MOF-on-MOF composites with UiO-66-based materials as photocatalysts for the overall water splitting under sunlight irradiation
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Abstract	
There is a large interest for the sustainable conversion of H2O into H2 and O2 assisted by sunlight. In recent times, metal-organic frameworks (MOFs) have evolved as promising photocatalysts for this reaction. In the present study, a number of novel MOF-on-MOF composites possessing UiO-66 topologies, namely UiO-66(Ce), UiO-66(Zr)-NH2, UiO-66(Zr)-NH2@UiO-66(Ce) and UiO-66(Ce)@UiO-66(Zr)-NH2 are prepared, and their photocatalytic activity is examined in the overall water splitting under simulated sunlight irradiation. Among these photocatalysts, the promising activity is observed with UiO-66(Zr)-NH2@UiO-66(Ce) photocatalyst exhibiting 708 and 320 mol g-1 at 22 h for H2 and O2, respectively. This enhanced photocatalytic activity of UiO-66(Zr)-NH2@UiO-66(Ce) associated to its adequate energy band diagram and ability of photoinduced charge separation as revealed by several spectroscopic measurements such as photoluminescence and transient absorption spectroscopies together with specific photocatalytic measurements. This study is an illustrative investigation showing the photocatalytic activity of MOF-on-MOF composites for the overall water splitting under simulated sunlight irradiation.
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1. Introduction
Currently, fossil fuels are believed to be the primary energy source to cover the increasing worldwide demand.1-3 One of the main disadvantages of during the combustion of fossil fuels is the generation of greenhouse gases that include CO2 as well as highly poisonous polluting gases like NOx and SOx showing adverse negative impacts on human health and to the environment. In this context, hydrogen is considered as the ideal energy vector to afford clean energy source.4 In fact, hydrogen is expected to be an ideal main energy vector in those countries that expect to have zero emissions.4 In this perspective, there is a great demand to develop new technologies for the sustainable production of hydrogen. Currently, the production of hydrogen is achieved by high-temperature steam reforming of natural gas by employing fossil fuels as the secondary energy which is highly unsustainable.4, 5 To overcome these issues, one of the most convincing alternative strategies to generate hydrogen is the development of heterogeneous photocatalysts from H2O in the presence of solar energy.6-8 In one of the seminal contributions, Fujishima and Honda in 1972 have employed TiO2 photoelectrodes to obtain H2 from H2O.9 Since this discovery, the subsequent studies mainly interested to exploit the use inorganic semiconductors as photocatalysts for the water splitting to  hydrogen.10-12 Unfortunately, the relatively low tunable behavior of inorganic semiconductors hampered their use in large extent in this field. Therefore, there is a continuous interest in the development of new and efficient heterogeneous photocatalysts for the splitting of water to hydrogen. 
In respect to conventional inorganic semiconductors, metal-organic frameworks (MOFs) have emerged as  efficient photocatalysts due to their fascinating physical and chemical properties.13-15 MOFs  are a class of crystalline porous materials whose crystal lattice is composed by the strong coordination bonds between the multitopic organic ligands and  metal ions/metal oxo-clusters/ metal-oxo chains.16-21 Interestingly, MOFs have been reported as one of the suitable (photo)catalysts22-25 and materials for other applications,26 due to their tunability in the physico-chemical and optoelectronic properties. Thus, the possibility of employing MOFs as photocatalysts has significantly accelerated in the hydrogen evolution reaction (HER) using triethanolamine (TEOA) or methanol as sacrificial electron donors.13, 27 Recently, Kampouri and coworkers have reported  MOF-on-MOF composite based on MIL-167(Ti)@MIL-125(Ti)-NH2 for the HER in the presence of methanol as sacrificial agent.28 Some of the reasons for this enhanced activity that include appropriate band alignment of the MOFs, enhancement of visible light absorption and increase of photoinduced charge separation. Regardless of the advances made in employing MOFs as photocatalysts for HER, the utility of sacrificial electron donors like TEOA or MeOH for the sake of applicability, it would be desirable for the development of MOF-based materials for the solar-driven overall water splitting (OWS) into H2 and O2. In this aspect, a pioneering work from Liu and co-workers was reported by employing Ni2+/MIL-53(Al)-NH2 as heterogeneous photocatalyst without the requirement sacrificial agent for the OWS reaction.29 Later, other studies have also reported wide range of MOF-based photocatalysts like UiO-6630, 31 or MIL-12532 for this reaction33-35 although their activities are still limited.
In the present study, we report the preparation of novel MOF-on-MOF composites consisting of UiO-66 topology and their use as active photocatalysts for the OWS under simulated sunlight irradiation. The detailed characterization shows that the enhanced photocatalytic activity of an UiO-66(Zr)-NH2@UiO-66(Ce) composite is associated to a combination of factors that include enhancement of visible light absorption, appropriate band alignment and efficient photoinduced charge separation respect to its individual counterparts. The achieved results are expected to open new avenues for the development of efficient MOF-based photocatalysts for the OWS into H2 and O2 under photocatalytic conditions with solar irradiation.

