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Abstract: The photocatalytic activity of a series of five UiO-66 (M: Zr, Zr/Ti, Zr/Ce, Zr/Ce/Ti, Ce)
materials for overall water splitting with generation of hydrogen and oxygen has been herein
measured. The most efficient photocatalyst for the overall water splitting is the trimetallic MOF UiO-
66(Zr/Ce/Ti) which achieves 230 umol-g* of Hz and 110 umol-g* of O, upon UV light irradiation,
and 210 umol-g* of H, and 70 umol-g* of O, upon visible light irradiation. This indicates that its
photocatalytic activity derives mostly from the visible region of the spectrum (A > 450 nm). The
photocatalytic activity of trimetallic UiO-66(Zr/Ce/Ti) was maintained upon reuse. Kinetics of the
charge separated state monitored by transient absorption spectroscopy shows similar deactivation
profiles for the five UiO-66 samples, suggesting that it is the charge separation efficiency the main
factor responsible for the differences in the photocatalytic activity. The use of methanol as sacrificial
agent during the photocatalytic experiments indicated that the high photocatalytic efficiency for

overall water splitting in UiO-66(Zr/Ce/Ti) derives from the favorable kinetics of oxygen evolution.



These results show the potential of multimetallic metal-organic frameworks as solar photocatalysts

by tuning light absorption towards the visible region.

1. Introduction

Metal-organic frameworks (MOFs)[1-7] in where metal ions or clusters of metal ions are interacting
through coordinative bonds with organic linkers in a highly porous, crystalline, solid structure are
promising photocatalysts for the production of solar fuels, including hydrogen generation.[8-21] It
has been shown that the strong interaction and the rigid environment with a fixed geometry and
distance between the metallic node and the organic linkers favor the photoinduced electron transfer
from the organic liker to the positively charged metallic nodes, resulting in an efficient charge
separation.[8, 22-26] The large diversity of transition metals together with the large number of
linkers offer a considerable flexibility in the selection of adequate chromophores to enhance the
photocatalytic activity.[8, 14, 18, 24, 27-30] Among the main challenges to overcome, one of them
is to increase the visible light photoresponse of MOFs, this property being of particular interest for
photocatalytic applications under solar light irradiation.[8, 13, 15, 18, 31-40]

One of the strategies that has been well established in the area is the use of amino substituted
organic linkers or the use of mixed ligand (amino functionalized and parent linker) MOFs as visible
light photo responsive MOFs.[8]

Another alternative and complementary approach to enhance the photo response is the use of mixed
metals MOFs, in where more than one transition metal is present in the metallic node.[25, 41-45]
Electron relay from one metal to another can narrow the effective band gap by introducing intra
band gap states that can also facilitate photocatalytic activity by increasing the charge separation
efficiency and the lifetime of the charge separation state.[25, 44, 46, 47]

One case in where the mixed metal approach has shown its benefits is the case of UiO-66(Zr).[44,

48-52] Theoretical calculations have suggested that the main of bottleneck of its photocatalytic
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activity derives from the fact that both the highest unoccupied (LUCO) and the highest occupied
crystal orbital (HOCO) in UiO-66 correspond to frontier orbitals mostly located at the organic
linker, resulting in a poor efficiency for the linker to metal node charge transfer.[22] Recently,
introduction of Ti** on the node of UiO-66(Zr) has shown that the photocatalytic activity for CO;
reduction in the presence of sacrificial electron donors of the mixed metal UiO-66 (Zr/Ti) improves
in comparison to single metal analogs.[44, 50, 53]

In a series of papers focused on the calculation of the band gap energies and HOCO/LUCO redox
potential in UiO structures, Truhlar and coworkers have proposed that Ce** based UiO-66 should
be an efficient photocatalyst due to the low-laying empty 4f orbitals of Ce** that would correspond
to the HOCO of this UiO-66(Ce) material.[42] In addition, metal doping in Ce**-based MOFs
should promote visible light photoresponse in UiO-66 structure by narrowing the band gap.[43]
These theoretical calculations also indicate that the LUCO and HOCO energies of the resulting
metal doped Ce**-UiO-66(Zr) should still have enough energy to promote water oxidation and
hydrogen generation, respectively,[42, 43] but these predictions still require experimental evidence.
In connection with the use of MOFs as solar light photocatalysts for overall water splitting,[54-58]
our group has shown that besides hydrogen generation in the presence of sacrificial electron
donors,[56] MOFs can also generate oxygen photocatalytically from H>O in the absence of electron
acceptors, a more challenging process than simple hydrogen generation in the presence of electron
donors .[56] It is clear that real application of MOFs for the production of solar fuels requires the
simultaneous stoichiometric generation of hydrogen and oxygen from water.

Continuing with this line of research and led by the theoretical calculations showing that
modification of node composition can result in alteration of the bandgap,[42, 43] the present
manuscript reports the solar and visible light photocatalytic activity for overall water splitting of
mixed-metal UiO-66(Zr/Ce/Ti) solids. Only a few reports have shown that MOFs are able to
promote the photocatalytic overall water splitting, but the production rates with simulated sunlight

up to now are low, about 100 pmolxgcatalyst *.[56] Also the photoresponse was almost exclusively
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due to the UV light. In contrast to these precedents, the present study reports a high overall water
splitting activity mostly in the visible region due to the node composition with the three transition
metals with respect to the mono and bimetallic analogs. The present study shows the opportunity
that MOFs offer to tune their photocatalytic activity in the visible region and increase the
photocatalytic efficiency by developing sites that favor four electrons/four protons required in water
oxidation. Fluorescence and time-resolved absorption spectroscopy provide evidence showing that
the charge separation is favorable in the case of the trimetallic UiO-66(Zr/Ce/Ti). In this way the
photocatalytic activity for overall water splitting for the trimetallic UiO-66(Zr/Ce/Ti) for the visible
light increases about one order of magnitude with respect to the parent UiO-66(Zr). Overall, the
experimental data are in general agreement with the theoretical prediction and illustrate the

versatility and potential of MOFs as photocatalysts.

