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Dye-sensitized Pt@UiO-66(Zr) metal-organic 

framework for visible-light photocatalytic 

hydrogen production 

Jiao He, Jiaqiang Wang,* Yongjuan Chen, Jinping Zhang, Deliang Duan, Yao 
Wang and Zhiying Yan* 

A stable photoactive metal-organic framework UiO-66(Zr) 

sensitized by adsorbed or directly added Rhodamine B dye 

exhibited photocatalytic activity for hydrogen evolution 

under visible-light illumination (λ≥420nm). Pt as a co-catalyst, 

the adsorbed and directly added dye extremely enhanced the 

photocatalytic activity to 30 and 26 times of the value 

afforded by bare Pt@UiO-66(Zr), respectively. 

In search of solutions to the increasingly serious energy and 

environmental problems all over the world, considerable efforts have 

been invested in heterogeneous photocatalytic hydrogen production 

based on semiconductor by water splitting. Meanwhile, metal-organic 

frameworks (MOFs) have aroused widespread interest recently due to 

their high surface areas, crystalline open structures, tunable pore size 

and functionality. Especially, they have a high volume fraction of active 

metal sites which inspired their potential applications in catalysis.1 

Although there are still some limitations, the opportunities of MOFs as 

heterogeneous catalysis are very encouraging.2 Because of the well-

defined crystal structures of MOFs and controllable chromophore 

distances via crystal engineering, highly crystalline MOFs have 

provided an ideal platform for designing molecular solids for light 

harvesting.3 

Recently, the possibility of using MOFs as semiconductors in 

where photon absorption produces a state of charge separation has been 

explored especially on Zn-based MOF-5.4 Even directly photocatalytic 

water splitting over Zr-based MOFs formed by terephthalate and 2-

aminoterephthalate ligands (UiO-66 and NH2-UiO-66) has been 

reported.5 Bimetallic MOFs encapsulating infinite linear polyiodide 

chains also exhibited photocatalytic hydrogen production activity under 

UV irradiation.6 However, these MOFs are not highly effective for 

photocatalysis and one of the reasons could be that they cannot respond 

to visible-light effectively. 

There are mainly two approaches to obtain visible-light responsive 

MOFs. One is to select ligands or metal centres with visible-light 

response and the other is post-synthetically functionalization. For 

example, porphyrins are versatile functional molecules for light 

harvesting so a porphorin-based Al-MOF7 and Pt nanaoparticles coated 

by photoactive Zr-MOF built from [Ir(ppy)2(bpy)]+-derived ligand8 was 

synthesized for visible-light photocatalysis. A Fe-based MOF shows 

visible-light photocatalytic activity because Fe(III) oxides could be 

promising visible-light photocatalysts.9 An amine-functionalized MIL-

125(Ti)10 and UiO-66(Zr)11 exhibited photocatalytic activities under 

visible-light for CO2 reduction. The NH2-MIL-125(Ti) can also be used 

to produce hydrogen by using Pt cocatalyst12 while the NH2-UiO-66(Zr) 

could degrade organic dyes under visible-light.13 Recently, even the 

amino group of the NH2-MIL-125(Ti) has been post-functionalized 

with dye-like molecular fragment to improve its visible-light activity.14 

Besides, photocatalytic hydrogen generation over a Ru-MOF with  

Ru(bpy)3
2+ as photosensitizer, MV2+ (N,N’-dimethyl-4,4’-bipyridinium) 

as an electron relay and EDTA-2Na as electron donor has been 

realized.15  The Cu-doped ZIF-67(Co) could also be used for visible-

light photocatalysis.16 

Meanwhile, it must be mentioned that since dye-sensitized 

colloidal TiO2 films with enhanced light-to-electric energy conversion 

yield was reported in 1991,17 dye-sensitization has become a relatively 

mature technology for visible-light harvesting when it comes to 

semiconductor photocatalysts. Given the aforementioned 

photoactivities of MOFs, one may wondered if a dye-sensitized 

photocatalytic process in a MOF could be accomplished. Integrating the 

concept of dye-sensitized semiconductor into MOF-based photocatalyst 

may adopt the merits of both MOF and semiconductor to overcome 

their respective drawback for photocatalysis. 