2. Experimental Section
	Preparation of various solids like UiO-66-(Zr)-NH2, UiO-66(Zr)-NH2-200@UiO-66(Ce), UiO-66(Zr)-NH2-25@UiO-66(Ce), UiO-66(Ce)-200@UiO-66(Zr)-NH2 and UiO-66(Ce) was provided in the supporting information file. UiO-66(Zr)-NH2-25@UiO-66(Ce) and UiO-66(Ce)-200@UiO-66(Zr)-NH2 solids refer to those samples prepared using preformed UiO-66(Zr)-NH2 (200 or 25 mg) and the formation of UiO-66(Ce) from its precursors. Replacement of zirconium by cerium was not observed during the synthesis of these two samples as revealed by ICP-AES analyses. Similarly, UiO-66(Ce)-200@UiO-66(Zr)-NH2 solid refers to the sample prepared using preformed UiO-66(Ce) (200 mg) and the formation of UiO-66(Zr)-NH2 from its precursors. On the other hand, detailed experimental procedures for the OWS and HER/oxygen evolution reaction (OER) were given in the supporting information file. In addition, this section placed at the supporting information provides materials employed for this study and various instrumentation details employed in this work. 
3. Results and discussion
3.1. Material preparation and characterization
[bookmark: _Hlk122703866][bookmark: _Hlk122704892][bookmark: _Hlk122703813]	The as-prepared MOFs and MOF-on-MOF composites based on UiO-66 topologies (See SI file) were characterized to ascertain their structural characteristic properties. Powder X-ray diffraction (PXRD) measurements of UiO-66(Zr)-NH2 and UiO-66(Ce) solids confirm the expected UiO-66 topology (Figure 1) as previously reported.30, 36-39 Furthermore, the diffractions appeared at 2θ values around 4 and 6° are due to the 100 and 110 reflections of the reo topology of UiO-66,40, 41 thus indicating the formation of UiO-66 framework with ordered structure containing missing cluster defects.40 These reflections evidence that the reo nano regions are homogeneously distributed with a long-range order, and the formed UiO-66 structure is close to the reo topology. The low-angle diffraction peak of UiO-66(Ce) solid is shifted to 7.2 º respect to UiO-66(Zr)-NH2 appears at 7.4 º. This observation is due to the higher ionic radius of Ce4+ respect to Zr4+ at the metal nodes that causes an expansion of the unit cell volume. PXRD of the synthetized UiO-66 composites show that they also exhibit UiO-66 topologies (Figure 1). UiO-66(Zr)-NH2-200@UiO-66(Ce) sample is characterized by a main low-angle diffraction peak at about 7.4 º as in the case of the pure UiO-66(Zr)-NH2 solid. On the other hand, UiO-66(Zr)-NH2-25@UiO-66(Ce) sample exhibits two diffraction peaks appearing at about 7.2 and 7.4 º and attributed to the UiO-66(Ce) and UiO-66(Zr)-NH2, respectively. The peak at 7.2 º is broadened with more intensity in UiO-66(Zr)-NH2-25@UiO-66(Ce) solid respect to its analogous UiO-66(Zr)-NH2-200@UiO-66(Ce) sample. This observation is attributed to a larger amount of UiO-66(Zr)-NH2 in UiO-66(Zr)-NH2-200@UiO-66(Ce) sample that can mask the signals of UiO-66(Ce).
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Figure 1: PXRD of UiO-66-(Zr)-NH2 (a), UiO-66(Zr)-NH2-200@UiO-66(Ce) (b), UiO-66(Zr)-NH2-25@UiO-66(Ce) (c), UiO-66(Ce)-200@UiO-66(Zr)-NH2 (d) and UiO-66(Ce) (e). The inset shows a zoon in in the low angle region.
            Isothermal N2 adsorption experiments were performed for UiO-66(Zr)-NH2 and UiO-66(Ce) solids and their BET surface area values are 923 and 906 m2/g (Figures S1 and S2), respectively. These data are in good agreement with previous studies.30, 36 Further, UiO-66(Zr)-NH2-200@UiO-66(Ce) and UiO-66(Zr)-NH2-25@UiO-66(Ce) samples exhibited BET surface area values of 841 and 783 m2/g, respectively (Figures S3 and S4). Attempts to prepare a UiO-66(Ce)@UiO-66(Zr)-NH2 composite using 200 mg of preformed UiO-66(Ce) resulted in a crystalline solid (Figure 1d) with a BET surface area of only 600 m2/g (Figure S5). This lower BET surface area may reflect that UiO-66(Ce) is not completely stable in the presence of the acidic ZrCl4 reagent during the preparation of the UiO-66(Ce)@UiO-66(Zr)-NH2 solid. In fact, this sample exhibited poor photocatalytic results for the OWS compared with the other two composites (data not shown). Therefore, we decided to continue the present study with UiO-66(Zr)-NH2@UiO-66(Ce) samples.
