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ABSTRACT. Metal-organic frameworks (MOFs) have emerged as novel scaffolds for artificial 

photosynthesis due to their unique capability in incorporating homogeneous photosensitizer and 

catalyst to their robust heterogeneous matrix. In this work, we report the charge separation 

dynamics between molecular Ru-photosensitizer and Pt-catalyst, both of which were successfully 

incorporated into a Zr-MOF that demonstrates excellent activity and stability for light-driven H2 

generation from water. Using optical transient absorption (OTA) spectroscopy, we show that 

charge separation in this hybrid MOF occurs via electron transfer (ET) from Ru-photosensitizer to 

Pt-catalyst. Using Pt L3-edge X-ray transient absorption (XTA) spectroscopy, we observed the 

intermediate reduced Pt site, directly confirming the formation of charge separated state due to ET 

from Ru-photosensitizer and unravelling their key roles in photocatalysis. 
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Introduction. 

     The utilization of solar energy to drive hydrogen generation from water is one of the best 

solutions to address the global energy and environmental problems.1-2 In the past decades, diverse 

photocatalytic systems for H2 generation including homogeneous and semiconductor based/metal 

doped heterogenous systems have been developed, which typically consist of light harvesting 

materials, catalysts, and proton and electron sources.3-6 However, the performance of these systems 

for H2 generation in terms of both activity and stability is far from satisfactory. In addition to poor 

stability and efficiency, the homogenous molecular systems suffer from the difficulty in recycling 

from the reaction system.7-10 While heterogeneous systems have shown potential in long-term 

stability and high activity, these materials suffer from two major limitations that hamper their 

further use as photocatalytic materials: 1) the lack of design flexibility, and 2) the poor 

understanding of the catalytic active species.11-15 

     To integrate the beneficial features and overcome the drawbacks of homogeneous and 

heterogeneous photocatalytic systems for H2 generation, metal organic frameworks (MOFs), an 

emerging class of porous crystalline materials, could be a judicious choice. MOFs are constructed 

from metal ions/clusters covalently interconnected to multidentate organic linkers.16-23 The 

versatility of these components not only offers the capability to tune their cavity but also allows 

incorporation of molecular functional units into its heterogeneous crystal matrix, opening up the 

possibility to address the stability issues and allow high resolution studies of the incorporated 

catalytic active sites using a suite of physical characterization methods.24-31  

     Due to these reasons, recent efforts on MOF photocatalysis have extended to incorporate 

molecular photosensitizers or/and catalysts into MOFs structure. While a large number of 

functionalized MOF systems with either molecular photosensitizers (PSs) or catalysts incorporated 
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into the framework have been reported recently toward versatile applications,24-27, 32-49 there are 

only two examples that integrate both PS and catalysts for photocatalytic H2 generation. One 

example includes the incorporation of [Ru(dcbpy)(bpy)2]2+ (dcbpy=2,2’bipyridyl-5,5’-

dicarboxylic acid) and Pt(dcbpy)Cl2 complex to the MOFs scaffold (UIO-67), which can serve as 

PSs and catalysts, respectively, for photocatalytic H2 generation from water.40 The second example 

reported the successful incorporation of Ir(III) complex as PS and Pt(II) complex as catalyst into 

UIO-67 MOFs, which demonstrated significant increase in both H2 evolution activity and 

robustness compared to its homogenous counterpart.50 While these examples demonstrate the 

potential of MOFs as versatile platform for incorporating molecular modules necessary for 

photocatalytic applications, the fundamental aspects with regard to light harvesting and charge 

separation (CS) dynamics of these molecular functional units in MOFs remain less explored,19, 37-

38, 47, 51-55 yet it is essential for further development of these materials. Herein, we report the CS 

dynamics in [Ru(dcbpy)(bpy)2]2+ and Pt(dcbpy)Cl2 functionalized UIO-67 MOF (Ru-Pt-UIO-67, 

Figure 1a) which demonstrates efficient H2 generation from water using the combination of optical 

transient absorption (OTA) and X-ray transient absorption (XTA) spectroscopy. The direct 

correlation of the fundamental insights into the CS dynamics with their function for photocatalysis 

provides important guidance in rational design of new and efficient photocatalytic MOF systems.   