We have reported in our previous work that the sensitization of 

CdS by visible-light responsive MIL-101(Cr) could beneficial to 

photocatalytic hydrogen production over CdS.18 In this work, UiO-

66(Zr) was considered as photocatalyst for hydrogen production due to 

its intrinsic photoactivity5 and good thermal stability.19 UiO-66(Zr) was 

prepared by using a modified procedure as described in literature.5 Pt 

nanoparticles (NPs) were then incorporated and Rhodamine B (RhB) 

dye was used as sensitizer to absorb visible-light. The X-ray diffraction 
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(XRD) pattern (see Fig. S1 in the ESI), a type I nitrogen 

adsorption/desorption isotherm (Fig. S2) and a Langmuir surface area 

of ~1026.0 m2/g confirm that UiO-66(Zr) was properly synthesized. As 

shown in Fig. 1a, the synthesized UiO-66(Zr) composed of cubes in the 

scale of 30 to 50 nm. Pt was introduced into UiO-66(Zr) by reduction of 

H2PtCl6 with ascorbic acid. HR-TEM (Fig. 1b) revealed that Pt NPs 

obtained with a particle size distribution of about 3 to 5 nm disperse 

over the UiO-66(Zr). This confirmed the successful preparation of 

Pt@UiO-66(Zr). 

 

Fig. 1 (a) TEM image of UiO-66(Zr) and (b) HR-TEM of Pt@UiO-66(Zr) showing Pt 

NPs. 

Pure UiO-66(Zr) is white powder with barely absorption in the 

visible-light region (λ≥420nm). UV-vis diffraction spectrum (DRS) 

(Fig. 2) shows that UiO-66(Zr) has an absorption band-edge of 335 nm. 

The absorption in UV region could be attributed to the π→π* transition 

in organic ligands. It has been reported that UiO-66(Zr) possesses 

photocatalytic activity because of its ability to act like semiconductors.5 

Effective photoexcitation leads to charge separation with electrons 

populating the lowest unoccupied molecular orbital (LUMO) and holes 

in the highest occupied molecular orbital (HOMO).5 Based on the 

relation Eg=1240/λ, the calculated band gap of UiO-66(Zr) is 3.05 eV. 

Meanwhile, it is worth noting the viewpoint that MOFs should be seen 

as an array of self-assembled molecular catalysts rather than as classical 

semiconductors and the optical absorption spectra depicted of them 

should be considered as sets of individual discrete absorption bands. So 

the HOMO-LUMO gap terminology should be used in order to describe 

the discrete characteristics of the light-induced transitions in these 

coordination compounds.14 The introduction of Pt NPs contributes to 

the enhancement of light absorption intensity of the UiO-66(Zr) in the 

visible-light region, which is in accordance with the colour change of 

the samples, from white to pale grey. When RhB was adsorbed, the 

sample turned into purplish pink. UV-vis DRS shows that the 

absorption intensity of Pt@UiO-66(Zr) in visible-light region was 

greatly improved after being sensitized by RhB and the absorption 

range was expanded to  about 600 nm. The result suggests potential 

photocatalytic activity of the RhB-sensitized Pt@UiO-66(Zr) under 

visible-light irradiation. In comparison with RhB aqueous solution, the 

DRS of RhB adsorbed on UiO-66(Zr) in the visible-light region was not 

significantly changed and the location of intrinsic absorption peak is 

still about 554 nm. This implies that the structures of the dye molecules 

were not changed and there are no strong interactions between RhB dye 

and the MOFs. 

Mott-Schottky plots of UiO-66(Zr) were measured at frequency of 

1000 and 1500 Hz. As shown in Fig. 3, the positive slope of the 

obtained C−2 to Potemtial plot is consistent with that of typical n-type 

semiconductors. The intersection points do not depend on the different 

frequency applied. The flat band position (Vfb) determined from the 

intersection is approximately -0.70 V vs. Ag/AgCl (i.e. -0.50 V vs. 

NHE) for UiO-66(Zr). Since it is generally believed that the bottom of 

the conduction band in many n-type semiconductors is more negative 

by  about 0.10 V than the flat band potential,20 the conduction band 

(LUMO) of UiO-66(Zr) can be estimated to be -0.60 V vs. NHE, which 

is more negative than the redox potential of H+/H2 (-0.41 V vs. NHE, 

pH=7).21 According to a band gap of 3.05 eV as described above, the 

valence band (HOMO) can be calculated to be 2.45 V vs. NHE.  

 

Fig. 2 UV-vis diffraction spectra of (a) UiO-66(Zr), (b) Pt@UiO-66(Zr), (c) RhB-

sensitized Pt@UiO-66(Zr) and (d) 5 ppm RhB aqueous solution (inset shows 

photographs of a, b and c). 

