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ABSTRACT : In this work, we develop a two-step process for the controlled growth of a thin layer 

of a functionalized and photosensitive Metal-Organic Framework (MOF), namely Ru-TiUiO-67, on 

the surface of a plate coated with indium tin oxide (ITO), a transparent conductive oxide (TCO). In 

the first step, the in situ controlled growth of a layer of UiO-67-based MOF doped with a 

photosensitizer (ruthenium complex), herein referred to as Ru-UiO-67, is carried out on the surface 

of the ITO-coated plate, leading to Ru-UiO-67/ITO. The obtained MOF layer is relatively thin, 

allowing increased interactions between the MOF material and the TCO surface, and consists of 

crystals in the near-nanometer particle size. In the second step, a postsynthetic modification (PSM) 

process is applied to Ru-UiO-67/ITO to integrate Ti catalytic sites into the MOF framework, leading 

to Ru-Ti-UiO-67/ITO (containing both the photosensitizer and catalyst), while maintaining the 

MOF’s structure and morphology, in addition to its strong interaction with the substrate. 

Importantly, on the synthetic level, this work demonstrates the possibility to form a homogeneous 

surface-anchored of MOF on a transparent conductive surface, whereby the obtained MOF layer is 

strongly bound to the substrate and post-synthetic chemical modifications are enabled without any 

loss of material. Furthermore, the obtained material is proven to exhibit an efficient visible-light 

driven photodegradation activity in aqueous solution.  
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INTRODUCTION  

Metal-Organic Frameworks (MOFs) or hybrid porous organic-inorganic materials, are a class of 

crystalline solids obtained by the self-assembly of organic ligands (linkers) with metal ions or 

clusters [1,2]. These materials are attractive for their exceptional properties, such as their large 

porosity and high surface areas, in addition to their chemical and thermal stabilities [3]. Moreover, 

their tailorable design, attributed to the wide variety of available organic linkers and metals, has led 

to their potential application in different domains such as gas storage [4], heterogeneous catalysis 

[5], extraction [6], metal separation [7], drug delivery [8,9] and photocatalysis [10,11].  

Recently, there has been a growing interest in the development of photocatalytically active MOF 

materials for solar energy conversion/storage applications (e.g. water splitting or CO2 reduction) in 

the visible spectrum of light. To this end, the photocatalytic activity of several MOF materials has 

been explored, where promising results have been obtained in the domains of photodegradation of 

organic pollutants and CO2 reduction [12–16]. Among the most interesting results are those obtained 

with a modified Zr-MOF, UiO-67 (based on BiPhenyl DiCarboxylic acid (BPDC) ligand), which is 

known for its high chemical and thermal stabilities, in addition to its ability to accommodate 

different isostructural linkers, metals or defects in its structure [17]. Of note, because it is possible 

to dope the UiO-67 MOF structure with transition metal complexes, based on Ir, Re, or Ru ions 

bound to a BiPyridine DiCarboxylic acid (BPyDC) ligand and, thus, to add a “light antenna”, there 

have been many reports in the literature [18–20] of materials that have been efficient for the 

photocatalytic reduction of CO2 and optical and photocatalytic properties have been reported.   

Thus, the use of hetero-metallic MOFs is of particular interest in the domain of photocatalysis, as 

these materials can accommodate in their structure both a light antenna and a catalyst [21]. More 

specifically, integrating different ligands and metals into the MOF structure can be achieved during 
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the MOF synthesis (in situ), however, it can also be accomplished following a post-synthetic 

modification strategy (PSM) [22]. In order to overcome the inert redox nature of Zr(IV) while 

benefitting of the exceptional chemical stability of Zr-based oxo-clusters, the development of 

heterometallic Ti/Zr-oxo clusters in MOFs has recently gathered increasing interest as recently 

reviewed [23]. Typically, Liu et al reported the introduction of Ti(IV) in UiO66 via the formation 

of oxo-bridged hetero-Zr-Ti clusters allowing a photocatalyst efficient in the UV spectrum of light 

[24]. While the incorporation of Ti(IV) metal centers into the inorganic sub-network of NH2-UiO-

