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Electron Shuttle in MOF Derived TiO2/CuO Heterojunction Boosts 
Light Driven Hydrogen Evolution 

Yunbo Zhang,a,b† Wenhui Hu,b† Denan Wang,b Benjamin J. Reinhart,c and Jier Huang*b 

Metal organic frameworks (MOFs) have emerged as a novel template to develop porous photocatalytic materials for solar 

fuel conversion. In this work, we report the synthesis, charge separation dynamics, and photocatalytic performance of 

TiO2/CuO heterostructure derived from mixed-phase MOFs based on Ti and Cu metal nodes, which demonstrates 

significantly enhanced catalytic activity for hydrogen evolution reaction (HER) than metal oxides derived from single node 

MOF. More importantly, using transient absorption spectroscopy, we identified the specific role each component in 

heterostructure plays and unravel the key intermediate species that is responsible for the exceptional photocatalytic activity 

of the heterostructure. We found that HER initiates with ultrafast electron transfer (< 150 fs) from the molecular 

photosensitizer to the conduction band of TiO2, where TiO2 acts as an electron mediator and shuttles the electron to CuO 

cocatalyst, facilitating charge separation and ultimately boosting HER efficiency. These results not only demonstrate the 

great potential of using mixed-phase MOFs as template to synthesize mesoporous heterostructure photocatalysts but also 

provide important insight on the HER mechanism. 

Introduction 

     Metal organic frameworks (MOFs) are a novel class of porous 

materials constructed by metal ions or clusters interconnected 

by multidentate organic connectors.1-11 Due to their unique 

properties such as large surface area, high porosity, and 

structural diversity, they have demonstrated great potentials in 

a wide array of applications including gas storage and 

separation,12 sensing,13, 14 catalysis,15-18  and drug delivery.19, 20 

Moreover, due to their capability to maintain porous structure 

after thermal and/or chemical treatment, recent efforts in the 

field have extended the use of MOFs as templates for preparing 

porous semiconductor photocatalysts.21-23 For example, via 

thermal treatment or sulfidation process of MOFs, porous 

materials such as metal oxides,24 carbon materials,25-27 and 

metal sulfides28 have been developed and demonstrated 

enhanced photocatalytic performance than those prepared 

using traditional solid state methods. This is primarily attributed 

to that the MOF-derived materials inherit large surface area and 

uniform pore structure from MOFs, which facilitates maximizing 

the density of active sites and provides easy access of reaction 

substrates. In addition, facile synthesis of MOF-derived porous 

heterostructure based on the combination of 

semiconductor/semiconductor or semiconductor/metal have 

also been reported and demonstrated efficient photocatalytic 

performance for various photocatalytic reactions.29-32 This can 

be attributed to the structural versatility of MOFs as the 

building blocks of MOFs can be readily tuned to include the 

desired (mixed)metals/elements for heterojunction. 

     Among the large number of MOF-derived heterostructure 

materials that have been developed for photocatalytic 

applications, TiO2 based heterostructure (e.g. TiO2/Fe2O3/Pt, 

TiO2/MoS2, TiO2/Co3O4) are one of the most promising materials 

for photocatalytic hydrogen evolution reaction (HER) owing to 

their high catalytic activity, low cost, and nontoxicity.33-35 

However, majority of them were fabricated by calcination of 

MOF composites that combine a pre-existing semiconductor 

with MOF, leading to the difficulty in controlling the distribution 

and poor interaction of TiO2 with cocatalysts/photosensitizer. In 

response to this challenge, in this work, we report the synthesis 

of TiO2/CuO mesoporous heterostructure by calcinating a mixed 

phase MOF by incorporating Cu node into Ti based MOF (Cu 

doped MIL-125),23, 36 where the atomic ratio of Ti and Cu in the 

heterostructure can be readily tuned by feeding the different 
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Scheme 1. The synthetic scheme for c-MIL-125, c-MIL-125_0.4Cu, and c-Cu-

BDC. 