HRSEM analysis of the UiO-66 samples under study revealed that UiO-66(Zr)-NH2 (Figure S6) and UiO-66(Ce) (Figure S7) exhibited an average particle size with standard deviation of 133 ± 45 and 112 ± 46 nm, respectively. The preparation of UiO-66(Zr)-NH2-200@UiO-66(Ce) and UiO-66(Zr)-NH2-25@UiO-66(Ce) samples from the preformed UiO-66(Zr)-NH2 (133 ± 45 nm) resulted in an increase of average particle size to 161 ± 80 and 142 ± 44 nm (Figures S8 and S9), respectively. The increase of particle size in the UiO-66 composites might be associated with the growth of UiO-66(Ce) over the external part of the preformed UiO-66(Zr)-NH2 solid. In good agreement with these observations, ICP-AES analyses of the acid-digested composites revealed that the weight percentage of cerium respect to the total metal contents (Zr+Ce) in  UiO-66(Zr)-NH2-25@UiO-66(Ce) is 28.6 wt% that is higher compared to UiO-66(Zr)-NH2-200@UiO-66(Ce) (11.5 %). Furthermore, UiO-66 samples were also analyzed by EDX mapping (S10-S13), point analyses (Figures S13-S16) and observing the presence of all the expected elements in the sample. 
[bookmark: _Hlk123808455]To gain more information about the structure of the  prepared MOF-on-MOF materials, we further characterized these solids by  STEM analyses. At the same time, to obtain some evidences over the oxidation and reduction sites in these materials, photodeposition tecnique was employed. This technique consists in the irradiation of a photocatalyst suspension in water in the presence of H2PtCl6 and Pb(NO3)2. Thus, Pt and PbOx NPs are deposited in the reduction and oxidation sites of the photocatalyst, respectively.42 Figure 2 shows a representative STEM-EDX mapping analysis with the presence of the expected elements in the UiO-66(Zr)-25@UiO-66(Ce) sample together with Pt and Pb species photodeposited within its network. Furthermore, these SEM-EDX images indicate that there is a preferential deposition of Pt and Pb species on the whole surface of the MOF-on-MOF sample as revealed by a more intense color corresponding to Pt and Pb species in the border of the image. Similarly, the analysis of the UiO-66(Zr)-NH2-200@UiO-66(Ce) sample revealed a similar preferential deposition of the Pt and Pb species in the surface (Figure S17).
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[bookmark: _Hlk123650015]Figure 2. STEM image and elemental EDX mapping for UiO-66(Zr)-NH2-25@UiO-66(Ce) supported Pt and PbOx NPs.


[bookmark: _Hlk123802811][bookmark: _Hlk123802996]To gain more information about the distribution of the elements in the UiO-66(Zr)-NH2@UiO-66(Ce) solids supported with Pt and PbOx NPs, EDX line scan analyses across the same particles analyzed by EDX mapping were carried out. Figure 3 shows  the STEM image of UiO-66(Zr)-NH2-25@UiO-66(Ce) solid together with the EDX scan line profiles. As it can be seen, the EDX line scan profiles of the elements shows that the ratio of Ce increases at both ends of the particle with a measured tichknesses of 4.6 and 3.9 nm respect to the Zr species (⁓140 nm of diameter). This measurement together with the previous information can be interpreted in the formation of a thin UiO-66(Ce) shell around UiO-66(Zr)-NH2 particle. Similar conclusions can be obtained from the EDX line scan anlyses for the UiO-66(Zr)-NH2-200@UiO-66(Ce) sample  in where the analyzed particle exhibits a core of about 170 nm with shell thicknesses between 5.4 and 3.9 nm (Figure S18). Furthermore, Pt and Pb species accumulate predominantly in the UiO-66(Ce) shell and interface with UiO-66(Zr)-NH2 domains in both composites.
Overall, these results can be interpreted considering the formation of a thin UiO-66(Ce) shell around the UiO-66(Zr)-NH2 core. Analyses of the photodeposited Pt and Pb species along the MOF-on-MOF particles show preferential deposition and, therefore, the presence of redox sites on the shell and interface areas between both MOFs. However, the small thickness of the UiO-66(Ce) counterpart around the UiO-66(Zr)-NH2 makes us difficult to identify separately oxidation and reduction domains in the MOF-on-MOF composite.	
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[bookmark: _Hlk123650070]Figure 3. STEM image and line scan EDX analysis for UiO-66(Zr)-NH2-25@UiO-66(Ce) supported Pt and PbOx NPs along the path highlighed by the yellow line. The distribution of a) C, b) O, c) Zr, d) N, e) Pt, f) PbOx and g) Ce is presented on top image. Magnification of analysis for Zr, Ce, Pt and PbOx is shows in the image in the down part. For clarity the area below the EDX line scan for Ce has been filled in brown color.

[bookmark: _Hlk122705677] ATR-FT-IR spectroscopy was also employed to characterize the samples under study (Figure S19). The UiO-66(Zr)-NH2 solid is characterized by the presence of carboxylate (asymm1585 and symm  1384 cm-1) and amino ((asymm 3482 cm-1 and symm  3386 cm-1) functional groups together with the characteristic C-N stretching band (1595 cm-1). The UiO-66(Ce) solid is also characterized by the vibrational bands of the carboxylate functional groups (asymm1585 and symm  1384 cm-1).43 These bands were also observed in the UiO-66 composites (Figure S19).