66 have been recurrently reported to enhance photocatalytic performances [25-27], the possibility 

of forming supported TiO2 nanoparticles rather than performing a Zr/Ti exchange when using PSM 

strategies has been also reported in UiO-66 [28]. Overall, these post-synthetic modifications to form 

Ti/Zr containing MOFs highlights the possibility of functionalizing the MOF material for enhanced 

photocatalytic applications. Also, the UiO-type material’s frontier orbitals are known to be defined 

by a ligand−ligand transition whereby a possible modulation of photocatalytic properties is allowed 

upon the incorporation of Ti [29-30].  

In this regard, our group had already reported the synthesis of a MOF material that combines both 

a light harvesting antenna (on the linker) and a catalytic site (on the metal node), thus acting as a 

multifunctional MOF [11]. A ruthenium complex, acting as a photo-active linker, was introduced 

during the MOF synthesis and then a PSM route was followed to exchange up to 50  

% of the Zr atoms in the metal nodes with Ti. Charge transfer between the light antenna and the 

catalytic site was proven through the photo-degradation of a simulant organic pollutant (methylene 

blue) [11]. Nevertheless, up to this point, such systems have only been produced in the form of 

powders, thus, the possibility to recover and recycle them is limited. To overcome these limitations 

and enhance the material’s performance, we have therefore turned our focus to the growth of MOFs 

as films on the surface of a support. Among the different supports on which  
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MOF films can be grown, glass substrates coated with a layer of Transparent Conductive Oxides 

(TCO), mainly Indium Tin Oxide (ITO) and Fluorine Tin Oxide (FTO), are of particular interest for 

photocatalytic and electro-photocatalytic applications [31-33]. To the best of our knowledge, 

despite the large number of MOF/TCO systems reported in the literature [34,35], PSM strategies on 

MOF/ITO systems have been scarcely reported for photocatalytic purposes, which is mainly due to 

the difficulty of controlling the morphology of the MOF layer formed on the surface of the substrate. 

The first difficulty with such strategies is to have MOFs particles that are attached to the ITO surface 

well enough so that they survive post-synthetic chemistry without alteration of the whole MOF/ITO 

system. The second critical point is the difficulty of analyzing the MOF solid immobilized in the 

MOF/ITO system when compared to the easy-to-characterize MOF powder. Even though different 

techniques have been proposed to develop such films, however, the direct in situ growth by 

solvothermal synthesis is among the simplest and one of the most highly efficient approaches. It 

involves placing the support in the bulk solution containing all the reactants (metal salt and organic 

linker) and the solvent in the same reactor. The reaction mixture is then heated (where the reaction 

temperature and duration vary according to the specific MOF synthesis protocol) and the MOF 

material grows directly on the surface of the substrate forming a film. Morris et al. used this strategy 

to form a Ru-doped UiO-67 MOF layer on the surface of a FTO plate [36]. In this case, prior to the 

solvothermal synthesis, the substrate was prefunctionalized by depositing a layer of the linker on its 

surface, in a process known as the Surface Anchored Monolayer (SAM), in the aim of facilitating 

the MOF nucleation and increasing the binding strength between the MOF and the FTO surface. 

However, this resulted in the formation of a relatively thick layer containing numerous cracks. In 

another study, the surface of the FTO was coated with a layer of TiO2, on top of which the MOF 

film was grown  
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[37]. It was found that although the TiO2 layer did indeed enhance the electron transfer from the 

MOF to the FTO, the targeted MOF film morphology could, nevertheless, not be obtained. Other 

methods have also been developed for growing a UiO-67 MOF, including a photo-catalytic 

component, on TCO substrates using Ru(bpy)(tpy)(H2O)DCBPY, which is efficient for water 

reduction [38,39]. Couple of other studies have been reported but more works are needed for the 

synthesis of MOF/TCO systems allowing a better control of the morphology, the stability and the 

homogeneity of the deposited film.    