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

concentrations of the starting metal salts. We show that, in the 

presence of molecular photosensitizer ([Ru(bpy)3]2+, bpy = 2,2’-

bipyridine), TiO2/CuO mesoporous heterostructure can 

efficiently catalyse HER with exceptional catalytic performance 

(106,419 μmol H2/g heterostructure) and long durability (> 22 

hours). More interestingly, using transient absorption 

spectroscopy, we found that the significantly enhanced 

photocatalytic activity in TiO2/CuO mesoporous 

heterostructure can be attributed to the ultrafast electron 

transfer from [Ru(bpy)3]2+ to TiO2 (< 150 fs), where TiO2 acts as 

an electron mediator and effectively shuttles electron to CuO 

cocatalyst, facilitating charge separation and ultimately 

boosting photocatalytic performance. 

Experimental 

Materials and Reagents 

     Titanium(IV) isopropoxide ( ≥ 97%, Aldrich), Copper(II) 

nitrate hydrate (98%, ACS reagent,  Sigma-Aldrich), Terephthalic 

acid (H2BDC, 98%, Aldrich ), N,N-Dimethylformamide (DMF, 

Certified ACS, Fisher Chemical), Methanol (Certified ACS, Fisher 

Chemical), Acetonitrile (HPLC Grade, 99.99%, Fisher Chemical), 

Triethanolamine (TEOA, reagent grade, 98%, Sigma-Aldrich), 

and Acetic acid (Certified ACS, Fisher Chemical), are used 

directly without further purification. [Ru(bpy)3]2+ (bpy = 2,2’-

bipyridine) was synthesized according to the published 

literature procedure.37 

The synthesis of MIL-125, Cu-BDC, and MIL-125_xCu MOFs 

     The synthesis of single node MOFs, i.e. MIL-125 and Cu-BDC, 

which involves the coordination of terephthalic acid (H2BDC) to 

Ti and Cu, respectively (Scheme 1), follows the method reported 

previously.36, 38, 39 In a typical synthetic procedure for MIL-125, 

0.193 g of H2BDC is dissolved in solution containing 2.17 mL of 

DMF and 2.17 mL of methanol. 0.455 mL of acetic acid is then 

added to the solution, which is followed by the addition of 

titanium isopropoxide (0.074 mL). The mixture is then sonicated 

for 10 mins at room temperature. After that, the mixture is 

transferred to a 20 mL scintillation vial and kept at 110 ℃ for 24 

h. The solid formed in the mixture (MIL-125) is collected by 

centrifugation, which is then washed twice by DMF and 

methanol, respectively. The obtained MIL-125 MOFs are dried 

in a fume hood at room temperature for 3 hours before use. The 

synthesis of Cu-BDC follows the same method as that of MIL-

125 except for that titanium isopropoxide is replaced by copper 

nitrate hydrate.  

     The synthesis of mixed phase Cu/Ti MOFs follows the same 

procedure as that of MIL-125 and Cu-BDC except for that the 

mixture of copper nitrate hydrate and titanium isopropoxide is 

used as metal precursors (Scheme 1).23 The ratio of Cu to Ti is 

controlled by feeding different molar ratio of Cu to Ti in the 

metal precursors, i. e. 0.1:1, 0.2:1, 0.3:1, 0.4:1, 0.7:1, 

respectively. The obtained mixed-phase samples are denoted 

according to the molar ratio of Cu to Ti as MIL-125_xCu (x=0.1, 

0.2, 0.3, 0.4, and 0.7), where x corresponds to the molar ratio of 

Cu to Ti.  

The synthesis of calcinated products from MIL-125, Cu-BDC, and 

MIL-125_xCu MOFs 

     To synthesize MOF-derived metal oxides, MIL-125, Cu-BDC, 

and MIL-125_xCu are calcined at 400⁰C for 6 hours, which result 

into the formation of mesoporous TiO2, CuO, and TiO2/CuO 

heterostructure and are named as c-MIL-125, c-Cu-BDC, and c-

MIL-125_xCu, respectively, to distinguish them from the metal 

oxides synthesized through conventional no-template methods. 

CuO prepared through conventional method without MOF 

template is synthesized through heating copper nitrate hydrate 

at 400°C for 2h40 and used as control sample. 

Photocatalytic Hydrogen Evolution Reaction (HER) 

     The HER is performed in a glass vial reactor with a volume of 

11 mL and can be sealed with a rubber stopper under the 

illumination of 450 nm LED lamp.41 The general photocatalytic 

system includes [Ru(bpy)3]Cl2.6H2O (2 mg), metal oxide 

catalysts (0.2 mg),  acetonitrile (3.8 mL), and TEOA (0.2 mL). The 

reaction mixture is purged with nitrogen for 10 mins to remove 

oxygen before the photocatalytic reaction. 200 μL of the 

headspace gas is injected into the gas chromatography for 

quantitative measurements. 