 

Fig. 3 Mott–Schottky plot of UiO-66(Zr) in 0.2 M Na2SO4 aqueous solution. 

In a dye-sensitized photocatalytic system, dyes absorb visible-light 

to form electronically excited states. The redox potentials of RhB and 

excited RhB* are 0.95 V and -1.42 V vs. NHE, respectively.22 

Considering the potential of LUMO in UiO-66(Zr) (-0.60 V vs. NHE), 
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direct electron transfer from RhB* to UiO-66(Zr) is thermodynamically 

favourable. Therefore, it is permissible for the reduction of protons to 

realize photocatalytic H2 generation. 

The photocatalytic activities of the catalysts were evaluated in the 

presence of triethanolamine (TEOA) as an electron donor. As shown in 

Fig. 4a, although photocatalytic H2 production over UiO-66(Zr) 

irradiated by a xenon-doped mercury lamp has been reported,5 no 

appreciable H2 evolution was detected over pure UiO-66(Zr) under 

visible-light irradiation in this work. This is because UiO-66(Zr) is not 

able to absorb and utilize visible-light. But when 1 wt % of Pt NPs are 

incorporated, the Pt@UiO-66(Zr) shows an rate of 3.9 µmol/g·h for H2 

production (Fig. 4b). This is consistent with the slightly enhancement 

on light absorption intensity of Pt@UiO-66(Zr) in the visible-light 

region (Fig. 2). 

 

Fig. 4 Photocatalytic H2 production over (a) UiO-66(Zr), RhB-sensitized UiO-66(Zr), 

(b) Pt@UiO-66(Zr) and RhB-sensitized Pt@UiO-66(Zr) under visible-light. 

The UiO-66(Zr) and Pt@UiO-66(Zr) were sensitized by using 

10ppm and 100ppm RhB ethanol solution (denoted as RhB/UiO-

66(Zr)-X and RhB/Pt@UiO-66(Zr)-X, X=10, 100). As shown in Fig. 4a 

and Table S2, RhB/UiO-66(Zr)-10 (1.63mg/g RhB adsorbed) exhibited 

a photocatalytic activity of 2.7 µmol/g·h. However, when more dyes 

were adsorbed on UiO-66(Zr) (7.43 mg/g for RhB/UiO-66(Zr)-100), 

the H2 generation rate was not significantly increased as expected. But 

when the same amount of dye adsorbed on RhB/UiO-66(Zr)-100 (7.43 

mg/g) was directly added into the solution just before light irradiation 

(RhB/UiO-66(Zr)-100* in Fig. 4a), the photocatalytic activity reached 

33.9µmol/g·h. The results show that RhB in solution can also sensitize 

UiO-66(Zr) effectively. And more importantly, the dosage of dye had a 

great influence on the photocatalytic activity. 

When Pt was used as a co-catalyst, as shown in Fig. 4b, 

RhB/Pt@UiO-66(Zr)-10 (2.54 mg/g of RhB adsorbed) exhibited a low 

photocatalytic activity of 5.6 µmol/g·h while no significant H2 was 

generated over RhB/Pt@UiO-66(Zr)-100 (11.92 mg/g of RhB 

adsorbed). Very interestingly, the washed RhB/Pt@UiO-66(Zr)-100, 

which lost some of the excessive adsorbed dyes, exhibited the highest 

photocatalytic activity of 116.0 µmol/g·h, which is thirty-fold greater 

than that of bare Pt@UiO-66(Zr). Moreover, the same dosage of RhB 

adsorbed on RhB/Pt@UiO-66(Zr)-100 (11.92 mg/g) could also give a 

high activity when the dye was directly added (RhB/Pt@UiO-66(Zr)-

100* in Fig. 4b), which is 26-fold greater than that of bare Pt@UiO-

66(Zr). Therefore, the photocatlytic activities of both UiO-66(Zr) and 

Pt@UiO-66(Zr) were not positively correlated to the amounts of dye 

adsorbed. Directly adding the dye to the solution can also receive a high 

H2 production rate in comparison to adsorbing dye previously. We 

propose that when too much dye was adsorbed on the catalyst, the 

excessive dye molecules might block the spread of incident light and 

effective electron transport to depress the photocatalytic H2 production. 