2. Material preparation and characterization

The materials under study, their preparation and the characterization data will be described in the first

place, before commenting on their photocatalytic activity in overall water splitting.

Five different UiO-66 containing either Zr or Ce and mixed bimetallic Zr/Ce, Zr/Ti and trimetallic
Zr/CelTi were prepared in the present study. Four of them, mono and bimetallic UiO-66(Zr), UiO-
66(Ce), UiO-66(Zr/Ce) and UiO-66(Zr/Ti) materials have been already described in the literature and
were prepared following the corresponding reported procedures, [44, 51, 59, 60] while UiO-
66(Zr/CelTi) was synthesized for the first time in this work.

UiO-66: The synthesis of Zr-BDC MOF was carried out dissolving the metallic salt ZrCls (0.053 g,
0.227 mmol) and the organic linker 1,4-benzenedicarboxylic acid (H2BDC) (0.034g, 0.227 mmol) in
N,N"-dimethylformamide (DMF) (24.9 g, 340 mmol) at room temperature. The mixture was
transferred in a Teflon-lined autoclave, sealed and placed in a pre-heated oven at 120 C for 24 hours.
After cooling to room temperature, the resulting white solid was filtered and washed several times

with DMF and dried at room temperature.



UiO-66(Zr/Ti): UiO-66 (Zr/Ti) was synthetized following a post-syntetic method using TiCls
(THF)2 under inert atmosphere. Synthesized UiO-66 (0.45mmol) and TiCl4(0,135mmol) as Ti source
were suspended in 2.5 mL DMF and incubated for 4 days at 120 °C. After cation exchange, the
corresponding UiO-66 (Zr/Ti) solids were filtered, washed sequentially with DMF and MeOH and

dried in vacuum at 40 °C for 24 hours.

UiO-66(Zr/Ce): UiO-66 (Zr/Ce) MOF was synthesized using Pyrex glass reaction tubes. H2BDC,

(127.6 mg) was introduced into the glass reactor with DMF (3.6 mL) and aqueous solutions of
cerium(IV) ammonium nitrate (0.533 M; 117 mg, 0.400 mL water), zirconium(IV) dinitrate oxide
hydrate (0.533 M, 99.0 mg 0.800mL) and concentrated formic acid (HCOOH, 100 %, 1.03 mL) were
added. The suspension of the starting materials was
heated under stirring for 15 min at 100 °C. The light-yellow precipitate was centrifuged in the mother
solution and then it was decanted off. The solid was centrifuged twice in DMF (2 mL) and then, to
remove DMF, the solid was washed and centrifuged with acetone (2 mL) four times. The resulting

white solid was dried in air at 70 °C.

UiO-66(Zr/Ce/Ti): UiO-66(Zr/Ce) (0.45mmol) and TiCls(THF)2 (0.135mmol) as Ti source were
suspended in 2.5 mL DMF and incubated for 4 days at 120 °C. After cation exchange, the resulting
UiO-66(Zr/CelTi) solids were filtered, washed sequentially with DMF and MeOH and dried in
vacuum at 40 °C for 24 h.

UiO-66(Ce): H,BDC (35.4 mg, 213 pmol) was introduced into the glass reactor with DMF (1.2 mL)
and an aqueous solution of cerium (IV) ammonium nitrate (400 puL, 0.5333 M). The glass reactor was
heated under stirring conditions for 15 min at 100 °C. The light-yellow precipitate was centrifuged
in the mother suspension; then, the solid was centrifuged twice in DMF (2 mL). To remove DMF
from the product, the solid was washed and centrifuged with acetone (2 mL) four times. The resulting

yellow solid was dried in air at 70 °C.

Scheme S1 shows the route followed for the preparation of these five UiO-66 samples. Three of them
were prepared de novo in a single step using terephthalic acid and either ZrCls, Ce(NH4)2(NO3)s or a
mixture of both as described in the literature.[44, 51, 59, 60] It should be noted that for the case of
UiO-66(Zr/Ce), with Zr/Ce atomic ratio of 4, exhaustive characterization by elemental analysis and
XPS has provided conclusive evidence supporting the location of the two metals at the nodes of the

MOF.[59, 61] The two Ti*" containing samples were prepared by post-synthetic ion exchange in
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dimethylformamide (DMF) as previously described,[44, 50, 60] starting either from UiO-66(Zr) or
the bimetallic UiO-66(Zr/Ce) and using the TiCl4(THF)2 complex as Ti source in DMF at 120 °C.

Table 1 lists the samples under study and summarizes some of the relevant analytical and textural
data obtained from ICP-AES, BET surface area and pore volume measurements (representative

isotherm curves are shown in Figures S1-S3).

Table 1. List of the photocatalysts employed in this work indicating the metal content per formula,
specific BET surface area and pore volume values.

