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Abstract

Constructing titanium-based metal-organic frameworks (Ti-MOFs) is an effective way
towards upgrading TiOx and the enhancement of their photocatalytic performance
throughout higher accessibility to active sites and better tunability of photophysical
properties. In this regard, Ti-MOFs have attracted much attention as photocatalyst
candidates owing to their porosity and tunability in terms of chemical composition and
pore engineering. However, Ti-MOFs remain still one of the least developed sub-class
of MOF materials because of the complexity of titanium chemistry in solution
hampering their rational design, despite recent progresses. Here, we present a new
microporous Ti-MOFs with acs topology, labeled MIP-209(Ti) (MIP stands for Materials
from Institute of Porous Materials of Paris) constructed by a nitro terephthalate ligand
and Ti12015 oxo-clusters, as revealed by continuous rotation electron diffraction
(cRED). MIP-209(Ti) can be obtained using various terephthalate (1,4-BDC?%)
derivatives such as NO»-BDC and 2CI-BDC using an eco-friendly solvent, suggesting
the ability of Tii1.-MOFs for isostructural chemistry. Alternatively, it is also possible to
tune the composition of its Ti-oxo-cluster, similarly to MIP-177(Ti)-LT bearing the same
Ti12O15 sub-unit. Typically, low percentage Cr3* doping (< 5 at%) in MIP-209(Ti)
favorably enhances the water stability. Interestingly, photocatalytic hydrogen evolution
from water splitting reaction (HER) were measured for MIP-209(Ti-Cr)-NO, and a
significant hydrogen production rate, with good reusability and stability under simulated
solar light irradiation, were revealed. It showed enhanced photocatalytic hydrogen
production performances under simulated solar light irradiation compared to the
benchmark Ti-MOF IEF-11 with a fourfold enhanced hydrogen production in HER in
5h in presence of methanol (5812 pmol of Ha/gear against 1391 umol of Ha/gear) as well
as, without any noble metal co-catalyst, a 6-fold enhanced overall water splitting
production (681 and 325 umol/gca: of H2 and O, respectively for MIP-209, against 94
and 53 pmol/gcar of Ho and Oy, respectively, for IEF-11). This work represents a leap

forward in the synthesis of Ti-MOFs and their practical photocatalytic applications.



Introduction

Titanium dioxide (TiO2) has demonstrated great potential as an inorganic
semiconducting photocatalyst owing to its environmentally friendly, earth-abundant
and remarkable stable properties.?? However, the enhancement of its photocatalytic
performance is still strongly desired via introduction of visible light photoresponse,
enhancement of reactant adsorption capacity, and simplification of separation from the
suspension.®% Compared with TiO, nanoparticles, long-range order Ti-O oxo-clusters
in titanium-based MOFs (Ti-MOFs), can promote enhanced accessibility to active sites,
where the Ti-oxo-cluster can be assimilated as molecular TiOx with significantly higher
accessible surface area, while the porosity of the framework can ensure the diffusion
of reactants and products. Besides, the hybrid (organic-inorganic) nature of MOFs is a
key feature to tune the photophysical properties and to expand the photocatalytic
reaction to the visible range via the rational design of organic moieties and inorganic
building units.”° If early works have been reported only Ti phosphonate based MOFs
with a limited porosity,**-13 since 2009, highly porous crystalline titanium-carboxylate-
based MOFs (Ti-MOFs) built by the assembly of various organic linkers and titanium-
based inorganic building units have emerged and their properties have been assessed
for diverse photocatalytic reactions such as hydrogen evolution reaction (HER),'418
overall water splitting (OWS) into H, and O in a stoichiometric amount,'®?® CO,
reduction,?* and pollutant degradation among others.?>2¢ Nevertheless, there is still
only scarce examples reported on Ti-MOFs as photocatalysts for HER or OWS under
visible light or sunlight irradiation.'5-1722.24¢ Meanwhile, the rational design of new porous
crystalline Ti-MOFs remains still elusive mainly due to the poor control of the chemistry
of titanium in solution.” For instance, while more than 100,000 different MOF structures
have been reported so far, less than 40 Ti-MOFs structures obtained via one-step
synthesis and bimetallic Ti-MOFs have been reported to date.??7-30 Several challenges
on Ti-MOFs stem from the synthesis procedure, the structural determination and
sometimes their chemical stability especially under practical photocatalytic test
conditions.

The use of air-stable or hydrophobic Ti precursors, e.g., Ti(iPrO)4, TIOSO4, TiO(acac):
(acac: acetylacetonate) even pre-formed Ti-oxo-clusters, is in most cases required to
avoid uncontrolled titanium hydrolysis during the Ti-MOFs synthesis.3132 Additionally,
several attempts to reach a more rational approach have been recently proposed such
as using inhibitors to better control the trade-off of M-O bond association and
dissociation rate.” However, the synthesis methods of Ti-MOFs are still driven by

serendipity as evidenced by the large diversity of inorganic building units (IBU) that