On the other hand, Pt@UiO-66(Zr) exhibited much higher 

photocatalytic activity than pure UiO-66(Zr) in this dye-sensitization 

process, suggesting the efficient charge separation caused by the 

presence of Pt NPs as cocatalyst12b and the low overpotential for H2 

evolution at Pt surface. In this particular instance, Pt NPs introduce 

active sites required for efficient H2 evolution in combination with the 

light absorbing unit, RhB. 

The adsorbed RhB dye is easy to be desorbed and diffuse into the 

solution. As a result, the stability of the dye sensitizer is not good. But 

the XRD patterns of the fresh and used RhB-sensitized Pt@UiO-66(Zr) 

(Fig. S4) are almost the same, implying that Pt@UiO-66(Zr) is resistant 

for light irradiation. The photostability of Pt@UiO-66(Zr) was also 

investigated over three runs of totally 15 h (Fig. S5). Therefore, the 

further research should concern to the stability of dye sensitizer by 

restraining adsorbed dye molecules. 

 

Fig. 5 Proposed mechanism of photocatalytic H2 production over RhB-sensitized 

Pt@UiO-66(Zr) under visible-light. 

A probable mechanism for photocatalytic hydrogen production 

process mentioned has been proposed as follow (Fig. 5): When the RhB 
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molecules are directly adsorbed on Pt@UiO-66(Zr) and excited under 

visible-light irradiation, a large energy band offset will form between 

RhB* and UiO-66(Zr), and then the excited electrons will most likely 

transfer to the LUMO of UiO-66(Zr) composed by empty metal 

orbitals. When Pt NPs were deposited on UiO-66(Zr), a Schottky 

barrier can form at the interface of UiO-66(Zr) and Pt NPs due to the 

higher work function of Pt than UiO-66(Zr). Therefore, the trapped 

electrons in the UiO-66(Zr) matrix could subsequently transfer to Pt 

nanoparticles, which spatially separated RhB•+ and electrons, thus 

restraining the recombination process and promoting electron transfer 

and photocatalytic reactions for hydrogen evolution. Besides, the 

excited RhB* can also inject electrons directly to the Pt to produce H2. 

Meanwhile, the generated RhB•+ recovered to ground state by getting 

electrons from triethanolamine and the triethanolamine is indispensable 

here as an electron donor. 

In summary, Pt nanoparticles were introduced into the UiO-66(Zr), 

which exhibited practical photocatalytic activity. The as-synthesized 

Pt@UiO-66(Zr) could not utilize visible-light effectively and showed 

very low photocatalytic H2 production activity. However, its efficiency 

could be significantly enhanced by adsorbing dyes on it or directly 

adding dyes into the solution as it often does when it comes to a 

semiconductor photocatalyst. Although the H2 generation rate in dye-

photosensitized MOFs is much lower in comparison to traditional 

semiconductors, we believe that the simple strategy demonstrated here 

could be extended to other MOFs and other dyes. This could open up 

new uses for MOFs in applications such as dye-sensitized solar cells, or 

other regions considering the large variety of structures and the 

combination of metals and linkers. 
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Preparation of photocatalysts 

UiO-66: UiO-66 was prepared following a modified procedure as described in 

literature [1]. In a typical synthetic process, 106 mg of ZrCl4 and 68 mg of 

1,4-benzenedicarboxylic acid were dissolved in 50 mL dimethyl formamide (DMF) 

and sealed in a stainless steel vessel with Teflon liner. The solution was then put into a 

preheated oven at 120 
o
C. After 48 h, the oven was naturally cooled to room 

temperature. The solid was filtered out, washed with DMF and absolute ethyl alcohol 

and then dried in air at 90 
o
C. 

Pt@UiO-66: 1 wt % Pt nanoparticles were introduced to UiO-66. 1 g of UiO-66 

was dispersed in 100 mL aqueous solution containing a certain amount of H2PtCl6 and 

stirring for 6 h. After that, ascorbic acid was added following by another 6 h for 

stirring. The solid was filtered out, washed and dried in air at 90 
o
C. 