MOF Zr Ti Ce Sum of moles | BET (m?g) Pore Volume
(mol) (mol) (mol) (cm*g)
UiO-66(Zr) 6.34 / / 6.34 1258 0.75
UiO-66(Zr/Ti) 4.82 0.84 / 5.66 974 0.78
UiO-66(Zr/Ce) 5.64 / 0.91 6.55 1297 0.69
UiO-66(Zr/Ce/Ti) 4.16 1.18 0.5 6.46 1019 0.65
UiO-66(Ce) / / 5.6 5.6 916 0.35

The isomorphic crystal structure of the samples corresponding to the UiO-66 structure was
confirmed by powder X-ray diffraction (PXRD). Supporting information presents the PXRD
patterns recorded for the five samples (Figure S4-S5). Some small, but significant, shifts in the
position of the lowest angle diffraction peak from 7.2 ° for UiO-66(Ce) to 7.4 ° for UiO-66(Zr) and
UiO-66(Zr/Ce) till 7.5 ° for UiO-66(Zr/Ti) and UiO-66(Zr/Ce/Ti) were observed. As a general
trend, the replacement of Zr** or Ce** ions by smaller Ti** ones at the metal node causes some
contraction of the unit cell, as confirmed by the crystallographic data shown in Figure S2.

Comparison of the diffractograms b and d in Figure S2 shows for both MOFs containing Ti a shift
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of the peak at 7.4 ° to a value of 7.5 °. This small shift in the position of the shortest angle
diffraction peak has been already observed in the literature and attributed to the incorporation of
Ti** having the small ionic radius to the nodes.** Similar observations have been previously
reported in the literature, and taken as an evidence of the framework incorporation metals.[25, 44,
60, 62, 63] The average crystal size of the photocatalyst UiO-66 (Zr / Ce / Ti) was further analyzed
through the use of the Scherer formula and on the basis of a detailed evaluation of the X-ray
diffractogram.

D=k-1/BcosO
Where:
D= crystallites size (nm)
K= 0.9 (Sherrer costant)
A=0.15406 nm (Wavelength of X-ray sources)
B = FWHM (radiants)
6 = peak position (radiants)
The calculation was supported by the Origin 8 program and provides a value of 9. 71 nm, which is
consistent with the value that has been previously estimated through structural analyzes only.
The nature and content of the transition metals present in the material was determined by ICP-AES
and the results obtained are listed in Table 1. The difference between the theoretical metal content
of 6 mols of metal for the ideal formula Zre(us-0)a(ps-OH)a(ps-BDC)e]n (BDC: benzene-1,4-
dicarboxylate) and the experimental value (Table 1) is generally assumed as due to the presence of
defects on the UiO-66 sample.[®¥ Importantly, the incorporation of Ti atoms on the UiO-66(Zr) and
Ui0O-66(Zr/Ce) solids is accompanied by a decrease of Zr or Zr and Ce content of the materials.
XRD and ICP-AES analysis agree with previous reports in the literature describing the partial
replacement of Zr** or Ce** atoms present in the UiO-66(Zr)[63] or UiO-66(Ce) solids,[62]

respectively, by Ti**atoms.



The density of defects in the series of UiO-66 was estimated by thermogravimetry, determining the
residual remaining weight of the material after combustion of the organic linkers, corresponding to
metal oxides, that was compared to the theoretical amount according to the expected unit cell
formula. Figure S6 contains the thermogravimetric profile of each of the different UiO-66 MOFs
under study.

Surface area and porosity were determined by isothermal nitrogen adsorption at 77 K (Figures S1-
S3). The data are contained in Table 1. It was found that UiO-66(Zr) and UiO-66(Zr/Ce) were the
materials with the largest specific surface area above 1200 m?/g. The smallest BET area
corresponds to UiO-66(Ce) that has a value of 916 m?/g in good agreement with previous
reports.[65] The two samples containing Ti** have an area that is in between these values. While the
pore volume of four of the samples was about 0.7 cm?/ g, this value was about 0.4 in the case of
UiO-66(Ce), again in accordance with the data previously described in literature.[66] The BET
surface area and pore volume data are listed in Table 1. Analysis of these data shows that the
surface area values of UiO-66(Zr) and UiO-66(Zr/Ce), both samples prepared by de novo synthesis,
are comparable. This indicates that the partial exchange of Zr ** by Ce** in the proportions present
in UiO-66(Zr/Ce) does not influence material porosity. This conclusion is in agreement with the
coincidence of XRD patterns for UiO-66(Zr) and UiO-66(Zr/Ce). Particularly, the comparison of
the diffractograms (a) and (c) in Figures S1 and S2 clearly indicates that the two MOFs are
isostructural. In addition, the pore volume of the two materials are similar, going from 0.75 cm®/g
for UiO-66(Zr) to 0.69 cm®/g for UiO-66(Zr/Ce). The small decrease of the pore volume could be
related to somewhat larger metal nodes due to the larger cation radius of Ce** respect to Zr**.,
However, the fact that the Ce** percentage is less than 20 % does not cause large structural
distortions. On the other hand, for UiO-66(Ce), also prepared by de novo synthesis using a Ce**
salt, the larger Ce** cation radius compared to Zr** is responsible for larger structural distortions
reflected in the diffractogram of the samples (Figure S2) also causing a diminution of the BET

surface area, 916 m?/g, and the pore volume of the material, 0.35 cm®/g, for UiO-66(Ce).
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Regarding Ti**, the partial replacement of Zr 4 and/or Ce ** by Ti*" cation is reflected in a
substantial decrease in the surface area value of the material, but a constant pore volume size. These
variations in the porosity indicate the formation of defects and distortions of the crystal structure.

IR spectroscopy shows some variation in the relative intensity of a specific peak of the terephthalate
linker appearing at 1590 cm™ and corresponding to the stretching vibration of the -C(O)O group, that
depends on the nature of the transition metal at the node. This peak splits in two bands for UiO-
66(Zr/Ti) and shifts to higher wavenumber for UiO-66(Zr/Ti/Ce) and UiO-66(Zr/Ce) This variation
in IR spectrum is in agreement with the replacement of Zr*" in the inorganic node of bimetallic and
trimetallic MOFs by Ti*" and Ce*" ions. Figure S7 in the supporting information contains the IR
spectra of the five samples under study and the area where the previously mentioned variation of the

peak can be observed has been marked.