 

Experimental Section. 

     Materials. ZrCl4 (> 99.5%, Strem Chemicals), 2,2-bipyridine-5,5-dicarboxylic acid (H2bpdcy) 

(97%, Ark Pharm), 2, 2-dipyridyl (>99%, Acros Organics), 4,4-biphenyldicarboxylic acid (bpdc) 

(98%, Acros Organics), glacial acetic acid (regent ACS, Acros Organics). Ru(bpy)2Cl2
56 and 

Pt(dcbpy)Cl2
57 were synthesized according to previous literature. 
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), 8.13 (d, 2 H), 8.06 (m, 4 H), 7.75 (d, 4 H) and 7.42 (m, 4 H). 

     Synthesis of Ru-UIO-67, Ru-Pt-UIO-67 and Pt-UIO-67. The synthesis of these MOFs 

follow the previous reported procedure for UIO-67 type MOF with slightly modification.43, 58  

Ru-Pt-UIO-67: ZrCl4 (30.0 mg, 0.13 mmol), 4,4-biphenyldicarboxylic acid (bpdc) (24.0 mg, 0.1 

mmol), Rudcbpy (10.0 mg, 0.015 mmol), Pt(dcbpy)Cl2 (6.0 mg, 0.012 mmol) and glacial acetic 

acid (250 μL, 4.3 mmol) were dispersed in DMF (5 mL), and then transferred to autoclave, the 

sample was sonicated for 20 mins and placed in an oven. The temperature was set at 120 °C for 24 

hours. After cooling down to room temperature, the resulting solid was isolated by centrifugation, 

and was washed with methanol repeatedly before being dried under vacuum. Yield: 58mg (83%). 

The Ru and Pt content in MOF is determined by atomic absorption spectroscopy to be 1.2 wt% 

and 2 wt%. 

Ru-UIO-67: ZrCl4 (30.0 mg, 0.13 mmol), 4,4-biphenyldicarboxylic acid (bpdc) (29.0 mg, 0.12 

mmol), Rudcbpy (10.0 mg, 0.015 mmol), and glacial acetic acid (250 μL, 4.3 mmol) were 

dispersed in DMF (5 mL), the same synthetic procedure as Ru-Pt-UIO-67 was then used. Yield: 

60 mg (86.9%). 

Pt-UIO-67: ZrCl4 (30.0 mg, 0.13 mmol), 4,4-biphenyldicarboxylic acid (bpdc) (29.0 mg, 0.12 

mmol), Pt(dcbpy)Cl2 (6.0mg, 0.012mmol), and glacial acetic acid (250 μL, 4.3 mmol) were 

dispersed in DMF (5 mL), the same synthetic procedure as Ru-Pt-UIO-67 was used. Yield: 55mg 

(84.6%). 

Characterization and General procedure. UV-Visible absorption spectra were taken using an 

Agilent 8453 spectrometer. PXRD data were collected by using Rigaku Miniflex II XRD 

diffractometer with Cu Kα radiation. 1H NMR spectra were collected at room temperature with a 
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Varian 400 MHz spectrometer. Gas adsorption isotherms were performed by using the surface area 

analyzer ASAP-2020. N2 gas adsorption isotherms were measured at 77K using a liquid N2 bath. 

The amount of H2 generated was quantified using Agilent 490 micro gas chromatograph (5 Å 

molecular sieve column). To make hybrid MOF films, 1 mg MOF was mixed with 0.5 mL Nafion 

(5% w/w in water and 1-propanol). The mixture was sonicated for 2 hours and then dispersed 

evenly on piranha-etched glass. The films were dried in the air. 