Herein, we propose a unique two-step process for the synthesis of functionalized and 

photocatalytically active UiO-67 MOF on the surface of an ITO-coated plate. Using acetic acid as 

a modulator and by controlling the concentrations of the metal and organic precursors, the developed 

process allows, in the first step, the in situ controlled growth of a thin layer of a photoactive UiO-

67 MOF material doped with Ru(bpy)2DCBPY, denoted in this work as Ru-UiO67/ITO (Scheme 

1). In the second step, the MOF material that was adhered to the surface of the substrate is further 

functionalized by introducing a catalytic Ti ion into its structure (Scheme 1), through a PSM 

reaction, with the obtained material denoted as Ru-Ti-UIO-67/ITO. The photocatalytic activity of 

the MOF/ITO systems is then evaluated through the degradation of an organic pollutant (methylene 

blue).  
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EXPERIMENTAL SECTION  

Among the different methods that have been developed for the synthesis of MOF thin films, the 

direct solvothermal synthesis remains the most extensively applied. In our case, we chose to use this 

synthesis method as it is timesaving and allows obtaining the Ru-doped material in a single step, 

instead of going through two separate steps (synthesis of UiO-67 followed by doping with Ru). 

Moreover, this technique allows a control over the crystal size and morphology. For instance, herein, 

by employing a modulator and decreasing the concentration of the metal precursor, crystals of 

relatively small particle size could be obtained. Smaller crystals can also contribute to thinner films, 

which are highly desired in photocatalysis, unlike the evaporation and electrochemical deposition 

methods that can lead to the formation of thick layers. The obtained MOF crystals in the case of the 

solvothermal synthesis were strongly adhered to the ITO surface through a chemical bond and not 

just deposited on the surface, which was demonstrated by their resilience to washing with organic 

solvents and/or by exposing it to ultrasound irradiation through sonication and further proven with 

AFM analysis. However, this is not the case for the evaporation method, for example, where the 

obtained MOF materials are only loosely deposited on the surface of the plate.  

Scheme  1 .   Two - step strategy applied for the synthesis of photocatalytic Ru - Ti - UiO -  on 67 

TCO plate involving the  i n   situ   solvothermal growth of Ru - UiO - 67  MOF followed by PSM.   

  

                   PSM 
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All the reagents were purchased from Sigma-Aldrich and used as received. One-side coated ITO 

plates were purchased from Solems (France). UV-visible analyses for the Ru complex (3) and the 

UIO-67@Ru/ITO were recorded on a Shimadzu UV-36000 UV-Vis-NIR spectrometer with a 

diffuse reflectance measurement system. The Ru complex was suspended in acetonitrile, whereas 

the MOF material synthesized on the ITO-coated plate was analysed directly without any further 

modification. Grazing incidence and powder XRD patterns were obtained with a Bruker D8  

Advance diffractometer, using CuKα radiation (λ = 1.5418 Å). In the case of grazing incidence 

XRD, the incident angle was fixed at 0.2°. SEM images were acquired with A FEI Quanta 200 

environmental scanning electron microscope, equipped with an Everhart-Thornley Detector (ETD) 

and a backscattered electron detector (BSED) was used to record images with an acceleration 

voltage of 10 kV under high vacuum conditions. The chemical compositions of the solutions were 

determined with ICP-AES (Spectro Acros from Ametek). Prior to the analyses, MOFs were digested 

in a piranha solution, consisting of 125 µL of sulfuric acid and 75 µL of hydrogen peroxide, by 

heating at 120°C for 2h. This was followed by diluting a certain volume of the digested MOF 

solution in nitric acid (2 %). We note that no MOF re-precipitation was observed after the acid 

digestion.   

The paragraphs below summarize the protocols for the synthesis of the MOF on ITO-coated plates 

and the PSM with Ti. Nevertheless, details on the synthesis conditions and characterization of 

complexes and ligands are provided within the ESI.  

MOF Film synthesis:  

Prior to the MOF synthesis, the ligand Ru(bpy)2(bpydc) was prepared following the protocol 

reported by Xie et al (see SI for synthesis protocols). The Ru-UiO-67 on ITO was obtained by direct 

growth on the surface of the untreated ITO plate (2.5 cm x 1 cm) through solvothermal synthesis. 