The morphology of the particles was observed by field-emission scanning electron microscopy
(FESEM), scanning transmission electron microscopy (STEM) and transmission electron microscopy
(TEM) (Figures S8-S21 in supporting information). These images show that UiO-66(Zr) is
constituted by cubes of about 70 nm size together with smaller particles. Similarly, UiO-66(Zr/Ce)
exhibits cuboctahedra particles of about 20 nm together with some larger particles. In the case of
Ui0-66(Ce), the particles have smaller size and ill-defined geometrical shape. The morphology of
the particles changes upon ion exchange with Ti*" in DMF, resulting in smaller particles with non-
defined planes. STEM and TEM images show............... EDX elemental analysis of the particles
shows the uniform distribution of the metals in the crystals. In particular, EDX elemental analysis of
the trimetallic UiO-66(Zr/Ce/Ti) MOF (Fig. S17) coincides with the theoretical elemental analysis.
The slightly higher experimental value, compared with the theoretical one, obtained for the Ti content
could be explained by the post-synthetic introduction of Ti in the metallic node that leaves some Ti

content in the external surface of the solid.



The series of the UiO-66 solids were also characterized by XPS. This technique reveals the presence
and oxidation state of the atoms present in the solids. Some general XPS features for all the UiO-66
materials prepared can be drawn (Figures S22-S26 in supporting information). Thus, C1s XPS shows
the presence of aromatic carbons (~284.4 eV), together with carboxylate carbon atoms (~288 eV) of
the terephthalate ligands. The O 1s XPS band centered at about 532 eV is mainly due to the oxygens
present at the carboxylate groups. The Zr 3 ds» (182.5 eV) and 3 d3» (184.5 eV) are characteristic of
the Zr*" atoms present in the metal nodes. XPS Ti 2p confirms Ti*" incorporation in the metal nodes
as revealed by the XPS Ti 2p3 (~458 eV) and 2p1/2 (~464 eV). Regarding the characterization of Ce
atoms in the UiO-66 solids, previous studies have reported the presence of Ce** atoms together with
Ce*" in the single-metal UiO-66(Ce) material based on XPS.[51] The same mixed Ce**/Ce*" valence
state was also observed for mixed-metal UiO-66(Zr/Ce) solids, where Zr** substitution at the nodes
by Ce*"*" was previously supported by X-ray absorption near edge structure spectroscopy.[51] In our
study, the three XPS Ce 3d bands at 884, 901 and 917 eV can be attributed to Ce*" ions at the metal

nodes.[51, 66]

One important issue to be addressed in mixed-metal MOFs is the location of metals in the secondary
building units (SBUs).[67] One possibility is that the metals are arranged in different SBUs, while a
second possibility is that the metals are randomly distributed sharing the same SBUs. Based on
previous studies about mixed-metals, mixed-metal SBUs are more likely to be formed for metal ions
of similar ionic radio and affinity to coordinate oxygen atoms. Thus, in principle the mixed-metal
SBU would be more favorable when using Zr*" and Ti*" atoms, respect to Zr*" and Ce*'. In fact,
previous reports using UiO-66(Zr/Ce) have concluded that the more favorable configuration of this

MOF would contain Zrs and Ces nodes although mixed-metal SBU of CeZrs can be present.[68]

In principle, in the case of the UiO-66(Zr/Ce/Ti) material the metal clusters could be constituted by
one, two or three different metals. XPS has been reported as an appropriate technique to support the

distribution of metals, depending on whether or no changes in the binding energy and symmetry of
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the XPS peaks corresponding to the different metal ions are observed.[67] Metals present in different
SBUs should exhibit the same XPS peaks as those of single-metal MOFs since the interaction among
these metal ions should be negligible because they are separated by the terephthalate units. In contrast,
the presence of two or three different metals in the same SBU could be reflected in differences in the
XP spectra of the mixed-metal MOF compared to the monometallic MOF. Comparison of XPS Zr 2p
peaks for the UiO-66 series (Figure S27) show a shift (0.32 eV) in the Zr binding energy in the case
of Ui0-66(Zr/Ti) and UiO-66(Zr/Ce/Ti) respect to the parent UiO-66(Zr) that is not observed, as
already reported, in the case of the UiO-66(Zr/Ce). In contrast, the XPS Ti 2p peak of UiO-66(Zr/T1)
and Ui0O-66(Zr/Ce/Ti) are coincident in binding energy (Figure S27). These findings agree with the
presence of mixed-metal SBUs of Zr and Ti atoms in the UiO-66 solids while Zr and Ce atoms should
be located in isolated domains. Furthermore, XPS Ce 3d peak of UiO-66(Ce) and UiO-66(Z1/Ce) are
very similar (Figure S27), as reported[61, 68] while in the case of UiO-66(Zr/Ce/Ti) the binding
energy for Ce decreases, indicating that Ce is sharing node with Ti as previously reported for the UiO-
66(Ce) partially exchanged with Ti*" in the metal node.[62] In summary, XPS analysis of the samples
are coincident with the literature in the case of UiO-66(Zr/Ce) where separate Zrs and Cee nodes are

present, but indicates that Ti shares nodes both with Zr and Ce.