Thermogravimetric analyses show that UiO-66(Zr)-NH2 and UiO-66-(Ce) solids are thermally stable up to about 300 ºC as previously reported (Figure S20). The combustion of the MOF organic ligand leads to a remaining weight that corresponds to the presence of metal oxides CeO2 or ZrO2. UiO-66(Zr)-NH2 solid showed the experimental zirconium content of 32.8 wt% by TGA which is analogous to the ideal solid (31.2 %) with neutral formula Zr6O4(OH)4(OOC-C6H3NH2-COO)6. Similarly, UiO-66(Ce) material also exhibited a quite good coincidence between the experimental cerium content as determined by TGA (42.9 wt%) and the cerium content (42.97 wt%) present in the ideal formula Ce6O4(OH)4(OOC-C6H4-COO)6. These small, but significant, differences between the experimental value afforded by TGA and the theoretical metal content of these two MOFs are an indication of the presence of structural defects.30 Furthermore, UiO-66(Zr)-NH2@UiO-66(Ce) composites exhibit a thermal stability intermediate between that of UiO-66(Ce) and UiO-66(Zr)-NH2 solids.
UiO-66(Zr)-NH2, UiO-66(Ce) and UiO-66(Zr)-NH2@UiO-66(Ce) composites have also been characterized by XPS (Figure 4 and Figures S21-S23). C 1s spectrum shows the characteristic signals of the aromatic sp2 carbons (284.4 eV) together with the C-N (286 eV) and carboxylate carbon atoms (288 eV) of the terephthalate ligands. The O 1s spectrum exhibits a main band at about 532 eV characteristic of the oxygen atoms present in the carboxylate groups. The N 1s spectrum is characteristic of the C-N of the amino group present in the UiO-66(Zr)-NH2. The Zr 3d spectrum shows two bands attributable to the d5/2 (182.5 eV) and d3/2 (184.5 eV) characteristic of the Zr4+ ions present in the metal nodes of UiO-66(Zr)-NH2. The Ce 3d spectrum reveals the presence of both Ce4+ and Ce3+ ions in the metal nodes of UiO-66(Ce) in agreement with previous reports.30 
[image: ]
Figure 4. High resolution XPS peaks and the best deconvolution for the C 1s (a), O 1s (b), N1s (c), Zr 2p (d) and Ce 2d (e) signals recorded for the UiO-66(Zr)-NH2-25@UiO-66(Ce) sample. Legend: Ce4+ (o), Ce3+ (*).

[bookmark: _Hlk123748559]Another important feature of UiO-66 solids under study for their use as photocatalysts in the OWS is their energy level band diagram.44 UV-Vis diffuse reflectance spectra of UiO-66 composites exhibit a characteristic shoulder band up to about 500 nm while UiO-66(Zr)-NH2 and UiO-66(Ce) materials show absorption band up to 450 nm. From these UV-Vis spectra, the optical band gaps of the UiO-66 materials were determined by means of the Tauc plots (Figure S24). The estimated band gaps for UiO-66(Zr)-NH2 and UiO-66(Ce) were 2.81 and 2.99 eV,36, 45 while slightly lower band gap values obtained for the UiO-66 composites. In addition, the energy level of the valence band maximum of these UiO-66 solids was estimated by XPS from the intersection of a linear fit to the linear portion of the electron emission edge and the background (Figure S25). The obtained value corresponds to the valence band maximum energy versus the Fermi level (Ef). The valence band position vs the NHE (ENHE) can be obtained from the following equation: ENHE = Ef + sp -4.44 where sp is the work function of the spectrometer with the value 4.244 eV. From this ENHE value and the band gap the conduction band energy minimum (EcNHE) can be determined. Figure 5 summarizes the energy level obtained for the UiO-66 composites and UiO-66(Zr)-NH2 and UiO-66(Ce) samples. The results indicate that the UiO-66 samples meet the thermodynamic prerequisites to be used as photocatalysts for the OWS. As it can be seen in Figure 5, UiO-66 composites have slightly lower band gap and slightly positive lowest unoccupied crystal orbital (LUCO) values compared to UiO-66(Zr)-NH2 and UiO-66(Ce) solids. One plausible explanation for these observations is the fact that the UiO-66(Ce) shell formed around the preformed UiO-66(Zr)-NH2 core in both UiO-66(Zr)-NH2-@UiO-66(Ce) composites differ in large extent respect to the as-prepared UiO-66(Ce) sample. As commented earlier, UiO-66(Ce) sample exhibits an average particle size with the standard deviation of 112 ± 46 nm, while the UiO-66(Ce) shell present in the composite has a thickness of only few nanometers (< 6 nm). In this context, previous studies in the area of photocatalysis using both inorganic semiconductors46-48 and MOFs49, 50 have shown that the size and shape of the particles determine their energy band diagram. Other factors including structural defects such oxygen-vacancies in inorganic semiconductors or missing linker or cluster in MOFs50-52 also influences the resulting energy level band diagram of the solids. Therefore, these are possible explanations about the deviations of energy level diagrams between the UiO-66(Zr)-NH2 or UiO-66(Ce) solids and the MOF-on-MOF composites. 