The synthesis involved placing the substrate vertically in a vial containing ZrCl4 anhydrous (3 mg) 
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and the ligands; H2bpdc (2.86 mg) and Ru(bpy)2(bpdc) (0.78 mg), dissolved in pure N,N-

dimethylformamide (DMF, 0.03% H2O) (7 mL), and acetic acid as a modulator (0.5 mL). The molar 

composition of the reaction mixture is: 1 Zr: 1 ligands: 680 acetic acid:7000 DMF. It is important 

to note that it was proven that placing the substrate in a vertical position in the reaction medium 

during the solvothermal synthesis results in the formation of a homogeneous MOF layer on the 

surface and prevents the agglomeration of crystals, which was not the case when the plate was 

placed in a slightly inclined position (an inhomogeneous layer with agglomerated MOF crystals was 

obtained). The reaction medium was heated to 120°C for 24h. The plate was later rinsed with DMF 

(once) and with ethanol (EtOH) (twice) in order to remove any reactant residues and then dried at 

40°C for a few hours.   

In order to determine the face of the plate coated with ITO, the conductivity of the plate was 

measured with a multimeter. It is important to note that the synthesis of UiO-67/ITO was carried 

out following the same protocol as Ru-UiO-67/ITO, however, without the addition of the Ru 

complex and by using 3 mg of H2bpdc.     

MOF powder formed in the bulk medium (in the case of both UiO-67/ITO and Ru-UiO-67/ITO), 

due to the presence of excess reactants, was recovered by sonication, followed by centrifugation 

(10000 rpm, 2 minutes) and washed with DMF then with EtOH. Based on XRD and SEM analyses 

(Figure S8), respectively, this powder was proven to have a similar structure and morphology as 

the MOF material anchored on the surface of the ITO-coated plate. It is important to note that this 

MOF residue was used to determine the chemical composition of Ru-UiO-67 and Ru-Ti-UiO-67 

through ICP analyses, as it is not possible to digest the MOF layer on the ITO plate.  

PSM of Ru-UiO-67/ITO:  
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The PSM step involved washing the Ru-UiO-67/ITO obtained via the direct growth solvothermal 

synthesis only with DMF and then placing the TCO plate in a vial containing a solution of titanium 

isopropoxide in anhydrous DMF. It is important to note that the PSM reaction was realized under 

inert conditions (under argon flow) in a glove box, in order to limit the decomposition of titanium 

isopropoxide through hydrolysis. Herein, a 1:1 Zr:Ti molar ratio was used and the plate was 

suspended in the titanium isopropoxide in anhydrous DMF mixture for three days at 120°C 

(Zr/Ru/Ti ratio have been already optimized in our previous work [11]). The obtained material on 

the surface of the plate was then washed thoroughly with DMF and EtOH and dried under air.  

RESULTS AND DISCUSSION  

MOFs were prepared on the surface of ITO plates following a solvothermal synthesis protocol that 

involved placing the ITO plate vertically in the bulk solution containing the metal and organic 

precursors dissolved in an organic solvent and in the presence of acetic acid as a modulator. The 

synthesis of UiO-67/ITO and Ru-UiO-67/ITO is detailed in the experimental section. It is important 

to note that the strong adhesion of the materials to the substrate’s surface was demonstrated by its 

resilience to washing with organic solvents and/or by exposing it to ultrasound irradiation through 

sonication.  
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Figure 1.  XRD patterns of Ru-UiO-67 powder and Ru-UiO-67 on ITO-coated plates (Ru-

UiO67/ITO). For comparison, the theoretical XRD pattern of UiO-67 is also presented.  