Femtosecond Transient Optical Absorption Spectroscopy (fs-OTA). The fs-OTA spectroscopy 

is based on a regenerative amplified Ti-Sapphire laser system (Solstice, 800nm, < 100 fs FWHM, 

3.5 mJ/pulse, 1 KHz repetition rate). The tunable pump (235-1100nm), chopped at 500Hz, is 

generated in TOPAS from 75% of the split output from the Ti-Sapphire laser. The other 25% 

generated tunable UV-visible probe pulses by while light generation in a CaF2 window (330-720 

nm) on a translation stage. Helios ultrafast spectrometer (Ultrafast Systems LLC) was used to 

collect the spectra. The power of the pump pulse on the sample is 0.25 mW/pulse. The film samples 

were continuously translated to avoid heating and permanent degradation.  

Steady State X-ray Absorption (XAS) spectroscopy. XAS spectra were measured at the 

beamline 12BM-B at the Advanced Photon Source (APS) in Argonne National Laboratory. The 

XAS spectra were collected under room temperature with fluorescence mode. The detector was 

based on 13-element germanium. One ion chamber is placed before the sample and used as the 

incident X-ray flux reference signal. There are two ion chambers (second and third chambers) after 

the sample. The Pt foil is placed between the second and third ion chambers and used for energy 

calibration and collecting Pt metal spectrum. The solid samples were dispersed on Kapton tape for 

XAS measurement. 
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X-ray transient absorption (XTA) spectroscopy. XTA spectroscopy was performed at the 

beamline 11ID-D, APS, Argonne National Laboratory. Samples are prepared by mixing 30mg 

MOF in 70 mL ACN, sonicate for 30mins.The laser pump was based on a Nd:YLF regenerative 

amplified laser (1054nm, 1.6 kHz repetition rate, 5 ps FWHM). The pump wavelength at 490 nm 

was obtained from second harmonic generation output. The laser pump and X-ray probe intersect 

at a flowing sample stream with 550 m in diameter. The X-ray fluorescence signals were collected 

at 90˚ angle on both sides of the incident X-ray beam by two avalanche photodiodes(APDs). A 

soller slits/Zn filter combination, which was custom designed for the specific sample chamber 

configuration and the distance between the sample and the detector, was inserted between the 

sample stream and the APD detectors. The emitted Pt X-ray fluorescence collected at 300ps after 

the laser pump pulse excitation was used to build the laser-on spectrum in advanced photon source 

hybrid mode.  

Photocatalytic hydrogen evolution reaction for Ru-Pt-UIO-67. Samples for photocatalytic 

hydrogen production were prepared in 11 mL septum-sealed glass vials. Each sample was made 

up to a volume of 4 mL, including 0.5 mg of MOF, 3 mL of CH3CN, and 0.3 mL of H2O. 0.3 mL 

of DMA (N, N-dimethylaniline) was added and used as the sacrificial reducing agent. The mixture 

was purged with N2 for 15 min before irradiation by a 420 nm cut off Xe lamp (150 w). The mixture 

was kept stirring during photocatalytic reaction. The amount of H2 generated was quantified using 

Agilent 490 micro gas chromatograph (5 Å molecular sieve column) by analyzing 200 μL 

headspace.  

 

 

Results and Discussion. 
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      Ru-Pt-UIO-67 as well as control samples including Pt-UIO-67, Ru-UIO-67, and UIO-67 were 

synthesized according to previously published literature protocols.43, 58 The morphology of these 

MOF samples were examined by SEM. As shown in Figure 1b, Ru-Pt-UIO-67 MOF particle show 

octahedral or quasi-octahedral shape with sizes ranging from 500-1000 nm, which are similar to 

the morphology of Pt-UIO-67 and Ru-UIO-67 MOF particles (Figure S1). The surface area and 

pore size of Ru-Pt-UIO-67 are 1504 m2/g and 1.65 nm (Figure S1), respectively, which are 

comparable to literature data,40, 59 suggesting the porous structure of Ru-Pt-UIO-67 MOF. Figure 