 [image: ]
Figure 5. Energy band diagram of UiO-66(Zr)-NH2, UiO-66(Zr)-NH2-200@UiO-66(Ce), UiO-66(Zr)-NH2-25@UiO-66(Ce) and UiO-66(Ce). 

3.2. Photocatalytic results
[bookmark: _Hlk123753511][bookmark: _Hlk123753546][bookmark: _Hlk123802108][bookmark: _Hlk123802065]	The as-prepared series of UiO-66 samples were initially evaluated for the photocatalytic OWS. In good agreement with the energy band diagram of the UiO-66 solids shown in Figure 5, all the four samples were active for OWS reaction under both UV-Vis and simulated sunlight irradiation (Figure 6). Control experiments were carried out in the absence of photocatalyst and no formation of H2 or O2 is observed under the same reaction conditions. The somewhat lower oxygen content observed respect to the H2O stoichiometry may be due to several reasons, including partial consumption of the photogenerated holes by spurious electron donor impurities or the in situ reaction of O2 evolved during the photocatalytic reaction.30 In fact, several previous studies of photocatalytic OWS using MOFs such as MIL-125(Ti)-NH2,51 UiO-66(Zr/Ce/Ti),30 UiO-66(Ce)-NH2,53 MIL-173(Zr/Ti),50 IEF-11,34 among other precedents,25 have also reported H2 to O2 molar ratio higher than the theoretical value of 2 in OWS reaction. These observations can be related to several factors with different contributions that include H2O oxidation to H2O2 that later could be decomposed to O2. In this study, attempts to measure possible formation of H2O2 by titration with titanyl oxalate as previously reported,54 do not reveal its formation during the photocatalytic OWS using UiO-66(Zr)-NH2-25@UiO-66(Ce). Other factors such as the saturation of the MOF porosity network by O2 that is more soluble than H2 or the saturation of deareated water solution with O2 (more water soluble than H2) can justify to the observation of measured H2 to O2 ratio.53  Interestingly, UiO-66(Zr)-NH2@UiO-66(Ce) composites were more active compared to UiO-66(Zr)-NH2 or UiO-66(Ce) solids for the OWS into H2 and O2 under both UV-Vis and simulated sunlight irradiation. Among the various solids tested, UiO-66(Zr)-NH2-25@UiO-66(Ce) sample exhibited the highest activity of H2 and O2 production to 375 and 170 mol g-1 in 22 h under simulated sunlight irradiation (Figure 6). Additional experiments using exclusively visible light irradiation ( > 420 nm) showed that a large part of the observed photocatalytic activity (277 mol g-1 H2 and 79 mol g-1 of O2 in 22 h) derives from its visible light response. Control experiments using a physical-mixture of UiO-66(Ce) and UiO-66(Zr)-NH2 solids with the same proportions than in the UiO-66(Zr)-NH2-25@UiO-66(Ce) composite resulted in a photocatalytic activity similar to that of UiO-66(Zr)-NH2 or UiO-66(Ce) solids with the values of 154 and 77 mol g-1 for H2 and O2, respectively, in 22 h under simulated sunlight irradiation. This observation highlights the possibility of developing MOF-on-MOF composites with enhanced photocatalytic activity.
[image: ]
Figure 6. Photocatalytic OWS using UiO-66(Zr)-NH2 (a), UiO-66(Zr)-NH2-200@UiO-66(Ce) (b), UiO-66(Zr)-NH2-25@UiO-66(Ce) (c) and UiO-66(Ce) (d) under UV-Vis (A) or simulated sunlight irradiation (B). Reaction conditions: photocatalyst (10 mg), H2O (20 mL), UV-Vis (Hg-Xe lamp 150 W) (A) or simulated sunlight irradiation (B) (Hg-Xe lamp 150 W through an AM 1.5G filter), 35 °C.
[bookmark: _Hlk128465745]It is important to note that the photocatalytic activity of UiO-66(Zr)-NH2-25@UiO-66(Ce) (375 and 170 mol g-1 of H2 and O2 production, respectively, in 22 h under simulated sunlight irradiation) compares favorably with other MOF-based photocatalysts reported under similar conditions (Table S1).29-35, 55 More specifically, some of us have reported that a titanium (IV) squarate-MOF denoted as IEF-11 was one of the most active MOF photocatalysts for the OWS in the absence of any co-catalyst under simulated sunlight irradiation.34 In particular, IEF-11 photocatalyst was efficient in splitting H2O into H2 and O2 with the production rates of 260 and 107mol g-1 h-1 in 22 h, respectively, under identical photocatalytic conditions employed in this work (150 W Xe-He lamp, AM  1.5G filter, 10 mg of IEF-11, 20 mL H2O,  35 ºC) and the same photoreactor.34 Under identical reaction conditions, the production rate of H2 and O2  was enhanced to 540 and 267 mol g-1 at 22 h, respectively with 5 mg of IEF-11.34 In this work, the activity of UiO-66(Zr)-NH2-25@UiO-66(Ce) photocatalyst (5 mg) was notably higher with the production rates of H2 and O2 to 708 and 320 mol g-1, respectively after 22 h. The estimated apparent quantum yield (AQY) using UiO-66(Zr)-NH2-25@UiO-66(Ce) as photocatalyst for the OWS is 0.034 % at 400 nm. For comparison, a mixed-metal Zr/Ti-MIL-173 porphyrin-based MOF exhibited an AQY of 0.11 % at 450 nm.50 Overall, this study shows the possibility of preparing MOF-on-MOF composites based on UiO-66 solids to develop active photocatalysts for the OWS under simulated sunlight irradiation.
