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ABSTRACT  

In this work, we report a zeolitic imidazolate framework (ZIF-67) with remarkable activity for 

hydrogen evolution reaction (HER) of 40,500 μmol H2/g MOF, which is, to the best of our 

knowledge, the highest activity achieved by any MOF system. This result necessitated assessment 

of its atomic-scale mechanistic function for HER using advanced spectroscopy techniques 

including time-resolved optical (OTA) and in situ X-ray absorption (XAS) spectroscopy. Through 

the correlation of OTA results with catalytic performance, we demonstrated that the electron 

transfer (ET) rather than energy transfer (ENT) pathway between photosensitizer and ZIF-67 is 

the key factor that controls the efficiency of HER activity, as HER activity that undergoes ET 

pathway is 3 orders of magnitude higher than that of ENT process. Using in situ XAS, we 

unraveled the spectral features for key intermediate species which are likely responsible for the 
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rate determining process under turn over conditions. This work represents an original approach to 

study porous ZIF materials at the molecular level using advanced spectroscopic techniques, 

providing unprecedented insights into the photoactive nature of ZIF frameworks. 

 

KEYWORDS MOFs; catalytic mechanism; H2 evolution reaction; ultrafast spectroscopy; 

Synchrotron 

 

1. Introduction 

     Zeolitic imidazolate frameworks (ZIFs), a novel subclass of metal organic frameworks 

(MOFs), have recently attracted extensive attention due to their potential applications in many 

areas such as gas separation and storage,1-5 chemical sensors,6,7 and catalysis.8-11 They are 

particularly interesting for catalysis owing to their exceptional chemical and thermal stabilities and 

variety of imidazolate derivatives, providing a versatile platform for designing robust and efficient 

ZIF catalysts.5 Indeed, ZIFs have been exploited as heterogeneous catalysts for various reactions, 

such as the Knoevenagel reaction,10,12 transesterification,13 Friedel-Crafts acylation reaction,14 

oxidation and epoxidation,15-19 gas phase CO oxidation and hydrogenation, etc.20,21      

     Besides these early stage developments that demonstrate the promise of ZIFs as important 

catalytic materials, recent interests, driven by the need for solar fuel sources and environmental 

concerns, have extended their applications into the realm of photocatalysis. For example, after 

embedding photoactive species into the cavity, ZIFs have been used as photocatalysts for  dye22 

and phenol11 degradation. In the presence of photosensitizers, ZIF-9 (composed of CoII and 

benzimidazole) has been used as photocatalysts for CO2 reduction.23,24 Very recently, we have also 

demonstrated that ZIF-67 (composed of CoII and 2-methylimidazole) have intrinsic photoactivities 
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for hydrogen evolution reaction (HER) through the formation of a long-lived intermediate state 

following energy transfer process from a molecular photosensitizer.25 

     While these studies certainly imply the potential application of ZIFs in photocatalysis, the 

catalytic activities of these systems are not impressive compared to other Co based HER 

catalysts.26-28 Given the multiple advantages of ZIFs as catalysts that can provide unique means to 

engineer efficiency and selectivity, there is an urgent need to further develop these materials for 

photocatalytic applications. Progress in this endeavor clearly will require intimate knowledge of 

the mechanistic origins that guide light harvesting, charge separation, and HER kinetics during the 

photoinduced catalytic reaction, yet no experimental probes into these mechanistic functions are 

available to date. In this work, we report the first real-time spectroscopic study on atomic-scale 

mechanism of ZIF-67 that can efficiently catalyze HER in the presence of [Ru(bpy)3]2+ (bpy = 

2,2’-bipyridine) photosensitizer. Specifically, we examined the light harvesting and charge 

separation dynamics using time-resolved optical transient absorption (OTA) spectroscopy, and 

investigated structure-function relationship of ZIF-67 under standard photocatalytic conditions 

using in situ X-ray absorption spectroscopy (XAS). Using OTA, we found that efficient electron 

transfer (ET) rather than energy transfer (ENT) pathway from [Ru(bpy)3]2+ photosensitizer to ZIF-

67 is the key parameter that controls the HER efficiency. Using in situ XAS, we identified the key 

intermediate species representing the rate limiting step in HER, a problem that has long plagued 

the catalytic community. These results represent a new level understanding of the interplay 

between the microscopic and macroscopic properties of ZIF-67, paving the way for their novel 

application in photocatalysis. 