In order to confirm the formation of the desired MOF structure, Ru-UiO-67/ITO was analyzed with 

grazing incidence X-ray diffraction at an incident angle of 0.3°. The obtained XRD pattern is 

represented in Figure 1, which in the purpose of comparison, also represents the theoretical XRD 

pattern of powder UiO-67 and that of Ru-UiO-67 powder (synthesized by referring to the protocol 

reported by Amador et al.) [11]. We note that the latter was obtained through powder Xray 

diffraction (PXRD) analysis. Figure 1 shows that the XRD patterns obtained for the different 

materials are similar and indeed correspond to the UiO-67 structure. Based on scanning electron 

microscopy (SEM) analysis, at high magnification, it can be observed that the Ru-UiO-67 crystals 

grown on the surface of the plate possess an octahedral morphology, which is the typical 

morphology of UiO-67 (Figure 2). It was observed that almost all crystals exposed the same 

crystallographic faces, which is probably related to a preferential growth.  
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Figure 2. SEM images of Ru-UiO-67/ITO at two different magnifications: top x10 000 and bottom 

x250.  

Furthermore, the low magnification images reveal a homogeneous distribution in size and crystal 

density all over the film’s surface. The crystal size is around 1 µm and the surface coverage by MOF 

crystals is estimated at 56% (based on SEM analyses). Indeed, the relatively small particle size 

(~1µm) exhibited by the Ru-UiO-67 crystals grown on the surface of the ITO-coated plate can be 

attributed to the use of acetic acid as a modulator and to the decrease in the concentration of the 

metal precursor during the synthesis. SEM images were also recorded while tilting the detector by 

an angle of 75º (Figure S1). The obtained results reveal that although the MOF on the surface 

present a slightly concaved shape (probably due to the drying process), the UiO-67 morphology is 

well maintained.  
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Figure 3.  AFM pictures of Ru-UiO-67 crystals on the ITO substrate (a) and roughness profile 

of the surface of the crystal and crystal structure representation (b).  

  

  

Atomic force microscopy (AFM) analyses were performed in the aim of investigating the possible 

formation of a junction between the substrate and the MOF crystals (Figure 3). This technique also 

allows the study of the topology of the crystal surface at very high resolution that can reach up to 

several nanometers. Indeed, the 3D image represented in Figure 3a clearly shows the MOF/ITO 

junction. Moreover, the roughness obtained for the surface MOF crystals (~4 nm) is lower than the 

value registered for the substrate (~15 nm). A difference in roughness at the interface between the 

MOF layer and the ITO plate was also determined with AFM analysis. For instance, the MOF layer 

present on the surface of the ITO plate was scraped (with the aid of the tip of the cantilever) and the 

roughness of the underlying layer was determined. A value of 9 nm was obtained, compared to 15 

nm for the non-graphed ITO surface. This indicates that the ITO surface was altered during the 

growth of the MOF crystals and further confirms the formation of a chemical bond between the 

plate’s surface and the MOF material. Furthermore,  

Figure S2 clearly shows the presence of traces of octahedral MOF crystals remaining on the surface 

of the ITO plate that could not be removed using the tip of the cantilever. These features can be 

considered as indications of the presence of a strong chemical interaction between the surface of the 

ITO plate and the Ru-UiO-67 crystals, as a result of the growth of the MOF on the plate’s surface. 

Roughness profiles were also recorded with AFM analysis. The profiles were realized on a 

nanometric scale over six sections of 250 nm on the exposed face of the crystal. The interpretation 

of the obtained roughness profiles indicates that a face is constituted of multiple facets separated by 

a distance of 1.6 nm, which is in agreement with the value of 1.56 nm corresponding to d(111) in 
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the UiO-67 crystal structure (Figure 3b). This also confirms the preferential orientation of the 

crystals on the surface of the ITO plate in the [111] direction.  

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis was carried out on 

the powder MOF material recovered from the bulk solution (as it is not possible to analyze the 

MOFs grown on the TCO plates using this technique), mainly with the aim of determining the 

amount of Ru (Ru complex). Based on the results obtained for the digested material, the  

proposed  formula  of  the  Ru-doped  MOF  material  is  as  follows:  

Zr6O4OH4(bpdc)5.6[Ru(bpy)2bpdc)]0.4.  