Regarding the photocatalytic activity, one important information that indicates which are the photons
absorbed by the material is the UV-Vis absorption spectra. These absorption spectra recorded in the
diffuse reflectance mode are presented in Figure 1. It can be seen there that the sample absorbing at
longer wavelength is the UiO-66(Ce), in agreement with theoretical data that have predicted a

narrowing of the LUCO that HOCO band gap for this material in comparison to UiO-66(Zr).
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Figure 1. Diffuse reflectance UV-Vis spectra of a) UiO-66(Zr), b) UiO-66 (Zr/Ti), ¢) UiO-66(Zr/Ce),
d) UiO-66(Zr/Ce/Ti), e) UiO-66(Ce). The inset (at right) corresponds to a magnification of the 400-
650 nm region for plots a, b, ¢ and d.

In addition, as it can be seen also in Figure 1, an expansion of the absorption spectrum onset shows
that the introduction of titanium on the node produces a red shift of the onset respect to the parent
Ui0-66(Zr) and the trimetallic UiO-66(Zr /Ce/Ti) has an absorption tail that expands up to 600 nm
into the visible zone. The estimated band gap values from diffuse reflectance UV-Vis spectroscopy
(Figure S28) for UiO-66(Zr), UiO-66(Zr/Ce), UiO-66(Zr/Ti), UiO-66(Zr/Ce/Ti) and UiO-66(Ce) are
3.31, 3.25, 3.10, 3.05 and 2.60 eV, respectively. In particular, the band gap of UiO-66(Zr/Ce) is close
to that of UiO-66(Zr) while UiO-66(Zr/Ti) and UiO-66(Zr/Ce/Ti) exhibit slightly smaller band gap
values. According to previous studies[67] and in agreement with our XPS and XRD data it is proposed
that the presence of Ti*'in the same SBU as Zr*" and Ce*"*" is responsible of the band gap narrowing

respect to the UiO-66(Zr) solid.[67]
3. Results and discussion

3.1. Photocatalytic activity
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The samples under study were screened for their photocatalytic activity for overall water splitting
upon irradiation with a xenon lamp (UV-Vis) in the absence (Figure 2a) or in the presence (Figure

2b) of a cutoff filter (A> 450 nm). The results obtained under these two conditions after 24 h

irradiation is presented in Figure 2.
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Figure 2. Photocatalytic gas evolution using different UiO-66 as photocatalysts upon irradiation with
UV-visible light (a) or exclusively with visible light (b) (A> 450 nm). Reaction conditions: light
source UV-Vis xenon lamp (150 mW cm™) equipped or not with a filter (A> 450 nm), photocatalyst
20 mg, H>O (20 mL) photoreactor volume (51 mL), reaction temperature (35 °C).
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As it can be seen in Figure 2, in all cases evolution of hydrogen and oxygen was observed. In
general, the amount of oxygen was close to the expected stoichiometric amount according to the
evolution of hydrogen. Similar lesser O> formation has been frequently observed in the literature
and attributed to adventitious hole and/or oxygen consumption.®! This less than expected O
production is motivated by the high oxidation potential required in water oxidation and its slow
kinetics. The lesser than expected O> evolution can be due to the partial consumption of holes
causing some oxidation of metal sites of the photocatalyst, or the binding and consumption of some
formed O> with metal nodes or photoreactor.

Several remarkable facts were observed when comparing the performance of the different samples.
Thus, comparison of part a and b in Figure 2 shows that the photocatalytic activity of UiO-66(Zr)
derives mainly from the UV region, decreasing significantly when using exclusively visible light.
This is in agreement with the poor photoresponse of UiO-66(Zr) for most of the visible light
photons. It is also remarkable that the photocatalytic activity of UiO-66(Ce) remains almost the
same when the sample is irradiated in the UV-visible or the visible region, meaning that in the case
of UiO-66(Ce) the photoresponse derives mainly from visible light, therefore contrasting with the
behavior of UiO-66(Zr). Similar performance of almost constant photocatalytic activity under UV-
Vis or visible light irradiation was also observed for the other three samples, namely UiO-
66(Zr/Ce), UiO-66(Zr/Ti) and UiO-66(Zr/Ce/Ti). The photocatalytic activity for overall water
splitting follows the order UiO-66(Zr/Ce/Ti)>UiO-66(Zr/Ti)>UiO-66(Zr/Ce).

Overall, these photocatalytic data show the remarkable increase in visible light activity achieved by
introduction of Ti** into the parent UiO-66(Zr). As it can be seen in Figure 2b, the best performing
Ui0O-66 was the trimetallic UiO-66(Zr/Ce/Ti), showing the benefit on the photocatalytic activity of
introducing more than two metals. Overall, the photocatalytic activity of UiO-66(Zr/Ce/Ti) is
seven- time higher than that of UiO-66(Zr). To put the obtained values into context, recently our
group has reported a hydrogen production from overall water splitting using MIL-125(T1)-NH: and

MIL-125(Ti)-NH: simultaneously loaded with Pt and RuOx NPs as co-catalysts values of 48 and
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218 umol g* respectively, after 24 h under similar reaction conditions as there used in the parent
study.[>®1 The values presented in the Figure 2b for UiO-66(Zr/Ce/Ti) are similar to those reported
by Pt, RuOs-MIL 125 (Ti)-NHz2, but using exclusively visible light and in the absence of any
precious metal. Thus, the results achieved in Figure 2b are remarkable and probably among the
highest ever reported with visible light.