 

2. Materials and Methods 
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     ZIF-67 Synthesis. ZIF-67 was synthesized according to our previous report29 via a solution 

based method. Cobalt nitrate (Co(NO3)2·6H2O, Acros Organics) and 2-methylimidazole (C4H6N2, 

97%, Alfa Aesar) were mixed in a 1:10 molar ratio in methanol at room temperature to give a violet 

precipitate that was washed thoroughly. Films were grown by the same method by immersing a 

quartz (Ted Pella Inc.) slide prior to mixing the Co and 2-methylimidazole precursors. The direct 

growth of ZIF-67 onto the slide was performed in three 1 hour steps where the slide was removed, 

rinsed with ethanol, and then re-immersed in fresh growth solution. After three growth steps, the 

backside of the film was wiped to mechanically remove the ZIF material to give a single ZIF-67 

film on the front side. 

     [Ru(bpy)3]2+ Synthesis. [Ru(bpy)3]2+ was synthesized following the published literature 

procedure.30 Commercial RuCl3·xH2O was dried in an oven at 120° C for 3 hours. Dried RuCl3 

(0.4 g, 1.93 mmol), 2,2’-bipyridine (0.9 g, 5.76 mmol), and water were placed in a 100 mL flask 

fitted with a reflux condenser. Sodium phosphinate was prepared by adding NaOH to 31% 

phosphinic acid until slightly cloudy precipitate is obtained, then re-adding phosphinic acid 

dropwise until the precipitate redissolves. Then, 2 mL of sodium phosphinate was added and the 

mixture was refluxed for 30 minutes. During reflux, the initial green solution changes color to 

brown and finally orange. The solution was filtered to remove traces of undissolved material, and 

then the crude product was precipitated by the addition of potassium chloride (12.6 g) to the filtrate. 

The solution and solid were then refluxed to give a deep red solution which, upon cooling to room 

temperature, yields brilliant red-orange crystals. The crystals were filtered, washed with ice-cold 

10% aqueous acetone (2x5mL) and acetone (30 mL), and then air-dried. 

Photocatalytic HER Experiments. HER photocatalysis was performed in glass vials of 9 mL 

volume with rubber septa. The stirred, N2 purged vials were irradiated with 450 nm LEDs at 
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various power outputs, where the optimized power was 1.02 mW. The 400 μL Headspace samples 

were analyzed for H2 concentration by an Agilent 490 micro gas chromatograph with 5 Å 

molecular sieve column. 

Standard Characterization. UV-Visible measurements and diffuse reflectance measurements 

were performed on a Cary 5000 UV-VIS-NIR spectrophotometer with internal diffuse reflectance 

accessory. The XRD patterns were performed using a Rigaku Miniflex II XRD diffractometer with 

Cu Kα radiation. Emission spectrum of Ru(bpy)3
II in acetonitrile (ACN) was collected using a PTI 

QM40 spectrometer. Surface morphology of the thin film was characterized by a Bruker 

Dimension ICON AFM (Bruker, Santa Barbara). 

Femtosecond Optical Transient Absorption (fs-OTA) Spectroscopy. A regenerative 

amplified Ti-Sapphire laser (Solstice, 1KHz repetition rate, 800 nm, <100 fs FWHM, 3.5mJ/pulse) 

provides the pump and probe pulses for fs-OTA measurements. The tunable (235-1100 nm) pump 

is generated by TOPAS from 75% of the Solstice output and is chopped at 500 Hz. The remaining 

25% of Solstice output is used to generate white light in a sapphire crystal (420-800 nm) in a 

Helios ultrafast spectrometer (Ultrafast Systems LLC). The film sample on quartz substrate is 

translated continuously to avoid sample heating effects and sample degradation from the 410 nm 

pump pulses (0.75 μJ/pulse). The sample preparation for OTA was performed by immersing either 

a ZIF-67 (see ZIF-67 synthesis section) or Al2O3 film (prepared as in our previous work)25 in a 

0.1M ethanolic solution of [Ru(bpy)3]2+ 
 for 30 minutes. The as-prepared film was then dried in air 

and used for OTA measurement. The 410 nm pump wavelength was chosen to selectively excite 

[Ru(bpy)3]2+, as neither bare ZIF-67 nor Al2O3 gives transient signal under 410 nm excitation. 

Nanosecond Optical Transient Absorption (ns-OTA) Spectroscopy. The ns-OTA 

measurements were performed at the Center of Nanoscale Materials at Argonne National 
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Laboratory. The tunable pump pulses from TOPAS are generated by a Ti-Sapphire laser system 

(Newport Spectra-Physics Spitfire Pro, 1.67 kHz repetition rate, 120 fs pulse). The fiber laser 

continuum probe was used to measure delay times out to 1 μs in an Ultrafast Systems EOS 

spectrometer. The same sample preparation as in fs-OTA was followed. 