Standard Characterization 

     UV-Visible absorption and diffuse reflectance spectra are 

collected from a Cary 5000 UV-VIS-NIR spectrophotometer with 

internal diffuse reflectance accessory. The powder X-ray 

diffraction (XRD) patterns are collected using a Rigaku Miniflex 

II XRD diffractometer with Cu Kα radiation. Fourier transformed 

infrared (FTIR) absorption spectra are measured from the solid 

powders by using a Thermo Fisher Scientific Nicolet iS5 FTIR 

spectrometer with an iD3 ATR accessory. Scanning electron 

microscopy is performed with a JEOL JSM-6510LV operating in 

the secondary electron mode. Gas adsorption isotherms are 

performed by using the surface area analyser ASAP-2020. N2 gas 

adsorption isotherm is measured at 77K using a liquid N2 bath. 

The amount of H2 generated is quantified using Agilent 490 

micro gas chromatograph (5 Å molecular sieve column). 

Steady state X-ray absorption spectroscopy (XAS) 

     XAS spectra are measured at the beamline 12-BM-B (Ti k-

edge) and 11-IDD (Cu k-edge) at the Advanced Photon Source, 

Argonne National Laboratory. The XAS data at Ti k-edge are 

collected under room temperature with fluorescence mode 

using a 13-element germanium solid-state detector. The Ti 

metal foil is used for energy calibration. The powder samples 

are dispersed on Kapton tape during the measurement. The Ti 

metal foil is used for energy calibration. The XAS data at Cu k-

edge are collected under room temperature with absorption 

mode. The Cu sample pallets are prepared by mixing with boron 

nitride followed by pressing. The prepared pallets are covered 

with Kapton tape then place onto the sample holder. Cu metal 

foil is used for the energy calibration.  
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Femtosecond Transient absorption (TA) spectroscopy  

     The femtosecond TA 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 450 nm pump, 

chopped at 500Hz, is generated in TOPAS from 75% of the split 

output from the Ti-Sapphire laser. The other 25% is used to 

generate broad visible probe pulses by while light generation in 

a Sapphire window (430-750 nm). Helios ultrafast spectrometer 

(Ultrafast Systms LLC) is used to collect the TA spectra. To 

prepare thin film for TA measurements, the MOF-derived 

samples (⁓ 0.8 mg) are dispersed in methanol (⁓ 1 mL), which is 

followed by sonication for 1h. ⁓5 drops of the suspension are 

dropped to glass surface and dried in air for 30 mins, which 

results in the formation of semi-transparent thin films. A few 

drops of [Ru(bpy)3]2+ (⁓ 20 mg) in methanol (10 mL) solution are 

then dropped onto the surface of these films to make 

[Ru(bpy)3]2+ sensitized metal oxide films. During the TA 

measurement, thin film samples are mounted on a sample stage 

which is continuously translated to avoid heating and 

permanent degradation of the sample.  

Results and discussion 

Synthesis and Characterization 

     The single node Ti-MOF (MIL-125) and single node Cu-MOF 

(Cu-BDC) are prepared from the reaction of terephthalic acid 

(H2BDC) with titanium isopropoxide and copper nitrate hydrate, 

respectively (details in experimental session and Scheme 1).23, 

36, 38, 39 The mixed-phase Cu/Ti-MOFs are synthesized following 

the 

same procedure as the single node MOF except that the mixture 

of titanium isopropoxide and copper nitrate hydrate is used. By 

varying the concentration of copper nitrate hydrate, mixed-

phase Cu/Ti-MOFs with different atomic ratio of Cu to Ti are 

synthesized and denoted as MIL-125_xCu (x=0.1-0.7), where x 

represents the atomic ratio of Cu to Ti in the feeding metal 

precursors. The powder X-ray diffraction (XRD) patterns (Figure 

1a) and FTIR spectra (Figure S1) of MIL-125 and Cu-BDC are 

consistent with those reported in the literature,23, 42 suggesting 

the formation of these single-node MOFs. In addition, the XRD 

patterns of MIL-125_xCu show features from both MIL-125 and 

Cu-BDC, suggesting the formation of the mixed-phase MOFs 

from the combination of MIL-125 and Cu-BDC. The XRD patterns 

of MIL-125_xCu gradually change from MIL-125 to Cu-BDC with 

the increasing content of Cu, which supports that Cu-BDC like 

phase increases with increasing Cu.  