The stability of the most active UiO-66(Zr)-NH2-25@UiO-66(Ce) sample was assessed by performing several consecutive reuses. Figure 7 shows that the photocatalyst retains its initial photocatalytic activity after six consecutive uses. The PXRD of the six-times used sample reveals that the solid maintains most of its initial crystallinity. ICP-AES analysis of the liquid phase after one use reveals that the absence of zirconium leaching while about 6 wt% of the initial cerium is leached to the solution. Thus, the partial cerium leaching may be one of the reasons of the observed decrease of activity. 

[image: ]
Figure 7. Photocatalytic OWS for six consecutive cycles using UiO-66(Zr)-NH2-25@UiO-66(Ce) under simulated sunlight irradiation. The inset shows the PXRD patterns of the fresh and six-times used sample. Reaction conditions: photocatalyst (10 mg), H2O (20 mL), simulated sunlight irradiation (Hg-Xe lamp 150 W through an AM 1.5G filter), 35 °C.


3.3. Reaction mechanism
[bookmark: _Hlk123748842][bookmark: _Hlk123811052]To gain some insights on the high photocatalytic activity of UiO-66(Zr)-NH2-25@UiO-66-(Ce) for the OWS, additional experiments were carried out. Initially, the photocatalytic H2O oxidation to O2 was confirmed by using isotopically labelled H218O and observing the formation of a m/z 36 associated to the formation of 18O2’ by GC-MS analysis of the headspace of the reactor after 22 h irradiation (Figure S26). In other control experiment, the possibility of cerium species that did not fully grow may behave as co-catalyst was evaluated. For this purpose, the most active UiO-66(Zr)-NH2-25@UiO-66-(Ce) solid was modified in purpose with an additional amount of Ce4+ ions as described in the experimental section. Figure S27 shows that the resulting solid maintains its crystallinity as revealed by PXRD measurements while ICP-AES analysis of acid-digested sample confirms an additional cerium content of this sample respect to the parent solid with 3 wt%. The use of this sample as photocatalyst resulted in about a 10 % increase of H2 production respect to the photocatalyst without additional Ce4+ ions. More significantly H2:O2 molar ratio was observed to be about 2.3 that is in contrast with the ratio of 3.35 value achieved with the sample without additional Ce4+ ions. This significant increase of the O2 production due to the presence of additional amount of Ce4+ ions within the UiO-66(Zr)-NH2-25@UiO-66-(Ce) solid can be attributed to the well-known role of Ce4+ as electron acceptor during OER in such a way that favors the generation of molecular O2.32, 56 Therefore, these results suggest that Ce4+ ions that did not fully grow on UiO-66(Zr)-NH2-25@UiO-66-(Ce) solid are not a determinant factor of the observed activity.
Additionally, the photocatalytic HER and OER in the presence of methanol or persulfate as sacrificial hole or electron scavengers, respectively, were performed. Figures 8a and 8b show that the order of activity for both photocatalytic HER or OER, respectively, is the same as that observed for the OWS (Figure 6). The most active photocatalyst for both processes are the UiO-66(Zr)-NH2-25@UiO-66(Ce) composite. The observed order of photocatalytic activity for both HER and OER processes deserves some comments. The UiO-66(Zr)-NH2 (-0.67 V) and UiO-66(Ce) (-0.91V) have more negative LUCO values than UiO-66(Zr)-NH2-25@UiO-66(Ce) (-0.45 V), but all of them meet the thermodynamic reduction potential required for the HER. In this case, the higher photocatalytic activity of UiO-66(Zr)-NH2-25@UiO-66(Ce) may be at least attributed to higher visible light harvesting due to the differences in UV-Vis absorption spectra. At the same time, UiO-66(Zr)-NH2-25@UiO-66(Ce) sample with the higher band gap (2.77 eV) than to UiO-66(Zr)-NH2-200@UiO-66(Ce) (2.67 eV) is also more active. In this case, the higher activity of UiO-66(Zr)-NH2-25@UiO-66(Ce) respect to UiO-66(Zr)-NH2-200@UiO-66(Ce) could be associated the more negative LUCO value of the former (-0.45 vs -0.33 V). In the case of the photocatalytic OER, the composites exhibit somewhat more positive HOCO (highest occupied crystal orbital) values than UiO-66(Zr)-NH2 and UiO-66(Ce) together with lower band gap values and these might be the reasons of their higher photocatalytic activity during the OER. Regardless to these comments, the relatively higher activity of UiO-66(Zr)-NH2-25@UiO-66(Ce) respect to UiO-66(Zr)-NH2-200@UiO-66(Ce) sample for the OER cannot be simply explained based on their energy band diagram and other reasons should also be considered to explain this behavior.