In Situ X-ray Absorption Spectroscopy (XAS).  In Situ XAS was performed at beamline 12-

BM at APS. The 3 mL catalysis mixture was sealed and N2 purged in a custom Teflon cell with 

Kapton front window for X-ray irradiation and fluorescence emission and quartz rear window for 

photoirradiation. The X-ray fluorescence was detected by a Canberra 13-element geranium solid-

state detector and the cell was irradiated from the rear window by the 450 nm LED at 1.02 mW 

power. The conditions for the in situ experiment were 1.25 M of TEOA, 4.5x10-4 M of 

[Ru(bpy)3]2+, and 0.17 g/L ZIF-67 at a 3 mL reaction volume in acetonitrile with 5 mL headspace. 

 

3. Results and Discussion 

3.1. Synthesis and Characterization of ZIF-67.  
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Figure 1. (a) Powder XRD patterns of ZIF-67. The inset shows the layered surface structure 

of ZIF-67 film. (b) AFM topography images of ZIF-67 thin film. 
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     ZIF-67 was synthesized according to the established method from a methanolic mixture of 

cobalt(II) nitrate hexahydrate and 2-methylimidazole at room temperature.29 The violet-colored 

powder product was confirmed to be ZIF-67 via XRD (Figure 1a), which shows good agreement 

to the published SOD-topology ZIF-67 pattern.6 Using this protocol, the size of ZIF-67 crystallites 

is ~ 300-500 nm (Figure 1b) with layered structure on the surface (Inset of Figure 1a). The as-

synthesized samples can easily be suspended in solvent for catalytic application and mechanistic 

measurement. 

 3.2. ZIF-67 for Photocatalytic HER  

Table 1. Optimization of conditions for ZIF-67 catalyzed HER with 6 mL volume (acetonitrile + 

TEOA) and 3 mL headspace, using 450 nm LED illumination for 48 hours. 

     Optimized Reagent (Fixed 

Reagents) 

Amount μmoles H2 Activity 

(μmol/g ZIF-

67) 

ZIF-67 

(1.25 M TEOA, 2.2 x10-4 M 

[Ru(bpy)3]2+) 

0 0.12 - 
1.7x10-2 g/L 0.854 8,540 

8.3x10-2 g/L 2.85 5,730 

1.7x10-1 g/L 5.22 5,220 

TEOA 

(1.7x10-2 g/L 

ZIF-67, 2.2 x10-4 M [Ru(bpy)3]2+) 

0 0.005 50 

0.625 M 0.443 4,430 

1.25 M 0.854 8,540 

2.5 M 0.362 3,620 

[Ru(bpy)3]2+ 

(1.7x10-2 g/L ZIF-67, 1.25 M 

TEOA) 

0 0 0 

1.1x10-4 M 0.384 3,840 

2.2 x10-4 M 0.854 8,540 

4.5x10-4 M 4.05a 40,500a 
a3 mL reaction volume was used to increase the head space such that H2 concentration does not exceed GC calibration. 
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     Photocatalytic performance of ZIF-67 for HER was examined upon illumination of a 450 nm 

LED light source in the presence of [Ru(bpy)3]2+ as photosensitizer and triethanolamine (TEOA) 

as electron donor and proton source in acetonitrile solution. The reaction conditions were 

systematically optimized to identify the parameters for optimum HER activity in terms of catalyst. 

As shown in Table 1, while [Ru(bpy)3]2+ alone can produce a small amount of H2 (0.12 μmoles), 

the amount of H2 generated significantly increases upon the addition of ZIF-67. Meanwhile, the 

control experiments in the dark or in the absence of [Ru(bpy)3]2+ or TEOA yields negligible 

Figure 2. (a) The full-time profile of H2 evolution under the optimized HER condition. (b) 

Recycling of ZIF-67 HER catalyst after multiple 2-hour experiments. (c) The comparison of 

XRD patterns of ZIF-67 before and after 5 catalytic cycles where after catalysis pattern was 

collected by using the same amount of ZIF-67 employed in before catalysis sample.  (d) The 

comparison of ex situ XANES of ZIF-67 before and after catalysis. The inset compares the 

Fourier-transformed R-space data (open points) with their FEFF best fits (solid lines). 
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amount of H2, suggesting the necessity of these components in HER. A series of experiments were 

also carried out by varying the concentrations of ZIF-67, [Ru(bpy)3]2+, and TEOA (Table 1), as 

well as LED powers (Table S1), from which an optimized condition, i.e. 1.7x10-2 g/L of ZIF-67, 