     In addition to the bulk structure, the local coordination 

geometry at Ti and Cu center in the single-node and mixed-

phase MOFs is examined using X-ray absorption spectroscopy 

(XAS), which is performed at Advanced Photon Source, Argonne 

National Laboratory. Figure 1b shows the X-ray absorption near 

edge structure (XANES) spectrum at Ti k-edge for MIL-125, 

which is mainly featured by two absorption peaks at 4968-4975 

eV and 4986 eV, corresponding to 1s-3d and 1s-4p transitions, 

respectively. The presence of triple peaks at pre-edge region, 

which are labelled by A1, A3, and B according to the recent 

conventions43, 44 and have been observed previously in other Ti 

based materials,45-47 can be attributed to the presence of 

distorted TiO6 octahedron. The quantitative analysis of the 

extended X-ray absorption fine structure (EXAFS) spectrum 
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Figure 1. (a) Powder XRD patterns of MIL-125, Cu-BDC, and MIL-125_xCu (x=0.1-0.7); XANES spectra and EXAFS spectra in R-space with fitting (inset) 

of MIL-125 and MIL-125_0.4Cu at Ti k-edge (b) and Cu k-edge (c). (d) Powder XRD patterns of c-MIL-125, c-Cu-BDC, and c-MIL-125_xCu (x=0.1-0.7), as 

well as conventional CuO and standard PDF cards of TiO2 and CuO; XANES spectra and EXAFS spectra in R-space with fitting (inset) of c-MIL-125 and 

c-MIL-125_0.4Cu at Ti k-edge (e) and Cu k-edge (f).  
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(Figure 1b and S2, Table S1) reveals that each Ti is coordinated 

with three types of O atoms with Ti-O distance in the region of 

1.82 Å and 2.07 Å. These results, consistent with the reported 

MIL-125 crystal structure,48 further supports the formation of 

MIL-125. Upon the incorporation of Cu node, the XANES 

spectrum of MIL-125_0.4Cu at Ti k-edge also shows 

characteristic triple band pre-edge structure as that of MIL-125, 

suggesting that the local coordination geometry at Ti in MIL-

125_0.4Cu retains the distorted TiO6 octahedron. However, 

slight difference is observed in the XANES spectra of these two 

samples, where the intensity of B increases while the intensity 

of A3 decreases in MIL-125_0.4Cu with respect to that of MIL-

125. It has been shown previously that the intensity of B and the 

ratio of A2/A3 reflect the degree of distortion.44 As a result, the 

enhanced B and reduced A3 may result from the increasing 

distortion at Ti center due to Cu incorporation in MIL-125_0.4Cu. 

Additional difference is observed in the EXAFS spectra in R-

space (inset of Figure 1b), where the first shell peak 

corresponding to Ti-O bond in the spectrum of MIL-125_0.4Cu 

extends to longer bond distance compared to that in MIL-125. 

This is consistent with the fitting results, where the Ti-O path 

with longer distance contributes more in MIL-125_0.4Cu than in 

MIL-125 (Table S1). These results together suggest that the 

introduction of Cu in MIL-125 causes the distortion of Ti local 

structure, which also suggests that the mixed-phase MIL-

125_0.4Cu includes direct incorporation of Cu into the 

framework of MIL-125 rather than being in a separate 

framework.  

     In addition to Ti edge, the Cu k-edge XAS spectra are also 

collected and compared between MIL-125_0.4Cu and Cu-BDC. 

