES spectra of Co-Ru-UIO-

67(bpy) after LED was switched off to observe change back to original spectrum. The 

comparison of XANES (e), EXAFS (inset of e), and EXAFS spectra in R space (f) of Co-

Ru-UIO-67(bpy) before illumination and the intermediate species formed after induction 

period ends.  
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Co-Ru-UIO-67(bpy) under catalysis conditions.  

     While the CS process above is certainly the first step that initiates the photocatalytic 

reaction, the complete catalytic cycle includes more critical steps that lead to ultimate H2 

generation. As shown in Figure 3c, following the CS process, the catalytic pathway includes 

three more steps including two protonation and one reduction processes. It is essential to identify 

the transient species involved in these processes in order to fully understand the catalytic 

mechanism. In this context, in situ XAS, a powerful tool that can directly reveal the oxidation 

state and structural change of Co catalysts, was used to measure the intermediate species under 

the standard catalytic conditions.  

     In situ XAS at Co K-edge were collected at beamline 12-BM at Advanced Photon Source, 

Argonne National laboratory. The experiments were performed in a custom designed Teflon cell 

equipped with Kapton front window for X-ray irradiation and quartz rear window for LED lamp 

illumination and 5 mg Co-Ru-UIO-67(bpy) was used in the in-situ experiment to obtain an 

appropriate level of XAS signal in fluorescence mode. Under these conditions, an induction 

period (~ 2 hours) was observed before the production of H2 (Figure 5a). The induction period 

can only be observed under certain conditions; as shown in Figure 5a (inset), the induction 

period is strongly dependent on LED power and MOF concentration, where high LED power and 

low MOF concentration decrease the duration of induction period until it cannot be resolved at 

the optimized condition (1 mg MOFs, 9 mW LED power). Nevertheless, the long induction 

period under current conditions is beneficial for unravelling the catalytic mechanism using XAS.  

     Figure 5b shows the in situ XANES spectra of Co-Ru-UIO-67(bpy) to track the change of 

oxidation state and structure at Co center during HER photocatalysis. Notable changes were 

observed in two regions of the spectrum, i.e. enlarged inset region I (edge feature) and region II 
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(above-edge oscillations), where both features gradually shift to lower energy during catalysis. 

The edge shift to lower energy was further confirmed by comparing the first derivative spectra 

(Figure 5c), which can be attributed to the reduction of CoII to CoI during catalysis. The shift in 

above-edge oscillations (region II) to lower energy are indicative of lengthening in Co-L 

distances where L is any coordinating atom. This structural change is likely associated with the 

reduction of Co center since larger degree of charge density on Co results in decreasing 

electrostatic attraction between Co center and ligand species, thus causing the larger bond 

distances observed.  

     It is interesting to note that the change of XANES spectrum stops after ~ 2 hours, consistent 

with the time frame of induction period, suggesting that the structural change observed above is 

associated with the induction period. These results also suggest that the induction period must be 

related to a chemical change that occurs in the early portion of photocatalysis, namely the 

formation of some intermediate chemical species that must build-up before catalysis turnover 

occurs. Meanwhile, upon LED illumination, the original orange solution changes to a dark grey 

color (Figure S7), which occurs gradually until induction period ends and occurs immediately in 

the system when induction period is not observed, suggesting that the color change of the MOF 

particles is also correlated with the induction period. Upon turning off LED light, the solution 

color can slowly return to its original color, which is accompanied by the returning of XANES 

spectra to its original state (Figure 5d). These results together suggest that the intermediate 

species accumulated after induction period is the active species for photocatalytic reaction rather 

than permanent degradation of the sample.  

     In order to uncover the nature of this intermediate species, we collected the in situ EXAFS 

spectra of the system after the induction period ends. As shown in Figure 5e, the whole spectrum 
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of the intermediate species moves to lower energy compared to the spectrum before illumination, 

consistent with the above in situ XANES results, suggesting that the intermediate species is 

Co(I) state with elongated Co-L distance. The enlarged Co-L bond distance was further 

confirmed by the Fourier-transformed XAFS spectrum (Figure 5f), where the peak representing 

the first shell (Co-N) distance is shifted to larger distance during photocatalysis, in agreement 

with XANES observations. To quantitatively analyze the structure of the intermediate species, 

FEFF with the same model utilized in section 3.1 was used to fit the EXAFS spectrum. The 

resulting fitting parameters are listed in Table S4. It is noted that the pre-illumination parameters 

show a significantly shorter distance compared to the powder Co-Ru-UIO-67(bpy) sample as 

well as a lower solvent coordination number, although this result is unsurprising since the local 

structure of Co is sensitive to solvent environment as discussed in section 3.1.  Compared to the 

structure before illumination, the parameters of the intermediate species show significant 

increase in Co-N (1.98 Å increases to 2.11 Å) and Co-Cl (2.25 Å increases to 2.28 Å) distances 

in the first shell and increased Co-C distances in the second shell, in agreement with qualitative 

observation of R-space spectra. Additionally, it was observed that the solvent coordination 

number increased from 0.38 to 2.37 during catalysis, which we interpret as most Co atoms being 

uncoordinated before catalysis and most Co atoms being coordinated by two additional atoms 

during catalysis, considering the uncertainty in coordination number during the fit (ca. ± 0.5 

atoms). The change in coordination number could be due to multiple scenarios such as the 

coordination of solvent molecules to CoI, coordination of TEOA to CoI, or coordination of 

byproducts to any remaining CoII in addition to CoI. As such, we cannot definitively assign this 

change. However, due to the long stability of the catalysis system and the results of ex situ 

EXAFS fitting, we can conclude that this coordination is a dynamic event during catalysis in 
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solution and does not interfere with catalysis activity or permanently change the local structure 

of the catalytic Co center. Following the scheme presented in Figure 3c, the only possible 

intermediate species based on in situ experiments is CoI, suggesting that the consumption of CoI 

via protonation is likely the rate-determining step in HER photocatalysis. As a result, a long-

lived CoI species would certainly benefit HER reaction, which reasonably explains the observed 

super-high H2 generation efficiency, as efficient CS process, i.e. ultrafast ET with inhibited 

charge recombination, occurs from Ru PS to Co catalyst in our Co-Ru-UIO-67(bpy) system. 

In summary, we report a new robust, cost-effective single-site MOF photocatalyst by 

incorporation of Co active center and Ru-based photosensitizer moiety into the framework. This 

hybrid MOF not only exhibits exceptional hydrogen evolution activity from H2O/acetonitrile 

solution but also demonstrate recyclability for at least 15 hours. Using the combination of 

advanced ultrafast absorption spectroscopy and in situ XAS, we not only captured the active 

intermediate species for catalysis, i.e. CoI species formed after ET process from Ru PS to Co 

catalyst in MOF, but also uncovered that the consumption of this active species is the rate 

limiting step in photocatalysis. We thus conclude that the long-lived CoI species due to efficient 

CS process is essential for efficient H2 generation. This is likely the direct result of the 

heterogeneous nature of MOFs, which not only enhance the durability of the incorporated PS and 

molecular catalyst significantly, but also serve as versatile platform for efficient coupling of 

these functional components, enabling efficient solar-to-fuel conversion. 
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