1.25 M of TEOA, 4.5x10-4 M of [Ru(bpy)3]2+, and 1.02 mW of 450 nm LED power, was achieved.  

     The full time H2 generation profile measured under the optimum catalytic condition is shown 

in Figure 2a. The system produces hydrogen steadily for the first 24 hours until the catalysis ceases 

at 48 hours, reaching an activity of 40,500 μmoles/g ZIF-67. The ZIF-67 catalyzed HER reaction 

was further investigated via recycling experiments, in which the ZIF-67 catalyst was centrifuged 

from the catalysis mixture, washed with ACN, and redispersed in a fresh catalysis mixture after 

every 2 hours of photocatalysis. As shown in Figure 2b, the catalytic activity remains similar 

within 5 cycles of experiment, suggesting that the catalyst is recyclable and remains active for at 

least 10 hours, consistent with the full-time profile experiment above.  

     The cease of catalysis can be attributed to the degradation of [Ru(bpy)3]2+ as ZIF-67 retains its 

integrity while degradation of [Ru(bpy)3]2+ was observed after catalysis. First, we observed that 

the original orange colored [Ru(bpy)3]2+ in the system turns red-brown after being exposed to 450 

nm LED light and the time-frame of this color change agrees well with the cease of catalysis. The 

red-brown colored products are likely permanently reduced [Ru(bpy)3]2+. As shown in Figure S1a, 

the UV-visible spectrum of [Ru(bpy)3]2+ changes significantly after catalysis. The same change 

was observed in the sample where only [Ru(bpy)3]2+ and TEOA are present in the solution (Figure 

S1b). As these changes agree well with that via electrochemical reduction of [Ru(bpy)3]2+ (Figure 

S1c), it is likely that the color change of [Ru(bpy)3]2+ after catalysis is due to permanent reduction 

of [Ru(bpy)3]2+ by TEOA. While we are not sure of the exact degradation mechanism of  

[Ru(bpy)3]2+, it is possible that -bpy ligand substitution of reduced [Ru(bpy)3]2+ by TEOA or its 
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degradation products may occur. This is because the reduction of Ru center typically leads to the 

destabilization of Ru-N bonds, which is then followed by ligand substitution by coordinating 

anionic or lewis basic species.31 On the other hand, the integrity of ZIF-67 during catalysis was 

confirmed by comparing its structure before and after catalysis. As shown in Figure 2c, the XRD 

patterns of ZIF-67 before and after catalysis recycled from the reaction mixture remain unchanged, 

suggesting that HER does not disrupt the crystalline nature of ZIF-67. Furthermore, ex situ XAS 

was used to examine the effect of photocatalysis on the atomic-scale local structure about the Co 

nodes. As shown in Figure 2d, negligible difference was observed in the X-ray absorption near 

edge structure (XANES) spectra of ZIF-67 at Co K-edge before and after catalysis, suggesting that 

photocatalysis did not change the coordination geometry and oxidation state of Co nodes. This 

assignment was further supported by quantitative analysis of extended X-ray absorption fine 

structure (EXAFS) spectra (Figure S2) using FEFF fitting, where Co-N bond distance in before- 

and after-catalysis samples remains same (within uncertainty) (inset of Figure 2d and Table S2).29 

These results suggest that both the local and bulk structure of ZIF-67 do not change after catalysis, 

indicating excellent stability of ZIF-67 during photocatalysis. 

An additional concern to address is the possibility of leaching of Co into solution. By ICP-MS 

measurements, it was determined that 0.03 μmoles of Co are leached into solution during a 2-hour 

catalysis run in the recycling experiment. According to the Co(MIM)2 equation, this represents 

approximately 0.3% leaching. In order to know the contribution of leached Co species to HER 

activity, we performed H2 generation experiment of the supernatant solution under the same 

experimental conditions. The supernatant experiment gives negligible increase in HER activity 

compared to no ZIF-67 control condition, which suggests that leached Co species is not the active 

catalytic species, further supporting that ZIF-67 is the heterogeneous HER photocatalyst.  
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     The HER activity observed for our ZIF-67 system is remarkable in comparison to other MOF 

systems for HER.32-43 In the absence of cocatalysts, the majority of these systems showed limited 

HER activity (0-103 μmol H2/g MOF). In the presence of cocatalysts, many of these systems 

demonstrated significantly boosted HER activity (102-105 μmol H2/g MOF). To best of our 

knowledge, the HER activity in our system (40,500 μmol/g ZIF) is indeed higher than the highest 

reported Pt containing MOF catalysts (~ 30,000 μmol/g MOF).34 The current ZIF-67 system, 

however, benefits from ease of synthesis and the prospect of scalability, as having intrinsically 

catalytic metal nodes means that there is no need for special cocatalyst treatments or addition steps. 