As shown in Figure 1c, the XANES spectrum of Cu-BDC at Cu k-

edge is featured by a sharp absorption peak at 8896 eV 

corresponding to Cu 1s to 4p transition and a noticeable pre-

edge feature at 8977 eV corresponding to quadrupole 1s-3d 

transition. Because Cu has electronic configuration of 3d104s1, 

the quadrupole 1s-3d transition is only allowed when Cu2+ (3d9) 

exists,49, 50 suggesting that Cu-BDC is dominated by Cu2+. The 

quantitative analysis on EXAFS spectrum of Cu-BDC (inset of 

Figure 1c) yields that each Cu is coordinated with five O atoms 

with two different Cu-O distances at 1.96 Å and 2.2 Å, which is 

consistent with the crystal structure of Cu-BDC51 and further 

supports the formation of Cu-BDC. Upon the introduction of Cu 

into MIL-125, the XANES spectrum of MIL-125_0.4Cu at Cu 

center (Figure 1c) shows similar pre-edge feature but slightly 

different white line with respect to that of Cu-BDC, suggesting 

that Cu2+ retains but the local coordination environment has 

somewhat changed. This is also reflected from its EXAFS 

spectrum (inset of Figure 1c and S2), where the intensity of Cu-

O path increases compared to that in Cu-BDC. Further 

quantitative analysis on the EXAFS spectra (inset of Figure 1c 

and S2, Table S2) reveals the increase of coordination number 

and decrease of disorder (smaller Debye-Waller factor). These 

results, similar to the previous literature data,52 suggest that Cu 

replaces some of the Ti sites in MIL-125_0.4Cu, consistent with 

the XAS results at Ti edge. 

     These MOF samples are calcinated at 400⁰C in air for 6 hours, 

which result into the formation of their corresponding 

semiconductor oxide or heterostructure. As shown in  Figure 1d, 

the calcinated MIL-125 (denoted c-MIL-125) and Cu-BDC 

(denoted c-Cu-BDC) exhibit XRD patterns that match well with 

the standard PDF cards of TiO2 and CuO, respectively, 

suggesting the formation of pure TiO2 and CuO after 

calcination.53 The XRD patterns of the products obtained after 

calcinating MIL-125_xCu MOFs (denoted c-MIL-125_xCu) show 

characteristic peaks from both TiO2 and CuO, and gradually 

change from TiO2-like to CuO-like patterns with increasing Cu 

content, suggesting the formation of TiO2/CuO heterostructure 

with increasing amount of CuO, consistent with their 

corresponding MOFs. The formation of the semiconductor 

oxide and heterostructure is further confirmed by XAS. After 

calcination, the XANES spectrum of c-MIL-125_0.4Cu shows 

similar features as that of c-MIL-125 at Ti k-edge (Figure 1e), 

which are consistent with that of previous reported TiO2 and 

CuO,45-47, 52, 54 suggesting the formation of TiO2 in the 

heterostructure after calcination. At Cu edge, the XANES 

spectrum of c-MIL-125_0.4Cu shows almost the same features 

as that of c-Cu-BDC (Figure 1f), which is similar to the reported 

calcinated Cu-MIL-125 XANES features,52 confirming the 

conversion of Cu-BDC to CuO after calcination. However, there 

is slight difference in the coordination number at both Ti and Cu 

center in c-MIL-125_0.4Cu compared to that of c-MIL-125 and 

c-Cu-BDC (Table S3 and S4), respectively, suggesting that the 

presence of Cu/Ti metal has impact on the coordination 

environment of Ti/Cu in the heterostructure derived from the 

mixed phase MOF.       

     The formation of TiO2/CuO heterostructure was further 

supported by diffuse reflectance (DR) spectra (Figure 2a and 

Figure S4), where the DR spectra of the c-MIL-125_xCu exhibit 

an additional absorption in visible region with respect to that of 

c-MIL-125 (pure TiO2). This additional absorption band is 

consistent with the band observed in the c-Cu-BDC (pure CuO) 

and can thus be attributed to the presence of CuO in the 

heterostructure. The SEM images of calcinated samples show 

similar morphology as their derived MOFs (Figure 2b-2d), 

suggesting the retain of the MOF morphology. The size of the 

Figure 2. (a) Diffuse reflectance spectra of c-MIL-125, c-Cu-BDC, and c-MIL-

125_0.4Cu; SEM images of c-MIL-125 (d), c-MIL-125_0.4Cu (e), c-Cu-BDC (f) 

as well as their corresponding MOFs before calcination in the insets.  
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calcinated samples is smaller than those MOFs, which is likely 

due to the removal of the organic ligands during calcination 

process.23 The retain of MOF porosity is further supported by 

the N2 adsorption/desorption experiment, where the calcinated 

heterostructure shows similar pore size as its corresponding 

MOF (Figure S5 and Table S5) although smaller BET surface. In 

addition, the EDX mapping suggests that both Cu and Ti have 

relatively uniform distribution in c-MIL-125_0.4Cu (Figure S6 

and S7). 