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Figure 8. Photocatalytic H2 (A) or O2 (B) evolution reactions using UiO-66(Zr)-NH2 (a), UiO-66(Zr)-NH2-200@UiO-66(Ce) (b), UiO-66(Zr)-NH2-25@UiO-66(Ce) (c) and UiO-66(Ce) (d) under simulated sunlight irradiation. Reaction conditions for panel A: photocatalyst (10 mg), H2O (16 mL), MeOH (4 mL) simulated sunlight irradiation (Hg-Xe lamp 150 W through an AM 1.5G filter), 35 °C, reaction time 1 h. Reaction conditions for panel B: photocatalyst (10 mg), H2O (20 mL), Na2S2O8 (700 mg), simulated sunlight irradiation (Hg-Xe lamp 150 W through an AM 1.5G filter), 35 °C, reaction time 3 h.
	To further evaluate the possible origin of the high photocatalytic activity of UiO-66(Zr)-NH2-25@UiO-66(Ce) composite, a comparative photoluminescence emission spectroscopy was carried out for all the materials under study. Photoluminescence spectroscopy is a useful technique to provide some insights about the occurrence of photoexcited charge transfer and recombination in photoresponsive MOFs.57 It is worth commenting that the emission intensity of a specific sample after photoexcitation is associated to its relatively inefficient charge separation. As it will be shown later, the photoexcitation of the UiO-66 materials results in the occurrence of photogenerated electron and hole pairs. Thus, the observed fluorescence emission of the UiO-66 samples is attributed to the emission of photons due to the inefficient photoinduced charge charrier separation. Figure 9 shows the photoluminescence spectrum of the UiO-66 series in acetonitrile suspension (about 0.1 mg mL-1) after excitation at 266 nm. The emission spectrum of UiO-66(Zr)-NH2 upon 266 nm irradiation is dominated by two main bands centered at around 360 and 448 nm. In contrast, negligible photoluminescence (PL) was recorded for UiO-66(Ce). Interestingly the PL emission of the UiO-66(Zr)-NH2-200@UiO-66(Ce) sample resembles to that of UiO-66(Zr)-NH2 in the region around 448 nm. UiO-66(Zr)-NH2-25@UiO-66(Ce) sample showed much lower PL intensity compared to UiO-66(Zr)-NH2-200@UiO-66(Ce) or UiO-66(Zr)-NH2 indicating a more efficient charge separation process. 
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Figure 9 Emission spectra of acetonitrile suspension of a) UiO-66(Zr)-NH2; b) UiO-66(Zr)-NH2 200@UiO-66 (Ce); c) UiO-66(Zr)-NH2-25@UiO-66(Ce); d) UiO-66(Ce) recorded at exc= 266 nm.
Other important aspect from the PL study (Figure 9) is the observation that the emission of the UiO-66(Zr)-NH2-25@UiO-66(Ce) sample is much lower than that observed with the other composite UiO-66(Zr)-NH2-200@UiO-66(Ce) indicating a better charge separation of the former. Thus, the good photocatalytic activity of UiO-66(Zr)-NH2-25@UiO-66(Ce) sample respect to the other solids UiO-66(Zr)-NH2-200@UiO-66(Ce) or UiO-66(Zr)-NH2 can be associated to the better photoinduced charge separation. AlthoughUiO-66(Ce) sample shows similar emission intensities at 266 nm respect to UiO-66(Zr)-NH2-25@UiO-66(Ce) sample, the lower photocatalytic activity of the former can be attributed at least partially to its lower ability to absorb visible light irradiation.
One common strategy to confirm the occurrence of photoinduced charge separation is the use of probe molecules that react with electrons or holes resulting in the formation of colored species. Among them, methyl viologen (MV2+) is one of the preferred molecules employed as one-electron acceptor leading to the formation of a visually observable blue colored radical cation (MV·+) under inert atmosphere.58 Similarly, N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD) is commonly employed as one electron donor molecule rendering under inert atmosphere a visually observable blue-violet colored radical cation (TMPD·+). In this study, it was observed that all the UiO-66 samples promote the photocatalytic one electron MV2+ reduction to MV·+ as well as the TMPD oxidation to TMPD·+ (Figure 10). Furthermore, it is interesting to note that the order of photocatalytic activity of the UiO-66 samples for these two processes is same for OWS, HER and OER reactions: UiO-66(Zr)-NH2-25@UiO-66(Ce) > UiO-66(Zr)-NH2-200@UiO-66(Ce) > UiO-66(Zr)-NH2 > UiO-66(Ce).
[image: ]
Figure 10. A) Photocatalytic one electron MV2+ reduction to MV·+ using UiO-66(Zr)-NH2-25@UiO-66(Ce) and its UV-vis spectra before (black line) and after (blue line) irradiation of an acetonitrile MV2+ solution under Ar atmosphere. Right bar diagram shows the photocatalytic activity for MV2+ reduction to MV·+ using (a) UiO-66(Zr), (b) UiO-66(Zr)-NH2-200@UiO-66(Ce), (c) UiO-66(Zr)-NH2-25@UiO-66(Ce) and (d) UiO-66(Ce). B) Schematic illustration of the photocatalytic one electron TMPD oxidation to TMPD·+ using UiO-66(Zr)-NH2-25@UiO-66(Ce) and its UV-vis spectra before (black line) and after (blue line) irradiation in acetonitrile solution under Ar.  Right bar diagram shows the photocatalytic activity for TMPD to TMPD·+ under Ar atmosphere using (a) UiO-66(Zr), (b) UiO-66(Zr)-NH2-200@UiO-66(Ce), (c) UiO-66(Zr)-NH2-25@UiO-66(Ce) and (d) UiO-66(Ce).