With respect to the catalytic Co metal nodes, using the Co(IM)2 equation, a TON of 8 is calculated. 

While higher TONs (101-103) were reported in some cocatalyst-containing systems,34,44-46 these 

numbers were typically calculated with respect to cocatalyst instead of MOF. Indeed, the TON of 

our system is much higher than systems where TONs with respect to MOF (TON < 1) were 

reported.33,35,36 

     It is also noted that HER activity of ZIF-67 in the current system is ~ 3 orders of magnitude 

higher than a similar system recently reported by our group, i.e. ZIF-67/RuN3 hybrid (48.5 μmol 

H2/g ZIF-67).25 In that ZIF-67/RuN3 system, we have shown that enhanced HER activity can be 

attributed to efficient ENT from the excited RuN3 to ZIF-67, forming excited state ZIF-67. This 

leads to structural distortion of ZIF-67 accompanied with charge transfer from the imidazole ligand 

to Co center, ultimately resulting in H2 production. The significantly enhanced HER activity in the 

current system using [Ru(bpy)3]2+ as photosensitizer in comparison to the previous system with 

RuN3 as photosensitizer implies that the photocatalytic mechanism in the two systems is 

fundamentally different. In the following sections, we aim to fundamentally characterize the 
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distinct catalytic events and intermediate steps that contribute to ZIF-67 catalyzed HER by various 

spectroscopic means. 

3.3. Light Harvesting and Charge Separation Dynamics in [Ru(bpy)3]2+/ZIF-67  

To fully understand the catalytic activity for HER observed, fundamental spectroscopic 

studies to elucidate the mechanism of interaction between the photosensitizer and ZIF-67 were 

performed. Due to the multicomponent nature of the photocatalytic system, there are multiple paths 

that could be followed to produce an activated ZIF-67 catalyst. The cartoon scheme in Figure 3a 

depicts these possibilities, namely A) the oxidative quenching cycle: ET from excited [Ru(bpy)3]2+ 

to ZIF-67, forming the reduced ZIF-67 (ZIF-671-) and oxidized [Ru(bpy)3]2+ ([Ru(bpy)3]3+); the 

latter accepts an electron from TEOA and returns to its ground state while the former proceeds to 

catalytic reaction. B) the reductive pathway: ET occurs from TEOA to excited [Ru(bpy)3]2+, 

forming reduced [Ru(bpy)3]2+ ([Ru(bpy)3]1+) and oxidized TEOA, which is followed by ET from 

([Ru(bpy)3]1+ to ZIF-67, forming ZIF-671-. Another distinct possibility of ENT exists following 

our previous report of an ENT-based RuN3/ZIF-67 catalytic system.25 Due to significant spectral 

Figure 3. (a) Proposed catalytic mechanism of [Ru(bpy)3]
2+/ZIF-67 for H2 generation. (b) 

The UV-Visible absorption spectra of [Ru(bpy)3]
2+ and ZIF-67, and the emission 

spectrum of [Ru(bpy)3]
2+.  The UV-visible absorption spectrum of ZIF-67 was collected 

in diffuse reflectance mode. 
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overlap between the emission spectrum of [Ru(bpy)3]2+ and the absorption spectrum of ZIF-67 

(Figure 3b) corresponding to the spin-allowed 4A2(F)−4T1(P) d-d transition of Co, ENT process 

from [Ru(bpy)3]2+ to ZIF-67 is also feasible and needs to be considered. These photophysical and 

photochemical processes typically occur in ultrafast scale and have distinct spectral features, and 

can thus be distinguished using time-resolved optical spectroscopy.  

Femtosecond optical absorption (fs-OTA) spectroscopy was first used to examine the ET/ENT 

dynamics between [Ru(bpy)3]2+ and ZIF-67. Figure 4a and 4b show the fs-OTA spectra of 

Figure 4. Femtosecond OTA results for selective excitation of [Ru(bpy)3]
2+ on Al2O3 control (a) 

and ZIF-67 (b) at 410 nm. (c) The comparison of fs-OTA kinetics of [Ru(bpy)3]
2+ ES and GSB 

between Al2O3 and ZIF-67. (d) The comparison of kinetics between ES and inverted GSB of 

[Ru(bpy)3]
2+ on ZIF-67 and on Al2O3 (inset). Nanosecond OTA kinetics of the GSB recovery 