Photocatalytic Performance for HER 

     The photocatalytic performance of c-MIL-125_xCu 

heterostructure for hydrogen evolution reaction (HER) was 

examined upon the illumination by a 450 nm LED lamp in the 

presence of [Ru(bpy)3]2+ as photosensitizer and TEOA as 

electron sacrificial agent in acetonitrile solution.41, 55 As shown 

in Table S6, the control experiments by omitting TEOA and 

[Ru(bpy)3]2+ results in minimal amount of H2, suggesting that 

both of them are essential for HER. On the other hand, the 

system without including c-MIL-125_xCu can generate 291 

μmol H2 per gram of [Ru(bpy)3]2+, which has been observed 

previously41, 56 and can be attributed to that [Ru(bpy)3]2+ have 

intrinsic photocatalytic activity for HER. In addition, the 

experimental conditions such as the concentration of TEOA, the 

concentration of the catalyst, as well as the power of LED light, 

are systematically varied to optimize the HER efficiency (Table  

S6), from which we found that the system shows best 

performance (19036 μmol H2/g catalyst) when 0.2 mL TEOA, 0.2 

A LED power, and 0.2 mg of c-MIL-125_0.4Cu were used. As a 

result, these conditions are employed for further optimizing the 

catalytic performance of the c-MIL-125_xCu with different 

content of Cu. As shown in Figure 3a, the catalytic performance 

increases initially with increasing Cu content (x=0.1-0.3) and 

reaches maximum when Cu content is 0.4. After that, the 

further increase of Cu content results into the decrease of HER 

performance. The best performance for HER found is in c-MIL-

125_0.4Cu. As shown in the time profile of c-MIL-125_0.4Cu for 

HER (Figure 3b), c-MIL-125_0.4Cu can steadily generate H2 for 

at least 22 hours, which reaches 106,419 μmol/g. This is ⁓36 

times better than c-MIL-125 and ⁓ 2 times better than that of c-

Cu-BDC, suggesting that heterostructure plays an important 

role in enhancing the photocatalytic activity for HER.   

     The cease of HER can be attributed to the degradation of 

[Ru(bpy)3]2+, as the UV-visible absorption spectrum of 

[Ru(bpy)3]2+ before and after catalyst has changed significantly 

while the XRD patterns of c-MIL-125_0.4Cu has negligible 

change (Figure S8). The stability of the c-MIL-125_0.4Cu 

photocatalytic system was further investigated via recycling 

experiments, where c-MIL-125_0.4Cu was centrifuged from the 

catalysis mixture, washed with acetonitrile, and re-dispersed in 

a fresh catalysis mixture after every 2 hours of photocatalysis. 

As shown in the inset of Figure 3b, the catalytic activity retains 

for at least 3 cycles of experiment, suggesting the recyclability 

of the system. 

 