	To gain better insights into the observed photocatalytic activity and the occurrence of photoinduced charge separation observed by using probe molecules, the UiO-66 samples were further studied by means of microsecond transient absorption spectroscopy (TAS). For this purpose, optically matched (absorbance 0.3) acetonitrile suspensions of the four UiO-66 samples were prepared. Figure 11 shows the temporal profiles obtained for the UiO-66 samples upon laser excitation at 355 nm under Ar atmosphere and monitored at 340 nm. This selected wavelength can promote electrons from the HOCO to the LUCO of the UiO-66 materials. From the best fit of these temporal profiles to a monoexponential decay kinetics, lifetimes in the order of nanoseconds were obtained. Besides, all the transient signals shown in Figure 11 decay to the ground state in the time scale available for the measurement, indicating that no photoproducts are formed and the system decays to the initial ground state. Previous studies using defective UiO-66(Zr)-NH2 samples as photocatalysts have described that the average decay lifetime obtained from femtosecond TAS can be used as indicator to evaluate the charge separation efficiency. The somewhat faster decay lifetime obtained for the UiO-66(Zr)-NH2-25@UiO-66(Ce) composite respect to UiO-66(Zr)-NH2-200@UiO-66(Ce), UiO-66(Zr)-NH2 and UiO-66(Ce) can be attributed to the more efficient photoinduced electron-hole separation. 
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Figure 11: Temporal profiles of the transient signals monitored at 340 nm upon 355 nm laser excitation under argon atmosphere for a) UiO-66(Zr)-NH2; b) UiO-66(Zr)-NH2-200@UiO-66(Ce); c) UiO-66(Zr)-NH2-25@UiO-66(Ce); d) UiO-66(Ce).

In the case of the most active UiO-66(Zr)-NH2-25@UiO-66(Ce) sample the nature of the photogenerated species was further evaluated by microsecond TAS performing selective electron or hole quenching experiments. N2O was employed as electron quencher, while methanol was used as hole quencher. Figure 12 shows that the presence of both N2O or MeOH quenches the transient signals monitored at 340 nm upon excitation at 355 nm.  These observations agree that the nature of the photogenerated transient species as being a contribution of electrons and holes. Figure 12 also shows that the presence of N2O or MeOH quenches different regions of the transient absorption spectrum recorded under Argon. Electrons have a larger contribution to the absorption from 300 to 700 nm, while positive holes are responsible in a larger proportion for the absorption between 260-575 nm. Overall, this behavior indicates that the species responsible for the absorption signal in the transient spectrum correspond to photogenerated electrons and holes.
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Figure 12. Temporal profile of the transient signals monitored at 340 nm recorded upon 355 nm laser excitation for UiO-66(Zr)-NH2-25@UiO-66(Ce) sample (A, B) under argon atmosphere (a), N2O atmosphere (a’) and in the presence of methanol (a’’). Transmission transient absorption spectra of UiO66 (Zr)-NH2-25@UiO-66(Ce) sample (C, D) recorded at 10 ns after 355 nm laser excitation under argon atmosphere (a) or after the addition of 300 mL of dichloromethane (a’) or methanol (a’’) for optically matched (absorbance 0.2) suspensions of the composites in acetonitrile.
Overall, the present results indicate that the UiO-66(Zr)-NH2@UiO-66(Ce) composites showed enhanced visible light absorption, photoinduced charge separation and photocatalytic activity for the HER and OWS compared to UiO-66(Zr)-NH2 and UiO-66(Ce) solids.
4. Conclusions
	This work shows the feasibility of developing active MOF-on-MOF composites based UiO-66 topology for the photocatalytic OWS under simulated sunlight irradiation. Out of the different solids tested, the activity of UiO-66(Zr)-NH2-25@UiO-66(Ce) solid exhibited three times higher activity compared to UiO-66(Zr)-NH2 or UiO-66(Ce) solids in HER, OER and OWS under simulated sunlight irradiation. The achieved photoactivity performance of UiO-66(Zr)-NH2-25@UiO-66(Ce) in the OWS to H2 (708 mol g-1) and O2 (320 mol g-1) without any co-catalyst under simulated sunlight irradiation after 22 h compares favorably with previous MOF-based photocatalysts from the litearture. The good performance of UiO-66(Zr)-NH2-25@UiO-66(Ce) solid in OWS reaction is associated due to its adequate energy band diagram (band gap, HOCO and LUCO values) and favorable photoinduced charge separation.
	The authors of  this investigation believe that this study will help to the development of other MOF-based photocatalsts for the solar-driven photocatalytic OWS in the near future.
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