(e) and ES decay (f) on both substrates. Data is shown in open points and fits in solid lines. 
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[Ru(bpy)3]2+ on Al2O3 and ZIF-67, respectively, after 410 nm excitation. 410 nm pump pulse was 

used to selectively excite [Ru(bpy)3]2+ only, as [Ru(bpy)3]2+ has prominent absorption at this 

wavelength while ZIF-67 has negligible absorption (Figure 3b). [Ru(bpy)3]2+ on Al2O3 substrate 

was used as control sample as neither ET nor ENT should occur from [Ru(bpy)3]2+ to Al2O3 due 

to extremely negative conduction band edge and large bandgap of Al2O3.47 As shown in Figure 4a, 

the fs-OTA spectra of [Ru(bpy)3]2+ on Al2O3 show two instantaneously formed spectral  features, 

including a negative feature centered at 480 nm and a broad positive feature from 565 nm to 750 

nm. These features have been observed previously and can be attributed to ground-state bleach 

(GSB) of [Ru(bpy)3]2+ and 3MLCT excited state (ES) absorption formed through ultrafast 

intersystem crossing (ISC) after photoexcitation, respectively.47,48 The recovery of GSB and decay 

of ES occur simultaneously with a clear isosbestic point at ~560 nm, suggesting that these 

dynamics represent the same recombination process, i.e. relaxation of ES molecules to their GS.  

     While the similar GSB and ES absorption of [Ru(bpy)3]2+ on Al2O3 are observed in the spectra 

of [Ru(bpy)3]2+ on ZIF-67 (Figure 4b), two additional spectral features developed in the spectra of 

the latter, i.e. a negative feature at 580 nm and a positive absorption at 608 nm. These two features, 

resembling those observed previously in OTA spectra of ZIF-67 following direct excitation of 

ZIF-67,29 can be attributed to the GSB and the formation of charge separated (CS) state in ZIF-67, 

respectively. Because no such features were observed in the fs-OTA spectra of ZIF-67 following 

410 nm excitation, consistent with negligible absorption of ZIF-67 at 410 nm, the observed ZIF-

67 features in the spectra of [Ru(bpy)3]2+/ZIF-67 must result from either ET or ENT from the 

excited [Ru(bpy)3]2+, which can be unambiguously distinguished by comparing the kinetic traces 

of [Ru(bpy)3]2+ GSB and ES on each sample. If ENT is responsible for the formation of ZIF-67 

features, one would expect a simultaneously enhanced recovery of GSB and decay of ES of 
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[Ru(bpy)3]2+, similar to our previous RuN3/ZIF-67 system.25 However, as shown in Figure 4d, the 

decay of [Ru(bpy)3]2+ ES occurs much faster than [Ru(bpy)3]2+  GSB in [Ru(bpy)3]2+/ZIF-67 in 

contrast to the similar GSB and ES kinetics in [Ru(bpy)3]2+/Al2O3 (Figure 4d, inset). Furthermore, 

while the GSB recovery of [Ru(bpy)3]2+ in two samples remains similar, the ES decay in 

[Ru(bpy)3]2+/ZIF-67 sample is faster than that on Al2O3. These results, contradicting to the 

expected results for ENT, agree well with ET process from [Ru(bpy)3]2+ to ZIF-67. As illustrated 

in Equation 1, ET results in the formation of [Ru(bpy)3]3+ which facilitates ES decay and prohibits 

GSB recovery.  

  67])([67*])([ 3
3

2
3 ZIFbpyRuZIFbpyRu ET        (1) 

The ET process was further confirmed by nanosecond OTA (ns-OTA) which allowed us to probe 

the ET dynamics at later time scale. The ns-OTA spectra for [Ru(bpy)3]2+ on Al2O3 and ZIF-67 

(Figure S3) show similar spectral features to their fs-OTA spectra. However, from the kinetic 

traces (Figure 4e and 4f), it is apparent that while the ES of [Ru(bpy)3]2+ decays faster on ZIF-67 

than on Al2O3, the GSB recovery of [Ru(bpy)3]2+ is slower in the former than the latter, further 

supporting our assignment of ET process from excited [Ru(bpy)3]2+ to ZIF-67.  

The observation of ET does not exclude the possibility of ENT to ZIF-67, as the emission of 

[Ru(bpy)3]2+ has overlap with the absorption of ZIF-67 (Figure 3b). We are not able to examine 

ENT process by probing the emission of ZIF-67 because ZIF-67 is non-emissive in the visible 

range. However, according to the fact that the GSB recovery of [Ru(bpy)3]2+ on ZIF-67 is slower 

while its ES decay is faster than that on Al2O3, we are able to estimate the upper limit rate for ENT 

process. The kinetics of [Ru(bpy)3]2+ GSB recovery on ZIF-67 results from the combination of 

three possible paths, including 1) the intrinsic relaxation of ES molecules to GS, which follows 

the same GSB kinetics as on Al2O3; 2) the ENT process (if any), which is expected to enhance 
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GSB recovery with respect to GSB kinetics on Al2O3; and 3) the recombination of the oxidized 

[Ru(bpy)3]2+ with the reduced ZIF-67 following ET process, which contributes to a slower GSB 

recovery on ZIF-67 than on Al2O3. Whether the GSB kinetics of [Ru(bpy)3]2+ on ZIF-67 is faster 

or slower than that on Al2O3 is determined by the competition between the 2nd and 3rd pathway. 