1c shows the XRD patterns of the above four MOFs. All of the peaks that correspond to UIO-67 

occur in Pt or/and Ru incorporated MOFs, suggesting the retention of parent framework after 

incorporating molecular moieties. The incorporation of Ru and Pt moieties was confirmed by 

diffuse reflectance UV-visible spectroscopy. As shown in Figure 1d, compared to the absorption 

spectrum of UIO-67, an additional broad band (~ 400-600 nm) was observed in the spectrum of 

Figure 1. Synthetic scheme (a) and SEM image of Ru-Pt-UIO-67 MOF. XRD patterns (c) and reflectance 

UV-visible spectra (d) of Ru-Pt-UIO-67, Pt-UIO-67, Ru-UIO-67 and UIO-67. (e) XANES spectra of Ru-

Pt-UIO-67, Pt(dcbpy)Cl2 and Pt foil at Pt L3-edge. The inset shows their EXAFS spectra. 
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Ru-Pt-UIO-67. This broad band is consistent with the combined absorption of Pt complex in Pt-

UIO-67 and Ru complexes in Ru-UIO-67, and thus can be attributed to the absorption resulting 

from Pt and Ru moieties incorporated into UIO-67. EDX analysis in random areas suggested that 

Zr, Ru, Pt elements were abundantly distributed in Ru-Pt-UIO-67 with elemental ratio of Ru/Pt 

about 1.4 (Figure S2).   

     In addition to the bulk structure, the local coordination environment of Pt center was examined 

by steady-state X-ray absorption spectroscopy (XAS). Figure 1e shows the X-ray absorption near 

edge structure (XANES) spectra of Ru-Pt-UIO-67 collected at Pt L3-edge. For comparison, the 

XANES spectra of Pt foil and molecular Pt(dcbpy)Cl2
60 complex were also shown in Figure 1e as 

reference spectra. As shown in Figure 1e, the white line intensity of Ru-Pt-UIO-67 at 11.568 keV, 

corresponding to 2p2/3 to 5d transition, is significantly higher that of Pt foil while remains similar 

to that of Pt(dcbpy)Cl2 sample. As the white line intensity of Pt center is directly related to its 

density of unoccupied d states,61-62 the similar amplitude of this transition among Ru-Pt-UIO-67 

MOF and Pt(dcbpy)Cl2 complex, which is much larger than that of Pt foil, suggests that Pt-moiety 

incorporated into MOF structure retains its PtII oxidation state as that in molecular Pt(dcbpy)Cl2. 

To gain insight on the local coordination structure of Pt in MOF samples, we quantitatively 

analyzed the extended X-ray absorption fine structure (EXAFS) spectra of these samples using 

FEFF model (Figure S3). The resulting fitting parameters are listed in Table S1. It is found that 

the coordination numbers and bond distances of Pt to N atoms in dcbpy and Pt to Cl atoms remain 

same among both samples, further supporting that the structure of Pt(dcbpy)Cl2 retains during 

MOF synthesis. 

     The photocatalytic performance of Ru-Pt-UIO-67 MOF for light-driven H2 generation was 

examined under illumination of a broad band Xe lamp, where the IR and UV light from the Xe 
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lamp was extensively filterd by water filter and 420 nm long-pass filter, respectively. The 

experimental parameters such as the sacrificial donors, solvents, and the amount of proton source 

and MOF particles were systematically varied to find out the conditions that can generate the 

maximum amount of H2 per gram of catalyst (Figure S4). Based on these experiments, the 

optimized condition for the Ru-Pt-UIO-67 photocatalytic system is under Pt-Ru-UIO-67 (0.5  mg), 

0.3 mL of H2O, and 0.3 mL of DMA (N, N-dimethylaniline) in 3 mL acetonitrile solution. Control 

experiments in the absence of either DMA or H2O do not produce H2 (Figure S5), suggesting their 

key roles as sacrificial donor and proton source, respectively. The systems using Pt-UIO-67 or Ru-

UIO-67 with the same metal loading as that in Ru-Pt-UIO-67 produce negligible amount of H2 