The presence of ruthenium in Ru-UiO-67 was also confirmed with UV-vis spectroscopy analysis 

and the obtained results were compared to those of Ru(bpy)2bpdc in solution as a reference (Figure 

S3). The UV-vis spectrum reveals a maximum absorbance peak at 450 nm in Ru-UiO67, which is 

characteristic of the Ru complex. Moreover, fluorescence emission spectroscopy was also carried 

out in the aim of proving the functionalization of UiO-67 with Ru. To this end, a sample of Ru-UiO-

67 was excited by irradiation with a light source of a wavelength of 450 nm  

(the absorption wavelength of Ru). The obtained results for Ru-UiO-67/ITO reveal a significant 

peak around 640 nm, which is characteristic of Ru and can be attributed to the photon emitted upon 

the relaxation of the Ru atom (Figure S4).  

Integration of the Ti Catalyst: Post-Synthetic Modification of Ru-UiO-67/ITO  

In order to study the possibility of functionalizing such a MOF film, Ti catalytic sites were inserted 

into the Ru-UiO-67 MOF material deposited on the surface of the ITO plate in a second reaction 

step, known as PSM. Theoretically, the Ti catalytic sites can be either present in the MOF pores in 

the form of TiO2 nanoparticles or may be incorporated at the metal nodes). The conditions for PSM 
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involved placing Ru-UiO-67/ITO in a solution of titanium isopropoxide in anhydrous DMF under 

inert atmosphere. This was followed by heating the reaction mixture at 120 ºC for 3 days. After 

washing thoroughly with DMF and EtOH, the material was then dried in air. Herein, the Ti-

functionalized material obtained after PSM on the surface of the ITO plate is denoted as Ru-Ti-

UiO-67/ITO.  

The obtained material was analyzed with SEM, which revealed that the MOF film was still attached 

to the plate’s surface, with an estimated MOF surface coverage around 56% (Figure S5) and that 

the morphology of the MOF crystals was not modified.   

Moreover, according to Figure S6, the XRD patterns of the Ru-UiO-67/ITO (Ti-free) and Ru-

TiUiO-67/ITO (Ti-containing) MOF materials are similar, indicating that the PSM step did not alter 

the crystallinity of the MOF material. In Ru-UiO-67/ITO an additional peak of impurity is observed 

at 6.2 2Theta that is eliminated during the PSM process. After PSM, the Ti:Zr ratio was determined 

to be 1:1, based on ICP-AES measurements. It is important to note that by referring to the 

experimental results that were previously reported by Amador et al., [11] this percentage does not 

increase on using higher titanium isopropoxide concentrations or on increasing the duration of the 

PSM reaction. ICP-AES results also proved that the percentage of Ruthenium was not affected after 

PSM and remained around 4%. On the other hand, the fluorescence life time measurement revealed 

a slight shift from 750 to 595 ns (Figure S7), which might be attributed to a charge transfer between 

Ru and Ti inside the cluster (amongst other phenomena) that quenches partially the fluorescence of 

Ru whereas the photo luminescence and the optical adsorption do not change when compared to 

that of Ru-UiO-67/ITO as previously reported on powder state [11].  

X-ray photoelectron spectroscopy (XPS) analysis is a technique that gives information on the 

chemical environment surrounding the elements constituting a certain material. Therefore, 
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following the PSM step, XPS analyses were performed mainly with the aim of confirming the 

incorporation of Ti in the MOF structure while following the changes in the chemical environment 

of surrounding Zr.   

    

Figure 4. XPS analyses of Zr 3d of UiO-67, Ru-UiO-67 and Ru-Ti-UiO-67.  

Figure 4 reveals that after PSM, the two peaks initially present in Ru-UiO-67 at 182.7 (Zr 3d  

5/2) and 185.2 ev (Zr 3d 3/2) are shifted to lower binding energy values in the Ru-Ti-UiO-67 MOF. 