When the recombination through 3rd pathway is extremely slow and hardly contributes to the 

recovery of GSB, we can attribute the observed GSB recovery to ENT with an upper limit value 

of ENT rate. Through fitting the kinetic trace of [Ru(bpy)3]2+ GSB recovery on ZIF-67 (Figure 4e), 

the obtained ENT time, which represents shortest ENT time constant, is 420 ns. Because this is 

much longer than the ES decay time (2.7 ns), obtained from fitting the ES decay kinetics of 

[Ru(bpy)3]2+ on ZIF-67 (Figure 4f), we conclude that ENT process cannot compete with ET 

process. These results together suggest that photocatalysis proceeds through ET rather than ENT 

process from [Ru(bpy)3]2+ to ZIF-67. This also explains why HER activity in the current system is 

orders of magnitude higher than RuN3/ZIF-67 system which mainly undergoes ENT process.  

Given the beneficial ET process and high HER efficiency in the current [Ru(bpy)3]2+/ZIF-67 

system, one would expect that [Ru(bpy)3]2+ may link to ZIF-67 directly. However, we found that 

[Ru(bpy)3]2+ can neither directly attach to the surface of [Ru(bpy)3]2+, nor can it enter the pore of 

ZIF-67 (Figure S4). While the origins of this problem remain uncertain to us, one possible 

explanation could be that [Ru(bpy)3]2+ may be associated with ZIF-67 through electrostatic 

attraction, as the surface of ZIF-67 is terminated by imidazole ligands which exhibit anionic 

character. 49 

To reveal whether photocatalysis undergoes reductive or oxidative quenching cycle (Figure 3a), 

we measured the ET dynamics between TEOA and [Ru(bpy)3]2+, which can be evaluated by 

measuring the steady state emission intensity of [Ru(bpy)3]2+ as a function of TEOA concentration. 
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As shown in Figure S5, the emission intensity of [Ru(bpy)3]2+ is gradually quenched with 

increasing amount of TEOA added to the solution, suggesting that ET occurs from TEOA to 

[Ru(bpy)3]2+. The time constant for the emission quenching process was determined to be ~ 1.4 μs 

(details in SI), which is much longer than ET time from excited [Ru(bpy)3]2+ to ZIF-67, suggesting 

that oxidative quenching cycle is the primary catalytic pathway for HER in the current 

[Ru(bpy)3]2+/ZIF-67 system. 

3.4 In  Situ XAS 

     The time-resolved spectroscopic studies described above certainly provide important insight 

in the catalytic mechanism of the ZIF-67 catalysts, i.e. the light harvesting and charge separation 

(CS) dynamics which represents the key initial step to activate the catalytic cycle. However, many 

aspects of the mechanisms are yet unexplained. Besides the initial CS process (step 1 in inset I, 

Figure 5), the proposed catalytic pathway also involves the formation of hydride intermediates 

(step 2 and 3) which not only change the oxidation state (CoI-III) but also the coordination 

environment at Co center. The multiple intermediates formed at Co center are further complicated 

Figure 5. In Situ XANES spectra of ZIF-67 under standard HER condition. Inset I is the 

proposed catalytic mechanism for ZIF-67 catalyzed HER. Inset II is the zoom in picture of 

1s-3d pre-edge feature. Inset III is the first derivative of XANES to illustrate the edge energy. 
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by the possibilities of either homolytic or heterolytic H2-producing mechanisms (step 4).50 As a 

result, it is necessary to experimentally characterize the intermediate states with a technique that 

can follow both the oxidation state and coordination/structure of the Co metal center during 

catalysis simultaneously, namely in situ XAS, to gain direct information of the function of the 

photocatalyst in real time.     

    In order to obtain significant XAS signal from Co, the proportion of ZIF-67 in the optimized 

catalysis mixture was increased to 0.5 mg in a 3 mL solution for in situ measurement, i. e. 10 times 

more ZIF-67 than that used in optimized condition. In contrast to immediate generation of H2 under 

the optimized conditions, an induction period was observed under the in situ conditions (Figure 

S6). Because induction period was typically associated with the multiple equilibriums that require 

conversion of Co center to its reduced intermediates or hydrides before H2 generation,25 the 

presence of induction period in the in situ condition but not in the optimized condition is likely 

due to that longer time is required to convert larger amount of ZIF-67 to their intermediate species 

to achieve multiple equilibriums.  