To understand better the reasons of the higher activity of the trimetallic UiO-66(Zr/Ce/Ti) with
respect to the other related congeners, an additional experiment with monochromatic light at 400
nm was performed. This wavelength is at the limit of the visible region and corresponds to the onset
of the absorption band for the four-zirconium containing UiO-66 (Figure 1) and the absorption
intensity at this wavelength follows the same relative order as the photocatalytic activity measured
for the full visible wavelength range. It is, therefore, proposed that light absorption is one of the
main factor determining the relative photocatalytic activity order in the case of the Zr containing
MOFs. However, the fact that UiO-66(Ce) exhibits even higher visible absorption, but it is much
less active indicates that the multimetallic composition of the nodes should also play and important
role. In addition, the photoresponse of UiO-66(Zr/Ce/Ti) for overall water splitting was measured
for three wavelengths namely 300, 400 and 500 nm (Figure 3), observing that the highest relative

efficiency corresponds to 400 nm.
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Figure 3. a) Overall water splitting using UiO-66(Zr/Ce/Ti) under monochromatic irradiation (300,
400 or 500 nm). Inset: H> production upon monochromatic light irradiation and the corresponding
UV-Vis diffuse reflectance spectra of UiO-66(Zr/Ce/Ti). The values of the energetic efficiency for
each wavelength, obtained by the equation S1, are given in the graph. Reaction conditions: UiO-
66(Zr/Ce/Ti) (10 mg), Milli Q-H,0O (10 mL), temperature (35 °C), and reaction time: 22 h. b)
Photocatalytic H> evolution in the overall water splitting for two consecutive uses of UiO-
66(Zr/Ce/Ti): first use (m); second use (©). The inset shows the XRD of the fresh (black one) and
two-times used (red one) UiO-66(Zr/Ce/Ti) sample. Reaction conditions: catalyst (20 mg) light
source UV-Vis xenon lamp (150 mW cm-2) with a cut off filter (A> 450 nm), H.O (20 mL)
photoreactor volume (51 mL), reaction temperature (35 °C).
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Regarding stability, the same sample of UiO66 (Zr/Ce/Ti) was submitted to two consecutive uses as
photocatalyst under visible light irradiation (A> 450 nm), following the temporal profile of
hydrogen and oxygen evolution (Figure 3b). A minor decrease in the initial reaction rate and final
hydrogen production was observed that could be due to the incomplete recovery of the material
after the run to be used as a photocatalyst in the subsequent reaction or to the analytical
experimental error. In addition, XRD shows no change in the position or intensity of the diffraction
peaks of the fresh and two times used samples.

The overall water splitting consists in the simultaneous production of hydrogen by conduction band
electrons and the corresponding amount of oxygen by valence band holes. Typically, to increase the
efficiency of a photocatalyst it is convenient to add a co-catalyst whose role is to facilitate
interfacial electron transfer, and evolution of gases, increasing in this way the efficiency of the
photocatalytic process. Typical co-catalysts are noble metals such as platinum, palladium and gold
or critical metals such as ruthenium or cobalt.[9, 56] It is important to note that in the present case,
no co-catalysts are added and that the overall splitting activity arises from the intrinsic efficiency of
MOFs. Of the two simultaneously occurring reactions, i.e. hydrogen evolution and water oxidation,
the latter is kinetically the most demanding reaction.[69] For this reason, it is a common practice to
determine the photocatalytic hydrogen evolution in the presence of sacrificial electron donors that
typically increase the efficiency of hydrogen generation by more than one order of magnitude.[8] In
the present case, in the irradiation under UV-visible using UiO-66(Zr/Ce/Ti) as photocatalyst
addition of methanol as sacrificial electron donor increases the amount of hydrogen evolved by
two-fold reaching a value after 22 h of 390 umoles g* catalyst. This modest influence of the
presence of methanol on the photocatalytic hydrogen generation indicates that hole quenching by
water with the evolution of oxygen production is, in the present case, a process that occurs at
relatively high reaction rate compared to other photocatalytic systems. Therefore, that does not
cause the expected slowdown of the photocatalytic process. Since oxygen evolution by water

oxidation is a four electrons-four protons process, it is proposed that the multimetallic
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Mg'VO4(OH)4** clusters of UiO-66 are acting somehow similarly to the multimetallic oxygen
evolution center in the natural photosynthetic center 11, cooperatively removing the electrons and
protons required in the transformation of H>O into O.. In other words, the presence of three metals
with different oxidation potentials in the same M'Vs cluster could store in close spatial proximity
more than one hole, while providing coordination sites for water, hydroxyl andother oxygen
intermediates, making easier the formation of Oo.

3.2 Mechanism of the photocatalytic water splitting

In order to get more insights on the most photoactive material prepared in this work UiO-
66(Zr/Ti/Ce) the band energy was experimentally determined. In particular, a valence band energy
vs. vacuum of -7.05 eV was estimated from XPS and the band gap of 3.10 eV was measured by
diffuse reflectance UV-Vis spectroscopy, resulting in a conduction band energy minimum vs.
vacuum of -3.95 eV. These data confirm that the UiO-66(Zr/Ti/Ce) band alignment is appropriate to
promote overall water splitting at pH 7 that requires CB of higher than -4.03 eV and VB lower than
-5.26 eV for H; and O evolution from water, respectively (Figure S29).