(Figure S4), suggesting that both Ru- and Pt-moiety are essential for H2 generation. Shown in 

Figure 2a is the full time profile of H2 generation collected under the optimum condition. The 

system produces H2 steadily for at least 30 hours, achieving 34,000 mol H2/g of MOF, 

corresponding to TON of 801 in terms of Pt.  As shown in our optimization experiments (Table 

S2), the performance of Ru-Pt-UIO-67 for H2 generation can be easily affected by a number of 

experimental parameters, we attributed the significantly enhanced H2 activity and elongated 

duration in current system with respect to the previous result40 to the difference of the catalytic 

conditions, suggesting the necessity of performing optimization experiments carefully.   

Figure 2. (a) Time profile of H2 production by Ru-Pt-UIO-67 under Xe lamp illumination in the presence 

of DMA (0.3 mL) and H2O (0.3 mL) in acetonitrile solution (3 mL). (b) Recycling of Ru-Pt-UIO-67 

catalyst after multiple 10-hour experiments. 
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     To gain insight into the recyclability of the system, we stopped the reaction every 10 hours and 

collected Ru-Pt-UIO MOFs from the reaction mixture via centrifugation. The resulting Ru-Pt-

UIO-67 MOFs were washed with acetonitrile and redispersed in a fresh catalysis mixture for H2 

generation experiment. As shown in Figure 2b, the catalytic activity of the system does not 

decrease at least 3 cycles of experiments, suggesting that Ru-Pt-UIO-67 MOF catalysts are   

recyclable.  

While the photocatalytic experiments above successfully demonstrate the capability of Ru-Pt-

UIO-67 MOF as efficient and robust photocatalysts for H2 generation and both Ru- and Pt- moiety 

play important roles in catalysis, it is essential to examine the CS dynamics to unravel the specific 

roles these moieties play in catalysis. The CS dynamics in Ru-Pt-UIO-67 MOF was examined 

using optical transient absorption (OTA) spectroscopy. Due to the spectral overlap between Ru- 

and Pt-moiety in the UV-visible region (Figure 1d), 480 nm pump light was used as excitation 

source such that majority of the excitation light was absorbed by Ru-moiety. Indeed, the direct 

excitation of Pt-UIO-67 MOFs yields negligible OTA signals, we can thus exclude the contribution 

of Pt-moiety to the OTA signals in the spectra of Ru-Pt-UIO-67 due to direct excitation of Pt-

moiety. Figure 3a and 3b show the femtosecond OTA spectra of Ru-UIO-67 and Ru-Pt-UIO-67, 

Figure 3. Femtosecond OTA spectra of Ru-UIO-67 (a) and Ru-Pt-UIO-67 (b). (c) The comparisons of 

the ground state bleach (GSB) recovery and excited state decay kinetics between Ru-UIO-67 and Ru-

Pt-UIO-67. The GSB recovery kinetics for both Ru-UIO-67 and Ru-Pt-UIO-67 were inverted for better 

comparison.    
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respectively. The OTA spectra of Ru-UIO-67 were used as control to illustrate the intrinsic excited 

state (ES) dynamics of Ru-moiety in MOF framework in the absence of Pt-moiety. As shown in 

Figure 3a, the OTA spectra of Ru-UIO-67 consist of a negative band centered at ~ 514 nm and a 

broad absorption band at ~ 634 nm, which can be attributed to the ground state bleach (GSB) and 

ES absorption of Ru-moiety, respectively. The recovery of GSB and decay of ES follow the same 

kinetics (Figure 3c), as well as the presence of a clear isosbestic point at 554 nm between these 

two spectral features, suggesting that the recovery/decay kinetics of these two species represent 

the same recombination process, i.e. the intrinsic recovery of GS molecules from ES. While the 

similar GSB and ES absorption were observed in the OTA spectra of Ru-Pt-UIO-67, distinct 

differences were observed between two spectra. As shown in Figure 3c, while the GSB recovery 

kinetics of Ru-Pt-UIO-67 remains similar to that of Ru-UIO-67, the ES absorption in Ru-Pt-UIO-