Photoinduced Charge Separation Dynamics  

     To gain insight on the catalytic mechanism and the specific 

roles each component plays, we examined the charge 

separation dynamics of these samples using transient 

absorption (TA) spectroscopy. The TA spectra of the control 

sample, i.e. [Ru(bpy)3]2+ on Al2O3, are first examined.  Due to the 

significantly large band gap and high conduction band edge of 

Al2O3, neither charge transfer nor energy transfer should occur 

from [Ru(bpy)3]2+ to Al2O3.57 As shown in Figure 4a, the TA 

spectra of [Ru(bpy)3]2+/Al2O3 show a negative feature < 500 nm 

and a broad absorption from 525-750 nm, which can be 

attributed to the ground state bleach (GSB) and excited state 

absorption (ESA) of [Ru(bpy)3]2+, respectively.58 The GSB 

recovers and the ESA decays simultaneously with an isosbestic 

point at 522 nm, suggesting that they correspond to the same 

relaxation process, i.e. the excited state of [Ru(bpy)3]2+ returns 

to ground state. Compared to the TA spectra of 

[Ru(bpy)3]2+/Al2O3, the TA spectra of [Ru(bpy)3]2+ on c-MIL-125 

(pure TiO2) show distinct spectra features (Figure 4b), where the 

ESA observed in [Ru(bpy)3]2+/Al2O3 disappears, the GSB 

becomes broader, and a positive absorption at > 670 nm is 

observed. The positive feature agrees well with the absorption 

of [Ru(bpy)3]2+ in its oxidized state and/or electron absorption in 

the conduction band of TiO2,58, 59 suggesting that ultrafast 

electron transfer (ET) occurs from [Ru(bpy)3]2+ to c-MIL-125, 

which results in the quenching of ESA of  [Ru(bpy)3]2+, the 

formation of oxidized [Ru(bpy)3]2+ and/or injected electrons in 

TiO2. The ET process is further supported by the comparison of 

the GSB kinetic traces between [Ru(bpy)3]2+/c-MIL-125 and  

[Ru(bpy)3]2+/Al2O3, where the former shows a longer lived GSB 

(Figure 4c), which can be attributed to the slower charge 

recombination in the former since the charge recombination 

has to occur between the oxidized [Ru(bpy)3]2+ and the 

electrons in the conduction band of  c-MIL-125. Since the decay 

of ESA of [Ru(bpy)3]2+ as well as the formation of oxidized 

[Ru(bpy)3]2+ or electrons in TiO2 occur immediately after the 

photoexcitation, we believe that the ET process is ultrafast and 

beyond our TA tempol resolution (~ 150 fs). 

     The TA spectra of [Ru(bpy)3]2+ on c-Cu-BDC (pure CuO) was 

also examined under the same conditions as [Ru(bpy)3]2+/c-MIL-

125. Note that the TA spectra of [Ru(bpy)3]2+/c-Cu-BDC (Figure 

4d) are dominated by the features from c-Cu-BDC (Figure 4e) 

with negligible spectral contribution from [Ru(bpy)3]2+. This can 

be explained by the much larger extinction coefficient of c-Cu-

BDC than that of [Ru(bpy)3]2+ at the excitation wavelength (450 

nm), resulting into that majority photons are absorbed by c-Cu-
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Figure 3. (a) The comparison of HER performance among c-MIL-125, c-MIL-

125_xCu, and conventional CuO; (b) The HER time profile of c-MIL-
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BDC rather than [Ru(bpy)3]2+. This issue might be addressed by 

selectively exciting [Ru(bpy)3]2+ in [Ru(bpy)3]2+/c-Cu-BDC 

sample. However, the absorption of c-Cu-BDC covers the whole 

spectrum where [Ru(bpy)3]2+ absorbs (Figure 2a), leading to the 

challenge in examining ET dynamics in [Ru(bpy)3]2+/c-Cu-BDC. 

Nevertheless, [Ru(bpy)3]2+ in the presence of c-Cu-BDC exhibits 

much higher HER activity than that without c-Cu-BDC, and that 

c-Cu-BDC without [Ru(bpy)3]2+ shows negligible catalytic 

activity, suggesting that [Ru(bpy)3]2+ and c-Cu-BDC play roles as 

photosensitizer and cocatalyst, respectively. In addition, the 

photocatalytic activity of c-MIL-125_xCu (x=0.2-0.7) is higher 

than that of c-Cu-BDC and ultrafast ET occurs from [Ru(bpy)3]2+ 

to c-MIL-125, suggesting that c-MIL-125 must play an important 

role in charge separation, where c-MIL-125 acts as an electron 

mediator by extracting electrons from [Ru(bpy)3]2+ and shuttling 

them to c-Cu-BDC (Figure 4f) to perform HER.  

Conclusions 

In summary, we report the synthesis, charge separation, and 

catalytic performance of mesoporous TiO2/CuO 

heterostructure derived from the mixed-phase (Cu/Ti) MOFs for 

HER. We show that MOF-derived TiO2/CuO heterostructure 

retains the porosity of MOFs, resulting into exceptional catalytic 

performance and durability for HER, which is significantly higher 

than the metal oxides derived from single node MOF and 

synthesized by conventional method. Using transient 

absorption spectroscopy, we show that the significantly 

enhanced catalytic activity of TiO2/CuO heterostructure can be 

attributed to the ultrafast electron transfer from the 

photosensitizer to TiO2, where TiO2 acts as an electron 

mediator, facilitating charge separation between the 

photosensitizer and CuO cocatalyst. These results not only 

demonstrate the great promise to use mixed-phase MOF as 

template for synthesizing semiconductor oxide heterostructure 

but also provide important insight on the catalytic mechanism 

of the heterostructure photocatalyst for HER. 
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