Figure 5 shows the in situ XANES spectra collected during the course of HER catalysis. The 

initial XANES spectrum shows a prominent pre-edge feature (labeled P) that corresponds to the 

dipole-forbidden 1s-3d transition due to p-d mixing in the non-centrosymmetric tetrahedral ligand 

field geometry. The two distinct rising edges at 7718 eV and 7724 eV are typical of CoII complexes 

with lower-order (<6) coordination.51 In addition to these edge features, feature A and B, which 

correspond to the 1s-4p white line transition and are sensitive to coordination number at Co center, 

were also observed in the XANES spectra. During photocatalysis, multiple gradual changes to the 

XANES spectra are observed during the first 1-6 hours of illumination, which is consistent with 

the presence of induction period for H2 generation. As seen from Figure 5, the overall spectrum 
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(A-D bands) shows a gradual red-shift, suggesting that Co-N bond distance increase during 

photocatalysis. This assignment was further supported by the pre-edge feature P which shifts to 

lower energy accompanied by the reduction of their intensity (Inset II). As pre-edge feature P is a 

measure of the ligand field strength at Co center,52 the shift observed in P can be assigned to a 

decreased ligand field strength due to the elongation of Co-N bond. Furthermore, notable changes 

were observed in feature A and B, where the intensity of feature A increases while that of B 

decreases. As increased intensity for A and decreased intensity for B are responsible for a more 

highly-coordinated CoII center,51 we believe that the coordination number of Co increases during 

catalysis. Despite these changes, negligible shift was observed in the edge region (Inset III), 

suggesting that the intermediate species remains +2 oxidation state.  

     While the above in situ XAS results unravelled that intermediate species possess larger 

coordination number and longer Co-N distance, and remain an oxidation state of +2, there are 

possibilities that such features could result from the average of multiple Co intermediates involved 

in the complex catalytic cycle (Inset I in Figure 5) or a single intermediate that accumulated during 

catalysis. If the former is responsible for the observed spectral features, the concentration of CoI 

and CoIIIH species (Inset I in Figure 5) is expected to remain similar during the catalytic cycle. In 

contrast, if the observed spectral features are mainly due to the accumulation of a single 

intermediate, this species is most likely CoII-H because this is the only CoII species in the proposed 

mechanism. As a result, the consumption of CoII-H (step 4) is possibly the rate limiting step in the 

photocatalytic cycle. It is also difficult to determine whether the homo- or heterolytic mechanism 

dominates in the catalytic cycle for ZIF-67 catalyzed HER. However, a requisite for the heterolytic 

mechanism is a highly acidic environment,50 which is not present in the catalytic system, as TEOA 

is the proton source and has a 7.77 pKa in water.53 Furthermore, the Co sites are confined to a 
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distance of approximately 6.00 Å in the crystal structure of ZIF-67.5 Such short distance between 

Co sites make it possible that two CoIIH species may interact within a single crystallite. These two 

factors together suggest that homolytic mechanism might be preferred in the current system, 

however, the heterolytic mechanism cannot be excluded. 

 

4. Conclusion 

In summary, we report a recyclable and highly efficient ZIF-67 catalyst for HER. In the presence 

of molecular photosensitizer, we achieved an activity of 40,500 μmol H2/g ZIF, which is 

remarkable compared to other MOF H2 evolution catalysts. More importantly, the mechanistic 

function for HER was investigated for the first time using time-resolved optical and real-time in 

situ XAS spectroscopic techniques. Using time-resolved OTA spectroscopy, we show that ET 

rather than ENT is the key factor that determines the efficiency of ZIF-67 for HER. Using in situ 

XAS, we uncovered the spectral features that correspond to the intermediate species for catalytic 

cycle, either resulting from the average of multiple intermediates or a CoIIH species. These results 

not only demonstrate the potential of ZIF-67 as an intrinsic catalyst for HER, but also provide new 

insights for its further development.  

As indicated by the charge separation pathway in this work, future work using photosensitizers 

that can facilitate ET but inhibit ENT process would certainly benefit HER efficiency. Inspired 

from the catalytic mechanism, future work should focus on the design of ZIF based catalytic 

systems with inherently large pore and cavity such that the key components for catalysis can be 

directly encapsulated, thereby making all catalytic metal sites accessible.   
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EXAFS of ZIF-67 before and after catalysis as well as FEFF fitting parameters, nanosecond 

OTA spectra, [Ru(bpy)3]
2+ emission quenching experiment, H2 generation time profile for in situ 
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