To assess the occurrence of charge separation upon irradiation of mixed metal UiO-66(Zr/Ce/Ti),
irradiation of acetonitrile suspensions of this material in the presence of N,N,N’,N’-tetramethyl-p-
phenylenediamine (TMPDA) and methyl viologen (MV?"), two typical visual probes of
photooxidation and photoreduction,’® 7 respectively, was carried out. As indicated in Scheme 1,
upon excitation of the linker in UiO-66(Zr/Ce/Ti) ligand-to-metal charge transfer should occur with
the simultaneous generation of electrons in the LUCO and positive holes at the HOCO; these
electrons and holes can be quenched by suitable electron acceptors (MV?*) or electron donors

(TMPDA).
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The use of these quenchers in particular results in the generation of the corresponding radical cations
that can be visually observed by their characteristic color and their generation can be conveniently
followed by colorimetric techniques. These data could be also used to quantify the concentration of
these radical cations. Figure 4 shows the absorption spectrum of an acetonitrile suspension of UiO-
66(Zr/Ce/Ti) containing TMPDA before and after irradiation. Upon irradiation the characteristic
absorption band corresponding to TMPDA " radical cation, that exhibits an absorption band with fine
structure centered at 590 nm, can be seen.[70, 71] The inset in Figure 4 shows a photograph of the

suspension upon irradiation showing the characteristic color of the photo-generated TMPDA".
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Figure 4. UV—vis absorption spectra of an acetonitrile suspension of the UiO-66(Zr/Ce/Ti) MOF in
the presence of: TMPDA as electron donor a), before al) and after a2) solar simulator irradiation, and
MV?*, as electron acceptor b), before (b1) and after (b2) xenon lamp irradiation. The photographs of
the insets show the visual appearance of the suspensions under each condition.

While the use of TMPDA as probe shows the occurrence of oxidation upon simulated sunlight
irradiation of UiO-66(Zr/Ce/Ti) as photocatalyst, an analogous experiment was carried out with
MV?* as electron acceptor. In this case the suspension becomes blue and optical spectroscopy shows
the characteristic UV-Vis spectrum of MV radical cation that exhibits a sharp peak at 390 nm with

a shoulder in the blue side and a much less intense broad peak with fine structure at 600 nm.

-20-



Formation of MV-" radical cation indicates the photogeneration of electrons upon irradiation of UiO-
66(Zr/Ce/Ti).

After having shown the occurrence of charge separation upon irradiation of UiO-66(Zr/Ce/Ti) with
generation of electrons and holes, it is of interest to determine the possible origin of the higher
photocatalytic activity of trimetallic UiO-66(Zr/Ce/Ti) in comparison with monometallic and
bimetallic analogues. Towards this goal, emission spectra of the samples suspended in acetonitrile
were recorded. The results are presented in Figure 5. As it can be seen there, two samples, namely

Ui0-66(Zr) and UiO-66(Zr/T1) exhibit emission in the range from 350-600 nm.
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Figure 5. Emission spectra (Ae.= 266 nm) of acetonitrile suspensions of a) UiO-66(Zr), b) UiO-
66(Zr/Ti), ¢) UiO-66(Zr/Ce), d) UiO-66(Zr/Ce/Ti), and e) UiO-66(Ce).

The emission intensity follows the order UiO-66(Zr/Ti)>UiO-66(Zr). Since the most removable
origin of this emission is the energy dissipation of electron-hole recombination, the higher the
emission intensity, the higher the electron-hole recombination. Therefore, the fact that trimetallic

UiO-66(Zr/Ce/Ti) does not emit indicates that, for this material, charge recombination occurs in
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much lesser extent than for the other samples. Charge recombination is an undesirable energy waste
process, competing with photocatalyst.

This relative emission intensity is, therefore, compatible with the higher photocatalytic efficiency of
UiO-66(Zr/Ce/Ti) that should become favored as the percentage of charge recombination, related to
the emission intensity decreases.

Transient absorption spectroscopy measurements were carried out to further understand the origin
of the enhanced photocatalytic activity. In one of the series of the experiments, aqueous solution of
the terephthalate ligand was irradiated with a nanosecond 266 nm laser pulse. A transient decay in
the microsecond time scale, attributed to the photogeneration of the terephthalic triplet exited state,
was recorded. The influence of the presence of the metals present in the nodes of UiO-66 to this
transient excited state was studied by monitoring the transient signals at 330 nm. It was observed
that the transient signal corresponding to the terephthalic triplet exited state is quenched by
Zrs04(OH)422, that was prepared previously to be used in the quenching experiment. Figure 6
shows the change in the terephthalate transient signal in the absence and in the presence of the

[Zrs04(OH)4] * cluster.
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Figure 6. a) Temporal profiles of the transient signal monitored at 330 nm for an aqueous solution of
the terephthalate ligand at pH 12: before a’) and after a’’) the addition of an aqueous solution of
Zr604(OH)4 (7.5x10* M); before b’) and after b”’) the addition of an aqueous solution of TiCls
(1.0x10* M) and before ¢’) and after the addition of an aqueous solution of Ce (NH4)2(NO3)s (0.5x10-
4 M, ¢”) and 10.0x10*M ¢*")).
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Similarly, terephthalate transient signal was quenched by the presence of TiCls and
Ce(NHa4)2(NOs3)s, although for these two cases the quenching rate constant was significantly lower
than for the case of ZrsO4(OH)4'? cluster (quenching rate constant values are k: [ZrsQs(OH)4]** =
71216 M%; k TiCls = 45839 ML; k Ce (NH4)2(NO3)s= 48187 M) . Although the Ti*" and Ce**
species may not exactly correspond to the UiO-66 metal clusters, this quenching study in solution
proves that the triplet excited state of the terephthalate linker can interact with the clusters or
cations present in the UiO-66(Zr/Ce/Ti) node.