 

Characterizations 

Wide angle X-ray powder diffraction (XRD) experiments were conducted on a 

Rigaku TTRAX III spectrometer with Cu Kα radiation from 3
o
 to 80

o
. Nitrogen 

adsorption/desorption measurements were carried out on a Micromeritics Tristar II 

Suaface area and porosity analyzer. HR-TEM micrographs were obtained using a 

JEM-2100 microscope. UV-Vis diffuse reflectance spectra were measured on a 

Shimadzu UV-2401PC photometer from 200 nm to 800 nm. The Mott-Schottky 

curves were measured using a ZENNIUM electrochemical analyzer (Germany) in a 

three-electrode cell. Pt plate was used as counter electrode and Ag/AgCl electrode 
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(3M KCl) was used as reference electrode. The electrolyte was a 0.2 M Na2SO4 

solution. The working electrode was prepared on fluorine-doped tin oxide (FTO) glass 

by dipping the mixed slurry containing the sample and H2O on it, and the exposed 

area of the electrode was 0.25 cm
2
. 

 

Photocatalytic hydrogen production 

The catalysts were sensitized in two different ways: (i) prior to photocatalytic 

reaction, the catalysts was sensitized by adsorption of organic dye before 

photocatalytic reaction. The catalysts were dispersed in 100 ppm Rhodamin B (RhB) 

ethanol solution for 48 h. The pink solids were filtered out, washed several times with 

ethanol until the eluant was observed no colors and dried in air at 90 
o
C. The 

concentrations of RhB solutions before and after use were determined by UV-Vis 

spectrum at wavelength 554 nm and to calculate the adsorbing capacities of the 

catalysts. (ii) The dyes were adsorbed in situ. Specific amount of dye was added into 

the solution before the light irradiation. 

The photocatalytic hydrogen evolution by water splitting was performed in a 

glass reaction cell with quartz cover connected to a closed gas circulation and the gas 

circulation was swept by high purity N2 before illumination. 50 mg photocatalyst was 

dispersed in 100 mL of 10 vol % triethanolamine (TEOA) aqueous solution (pH=7.0). 

Then the suspension was exposed to a 300 W Xe lamp equipped with an optical filter 

(λ>420nm) to cut off the light in the ultraviolet region. The reaction solution was 

stirred continuously and cooled to room temperature by a circulation of cooling water. 
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The amount of hydrogen evolved was determined at an interval of 1 h with online gas 

chromatography. 

 

[1] C. Gomes Silva, et al. Chemistry-A European Journal. 2010, 16(36): 11133-11138. 
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Figure S1. Wide-angle XRD pattern of UiO-66(Zr). 
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Figure S2. N2 adsorption/desorption isotherm of UiO-66(Zr). 
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Figure S3. N2 adsorption/desorption isotherm of (a) UiO-66(Zr) and RhB-sensitized 

UiO-66(Zr) by using RhB solutions with different concentration,  

(b) Pt-loaded UiO-66(Zr) and RhB-sensitized Pt/UiO-66(Zr). 
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Table S1. Surface areas of the as-synthesized catalysts. 

Catalyst Langmuir surface area 

(m
2
/g) 

Dye adsorbed 

(mg/g) 

UiO-66(Zr) 1025.96 - 

RhB/UiO-66(Zr)-10 1019.47 1.63 

RhB/ UiO-66(Zr)-100 986.18 7.43 

Pt@UiO-66(Zr) 1016.99 - 

RhB/Pt@UiO-66(Zr)-10 1010.03 2.54 

RhB/Pt@UiO-66(Zr)-100 1009.74 11.92 
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Table S2. H2 production rate of the catalysts. 

 

Catalyst 

Amount of RhB added 

(mg/gcat) 

H2 production rate 

(µmol/g�h) 

UiO-66(Zr) 

- 0 

1.63 (adsorbed) 2.7 

7.43 (adsorbed) 5.7 

7.43 (directly added) 33.9 

Pt@UiO-66(Zr) 

(1 wt%) 

- 3.9 

2.54 (adsorbed) 5.6 

11.92 (adsorbed) 0 

11.92 (adsorbed washed) 116.1 

11.92 (directly added) 100.1 
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Figure S4. XRD patterns of RhB-sensitized Pt@UiO-66(Zr) (before and after use). 
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Figure S5. Time course of H2 production over RhB-sensitized Pt@UiO-66(Zr) under 

visible-light. 

 

Reaction condition: 300W Xe lamp with UV cut filter (λ>420nm) was used as the light 

source, 100 mL of 10 vol % triethanolamine (TEOA) aqueous solution (pH=7.0) as 

electron donor. 50 mg of Pt@UiO-66(Zr) was used and the RhB was added into the 

solution before the light reaction (11.92 mg/g). After the reaction, the catalyst was 

washed, filtered out and reused. 
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