In line with previous report, such shifts result from an enhanced electron density around Zr 

occurring in oxo-bridged Zr-Ti clusters [26]. . Furthermore, a similar shift is also observed when 

the analysis is performed at a depth of 10 and 60 nm in the sample, indicating that this phenomenon 

does not only occur on the surface of the crystals, but also deep within the MOF framework. It is 

important to note that the presence of Ru in Ru-UiO-67 could not be detected with XPS, probably 

due to its low atomic concentration. Furthermore, Figure S9 represents the XPS spectra of Ti 

recorded on the surface of Ru-Ti-UiO-67/ITO (at 0 nm) and at 10 and 60 nm deep into the MOF 

film (after being irradiated with a laser). The obtained results reveal the presence of two peaks at 

458.7 and 464.3 eV. Indeed, the three obtained spectra are superimposable, which indicates the 
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homogenous distribution of Ti atoms throughout the sample and that they all exhibit the same 

oxidation state and surrounding environment. The XPS profile of Ti in Ru-Ti-UiO-67/ITO 

resembles that of Ti in TiO2 reported by Zhu et al [40], which indicates that Ti present in both 

materials exhibits the same oxidation state of IV. However, the peaks in the XPS spectrum of Ti in 

Ru-Ti-UiO-67/ITO are shifted to lower binding energy values (458.7 and 464.3 eV) when compared 

to those of Ti in TiO2 nanoparticles [40] (459.5 and 465.2 eV), while being close to those reported 

in the UiO-66(Ti) MOF (458.1 and 463.8 eV) [24]. Thus, the Ti atoms present in Ru-Ti-UiO-67/ITO 

do not correspond to TiO2 nanoparticles and the shift towards lower binding energy values in Ru-

Ti-UiO-67/ITO may be rather assigned to Ti-O-Zr bonds and, thus, to Ti atoms incorporated in the 

cluster of Ru-Ti-UiO-67/ITO following the PSM step.  Moreover, in our previous study (similar 

strategy on MOFs powder [11]), the porosity of the MOFs before and after Ti treatment is very 

similar, suggesting that Ti is bind to the cluster and not inside the cavity as TiO2 particles.   

Ru-Ti-UiO-67/ITO for the Photodegradation of Methylene Blue (MB)  

In order to investigate the photocatalytic activity of the Ru-Ti-UiO-67/ITO system, the 

photodegradation of methylene blue (MB), an organic dye pollutant, was carried out as a proof of 

concept. Prior to the photodegradation test, the Ru-Ti@UiO-67/ITO plate was placed in a MB 

solution of 1.5 mg/L for 12 h in the absence of light, so as to allow the adsorption of the dye within 

the MOF material. Then, the photocatalytic activity of Ru-Ti-UiO-67/ITO was evaluated by 

irradiating the reaction medium with visible light ( >420 nm) in a Rayonet RPR-100n 

Photochemical Reactor (P ≈400 Watts). The concentration of MB remaining in the solution at the 

end of the photocatalytic test was determined through UV-visible spectroscopy analyses. The 

photodegradation of MB was also studied using UiO-67/ITO, Ru-UiO-67/ITO and Ti-UiO67/ITO, 

whose photocatalytic activities were compared to that of Ru-Ti-UiO-67/ITO.  
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Figure 5. Photodegradation of MB represented by the variation of normalized concentration of MB 

vs. irradiation time under visible-light ( >420 nm), using: blank, unmodified ITO-coated plate and 

UiO-67 derivatives on ITO-coated plates.   

Figure 5 shows the variation of the dye concentration as a function of the irradiation time for all the 

studied systems. As expected, Ru-UiO-67/ITO exhibited a similar activity for MB degradation than 

the bare support ITO or the UiO-67/ITO system, confirming that the Ru centers in Ru-UiO-67/ITO 

do not possess any significant catalytic activity. By contrast, the enhanced degradation of MB when 

using Ti-UiO-67/ITO points towards the catalytic role of Ti in this system for the dye’s 

photodegradation. Consistently, amongst all the studied systems, both the Ti-UiO-67/ITO and Ru-

Ti-UiO-67/ITO composite systems were the most active ones as  
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photocatalysts, exhibiting the lowest dye concentrations after 6 hours of irradiation (Figure 5).   

Thus, the combination of both the photosensitizer (Ru) and photocatalyst (Ti), as in the case of Ru-

Ti-UiO-67/ITO, enhances the photo-activity of the system and kinetics of degradation of the dye 

molecule, respectively, when compared to the systems missing one of the two components or both. 