Additional measurements were carried out with all the solid UiO-66 samples in acetonitrile
suspensions. It has been reported in literature that photogenerated transients can be conveniently
monitored using persistent suspensions of these semiconductors.[® To address the nature of the
transient signals, dichloromethane as electron quencher and methanol as hole quencher were
employed. Upon excitation of acetonitrile suspensions of the five UiO-66 samples, transient signals
spanning the whole range of UV and visible wavelengths were observed. The intensity of the
absorbance increases toward the red region of the spectrum in three of the samples containing Zr
and in UiO-66(Ce), while UiO-66(Zr/Ti) presents a neutral absorbance intensity through the whole

range of wavelength (Figure 7).
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Figure 7. Transmission transient absorption spectra of a) UiO-66(Zr), b) UiO-66(Zr/Ti), ¢) UiO-
66(Zr/Ce), d) UiO-66(Zr/Ce/Ti) and e) UiO-66(Ce) MOF recorded 1.4 ps after 266 nm laser
excitation under argon atmosphere for optically matched (absorbance 0.1) suspensions of the UiO-66
solids in acetonitrile.

Two different behaviors in the presence of quenchers were observed. In the case of monometallic
UiO-66(Zr), UiO-66(Ce) as well as trimetallic UiO-66(Zr/Ce/Ti) the transient signal is quenched
both by addition of dichloromethane and methanol. This quenching behavior indicates that transient
signals in the whole spectral range correspond to the combined absorption of electrons and holes. In
agreement with the quenching, the signal monitored at 400 nm becomes faster in the presence of
both quenchers. To illustrate this behavior Figure 8 shows the case of the most efficient trimetallic

UiO-66(Zr/Ce/Ti) photocatalyst.
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Figure 8. Temporal profile of the transient signals monitored at 400 nm for UiO-66(Zr/Ce/T1)
recorded upon 266 nm laser excitation under argon atmosphere a’), and after addition of 300 uL of
dichloromethane a’’) and methanol b’”).

The two bimetallic MOFs, UiO-66(Zr/Ti) and UiO-66(Zr/Ce) exhibit a contrasting behavior. The
transient signals are quenched by the presence of methanol, but in the presence of dichloromethane,
the intensity of the transient signals and the lifetime of the transient species increase for UiO-
66(Zr/Ti), while for UiO-66(Zr/Ce) a moderate quenching in the intensity, but not in the lifetime
can be seen. This indicates that for UiO-66(Zr/Ti) the main component contributing to the
monitored transient signals are photogenerated holes that disappear in the presence of methanol but
increase in intensity in the presence of dichloromethane due to the lesser extent of electron-hole
recombination, when an electron scavenger is present. Supporting information presents a more
complete set of transient spectra in the presence of these two quenchers (Figures S30-S33).
Overall, the time resolved study agrees with the generation of a charge separated state decaying in a
few ps with two kinetics (Figure 9): one fast that is complete in less than one microsecond
corresponding to about 65% of the total initial signal and another slower spanning a few

microseconds.

-26 -



Normalized

Time (us)

Figure 9. Temporal profile of the transient signals monitored at 400 nm recorded upon 266 nm laser
excitation under argon atmosphere for a) UiO-66(Zr), b) UiO-66(Zr/T1), c) UiO66-(Zr/Ce), d) UiO-
66(Zr/Ce/Ti), e) UiO-66(Ce) MOFs.

This temporal profile indicates the occurrence of a fast charge recombination of 50 to 70 % of the
photogenerated electrons and holes in less than one microsecond and relocation of the remaining
percentage of charge carriers resulting in a longer-lived charge separation state that finally
disappears at a longer timescale. The presence of quenchers alters both the fast and the slower
regime, indicating that both types of charge carriers are accessible to the quenchers. A summary of
the kinetic data obtained from the time resolved measurements are summarized in Table S1 of the
supporting information.

Importantly, the dynamic behavior of the trimetallic UiO-66(Zr/Ce/Ti) does not differ significantly
from that of monometallic UiO-66(Zr), since the transient signals and the percentage of the slowest
components are similar. Therefore, it is suggested that the higher efficiency observed in overall

water splitting should be related to the efficiency of charge separation and the lesser degree of
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change recombination resulting in a higher density of electrons and holes for the trimetallic UiO-
66(Zr/CelTi), rather than in the kinetics, lifetime and decay of the charge separated state.

3. Conclusions
A computational study has suggested that UiO-66(Ce) should be a suitable photocatalyst for overall

water splitting. However, the present study has provided experimental that, instead of monometallic
MOFs, mixed metal UiO-66 are more efficient, particularly trimetallic UiO-66(Zr/Ce/Ti). For this
material a high percentage of the photocatalytic activity, over 40%, derives from visible light photo-
response. Photocatalytic experiments using methanol as sacrificial electron donor indicate that
oxygen generation is considerably favored in trimetallic UiO-66, a fact that has been attributed to
the collective cooperation of trimetallic clusters favoring the kinetics of the four electrons-four
proton process resulting in oxygen evolution. Time resolved measurements in acetonitrile
suspensions have allowed to detect the charge separation state in the microsecond time scale. The
transient signals correspond to a combination of electrons and holes in the complete UV-Vis
wavelength range, both for UiO-66(Zr) and UiO-66(Zr/Ce/Ti), with similar kinetic behavior. In
contrast with the similar charge separation state kinetics, photoluminescence measurements reveal
much lesser emission intensity for trimetallic UiO-66(Zr/Ce/Ti) than for monometallic UiO-66(Zr),
indicating that unfavorable charge recombination occurs for UiO-66(Zr/Ce/Ti) in much lesser
extent than in the other UiO-66 congeners. Thus, the multimetallic composition favors higher
generation of charge separation, increasing the photocatalytic efficiency of this material. Overall,
the present study shows the opportunity that MOFs offer to prepare efficient visible-light
photocatalysts for overall water splitting, something that has been challenging for metal oxide

semiconductors.
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