67 decays much faster than that in Ru-UIO-67. These results are consistent with the spectral 

features when electron transfer (ET) process occurs, suggesting that ET from Ru- to Pt-moiety in 

Ru-Pt-UIO-67 is responsible for the enhanced ES decay in Ru-Pt-UIO-67 MOF. As shown in 

Table S3, the GSB recovery and ES decay kinetic traces of Ru-UIO-67 as well as GSB recovery 

of Ru-Pt-UIO-67 can all be fit by the same three-exponential decay function. The ES decay kinetic 

trace of Ru-moiety in Ru-Pt-UIO-67 can also be fit by a three-exponential decay function. 

However, due to the presence of a long-lived decay component (>> 5 ns) which is beyond our 

OTA time window, we are not able to accurately determine the ET time from the fitting results. 

Instead, we compared the half lifetime of ES decay dynamics of Ru-moiety in both samples, which 

is 4.9 ns and 1.2 ns for Ru-UIO-67 and Ru-Pt-UIO-67, respectively. The much shorter half lifetime 

of Ru-moiety ES in Ru-Pt-UIO-67 than Ru-UIO-67 suggests that ET occurs from excited Ru- to 

Pt-moiety. Moreover, the half lifetime of GSB of Ru-moiety in Ru-Pt-UIO-67 (~4.9 ns) is longer 
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than its ES decay, suggesting that the charge recombination process between the reduced Pt-moiety 

and the oxidized Ru-moiety is slower than ET process. 

      

The formation of the charge separated state in Ru-Pt-UIO-67 MOF due to ET from Ru- to Pt-

moiety was further supported by probing the photoinduced electron density change at Pt center 

following the excitation of Ru-moiety using X-ray transient absorption (XTA) spectroscopy. 

Figure 4 shows the Pt L3-edge XANES spectra of Ru-Pt-UIO-67 before (laser-off spectrum, black 

plot) and 300 ps (laser-on spectrum, not shown) after 480 nm excitation. The transient signal due 

to laser excitation was clearly observed in the difference spectrum (red plot) obtained after 

subtracting the laser-off spectrum from the laser-on spectrum. The positive feature at 11.565 keV 

where 2p2/3 to 5d transition occurs indicates that the edge of Pt center shifts to lower energy, 

supporting the formation of reduced Pt center. The reduction of Pt center due to photoexcitation 

of Ru-moiety is further confirmed by the negative signal at 11.568 keV which corresponds to the 

Figure 4. XANES spectrum of Ru-Pt-UIO-67 at Pt L
3
-edge (black plot). The difference XANES 

spectrum (red plot), obtained by subtracting the laser-off spectrum from laser-on spectrum (300 

ps after excitation), is also shown in the figure. Inset shows enlarged laser-on and laser-off 

spectrum 
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reduced intensity of the white line amplitude, i.e. decreased oxidation state of Pt due to 

photoexcitation. As shown in Figure S6, similar difference shows up at different delay times while 

no difference was observed for Pt-UIO-67 control sample. These results unambiguously confirm 

the ET process from excited Ru- to Pt-moiety, consistent with OTA results above.   

 Conclusion. 

 In summary, we have synthesized a hybrid Zr-MOF with simultaneously incorporated 

molecular Ru-photosensitizer and Pt-catalyst, which is highly active, robust, and recyclable for 

catalyzing proton reduction to generate H2 reaction. Using the combination of advanced ultrafast 

OTA and XTA spectroscopy, we investigated the CS dynamics in this hybrid MOF. We show that 

CS in Ru-Pt-UIO-67 MOF occurs through ET from excited Ru- to Pt-moiety, which 

unambiguously unraveled the fundamental roles of the incorporated homogeneous components in 

the heterogeneous MOF matrix for photocatalytic reaction, providing important guidance in 

rational design of hybrid MOF systems for solar to fuel conversion.  
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