This is supported by the known photosensitive role of Titanium, in addition to its catalytic role, as 

previously proven by Wang et al. in the case of the UiO-66(Ti) system [24].  

Such enhanced activity of the Ru-Ti-UiO-67/ITO system might result from the ligand-to-cluster 

charge transfer phenomenon taking place between the photosensitizer and the catalyst (Ru complex 

and Ti, respectively). Also, it is important to note that the Ru-Ti-UiO-67/ITO system exhibits a 

significantly enhanced photocatalytic activity for MB degradation when compared to that of the 

same powder system reported by Amador et al. [11]. Illustratively, the percentage of MB 

degradation after 3.5 h of illumination reaches 80% when using 5 mg of Ru-Ti-UiO-67 powder, 

whereas only 0.01 mg of MOF deposited on the surface of the ITO plate in the Ru-TiUiO-67/ITO 

system allows reaching 35% MB degradation. Although the Ru-Ti-UiO-67/ITO system suffers from 

lower quantities of catalyst deposited on the ITO plate with respect to those used in suspension, the 

Ru-Ti-UiO-67/ITO system leads to a much more efficient exposure of the crystallites to light. This 

may rationalized by the optimal orientation and robust immobilization of the MOF crystallites on 

the surface of the ITO plate (Figure 3), which allows a better exposure of the whole photocatalytic 

system to light during the experiment, unlike the case of the MOF powder in suspension, the latter 

being in constant motion (due to stirring) and, hence, randomly exposed to light, and subject to light 

diffusion by the suspension [41]. Finally, the recyclability of the Ru-Ti-UiO-67/ITO system was 

studied over three catalytic cycles. The results are presented in Figure 6 and reveal that the 

photocatalytic activity after 6 hours of irradiation remains identical over the three cycles. These 
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results are promising and confirm the advantage of MOF films over powder samples in terms 

efficiency, recovery and potential reusability during photocatalysis.  

  

Figure 6: Photocatalytic activity of the Ru-Ti-UiO-67/ITO system over three cycles/runs.  

  

CONCLUSION  

Herein, an ITO plate was successfully functionalized with photocatalytic MOFs via a unique two-

step strategy. The latter involves in the first step the controlled growth of a thin layer of RuUiO-67 

on the surface of the ITO substrate using acetic acid as a modulator. Structural analysis realized on 

the obtained MOF film revealed the formation of a homogeneous layer consisting of octahedral 

crystals near nanometers in size, with no intergrown MOF crystals. In the second step, and by virtue 

of the strong bonding between the MOF film and the surface of the substrate, it was also possible 

to introduce catalytic species into the MOF structure, through a PSM reaction performed on the 

MOF film, without altering the MOF structure and morphology or compromising the strong MOF-
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substrate bonding. The resulting Ru-Ti-UiO-67/ITO system was shown to be highly efficient in the 

photodegradation of methylene blue, with an enhanced activity compared to the unmodified ITO 

substrate and the MOF/ITO systems lacking the photosensitizer and/or the catalyst. With the long-

term goal to develop robust and recyclable heterogeneous noble metal-free photosystems in the field 

of energy, the present work shows that Ru-Ti-UiO-67 deposited on ITO offers a clear benefit in 

terms of catalytic efficiency while allowing integration of photocatalysts into easy-to-use devices. 

We believe this work will inspire the use of similar strategies to design new photocatalytic systems 

deposited on transparent and conductive supports.  

SUPPORTING INFORMATION  

Synthesis of the Ru Complexes, Characterization of the MOF Materials (SEM and AFM of RuUiO-

67/ITO, UV-visible and Fluorescence emission of Ru-UiO-67/ITO, SEM images of the RuTi-UiO-

67/ITO, XRD patterns of Ru-UiO-67/ITO and Ru-Ti-UiO-67/ITO, Fluorescence emission lifetime 

of Ru-UiO-67/ITO and Ru-Ti-UiO-67/ITO, SEM image of the Ru-UiO-67, XPS analyses of Ti 2p3 

of Ru-Ti-UiO-67/ITO.  
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