range from discrete Ti octahedra to infinite Ti-oxo-chains, with almost a different IBU
per type of ligand.” Recently, several new Ti-MOFs were obtained under acidic
conditions which offers new opportunities to extend the Ti-MOF library.®33% In
comparison with the more discrete IBUs generally obtained when using pure organic
solvents (DMF, alcohols), it appears that higher nuclearity IBUs (Ti;2O15 and
Zr1508(OH)14) oxo-clusters have been attained under pure acid solvothermal
conditions (formic or acetic acids) leading to the highly porous robust MIP-177(Ti)-LT
and MIP-206(Zr) frameworks, respectively.333 |nterestingly, when using less acidic
polar solvents such as isopropanol (in presence of imidazole),*® one could also obtain
MOFs based on 1-D Ti-oxide nanorods such as ICGM-1, a polymorph to MIL-125(Ti)-
NH. and the ZSTU series built up from tricarboxylate linkers.3” Moreover, starting from
the same topology and integrating different functional or extended ligands can lead to
an isostructural platform of Ti-MOFs that might provide a rational way to tune their
physical/chemical properties, such as porosity, hydrophilicity, bandgap, etc.28 Till now,
such an approach was successfully applied on a very limited number of Ti-MOFs (MIL-
125(Ti)-NH3,%°® ZSTU-1/2/3,*> UCFMOF-1/2/3/4,*° MOF-901/241) prepared via a direct
synthesis route. Another possibility is to rely on the multivariate approach to tune the
properties of a given MOF (MTV-MOFs), in order to endow the pores with a new level
of complexity to fine-tune the pore environment and resulting properties.3¢4?> Recently
this strategy has been applied for several Ti-MOFs such as PCN-415,2° MUV-10,%3
MIP-208,% and cMUV-11* leading to enhance their porosity and their performance for
CO2/N; separation and CO; photo-methanation.

The second key challenge of Ti-MOFs’ development lies in their crystal structure
determination. Very often, poorly crystalline samples are obtained, precluding from
their ab initio structure determination. To date only a few Ti-MOFs structures e.g.,
DGIST-1,* cMUV-11%* and PCN-22, have been solved from single crystal data. In
general, only powders are obtained (e.g., MIP-177(Ti)-LT/HT,>* ACM-1,*" ICGM-118)
requiring the use of high resolution powder X-ray diffraction (PXRD), combining direct
structure solution (e.g., charge flipping) and refinement (the Rietveld method), and in
most cases complemented by density functional theory (DFT) calculations. The use of
electron diffraction (ED) is equally required to enable rapid data collection time
(minutes or less), low dose measurement and high accuracy by integrating reflection
intensity.*8-50 MOF crystals should, however, be slightly resistant to electron beam
exposure and in the case of Ti-MOFs, this was successfully applied for instance with
COK-475! and IEF-11?%2.

Herein, we present a new microporous Ti-MOF with acs topology, labeled MIP-209(Ti),

constructed from a nitro terephthalate derivative ligand and Ti1201s clusters with the

4



general formula Ti12015(NO2-1,4-BDC)s(acetate)s. As revealed by continuous rotation
electron diffraction (cCRED), the structure of MIP-209(Ti)-NO, crystalizes in a hexagonal
space group P6s/mmc (No. 194) with unit cell parameters of a = 22.39(6) A and ¢ =
16.59(5) A. MIP-209(Ti) is obtained in solvothermal conditions (150 °C for 30 h) with
the use of pure acetic acid. Additionally, it was also possible to tune the composition
of its Tii» oxo-cluster, similarly to MIP-177(Ti)-LT, to reach higher chemical stability.
More specifically, substitution of Ti** by a low percentage of Cr3* can favorably
enhance the water stability, while crystallinity and porosity are maintained after soaking
the solid in water for at least 7 days. Given the enhanced water stability and the intrinsic
photophysical properties of MIP-209(Ti-Cr)-NO., its photocatalytic HER and OWS
activities were evaluated under simulated sunlight irradiation. MIP-209(Ti-Cr)-NO,
displayed a substantially high hydrogen production rate with good reusability and
stability in presence of methanol as scavenger under simulated sunlight irradiation,
achieving a fourfold (5812 pmol of Hz/gear in 5 h) enhanced hydrogen production,
compared with the benchmark MOF IEF-11 (1391 pmol of Hz/gca in 5 h).??2 Besides
that, the noble metal-free MIP-209(Ti-Cr)-NO> showed 6-fold enhanced hydrogen
production (681 pmol of Ha/gcar in 5 h) in OWS reaction under simulated solar light
irradiation, in comparison with the best Ti-MOF reported so far for this reaction, i.e.,
IEF-11 (94 pmol of Ha/gcar in 5 h).

Results

Synthesis and structure solution

MIP-209(Ti)-NO, was prepared through a one-step green solvothermal reaction by
mixing titanium (IV) isopropoxide and 2-nitro-terephthalic acid in acetic acid. The
mixture was heated at 150 °C for ca. 30 h before being filtered at room temperature.
The solid was then washed in warm (60 °C) ethanol, filtered and air-dried to yield MIP-
209(Ti)-NO3 (0.5 g, 23% vyield based on ligand) as off-white microcrystalline powder.
Powder X-ray diffraction (PXRD) patterns and scanning electron microscopy (SEM)
(Figure S1 and S2) images, showed a gradual crystallization of MIP-209(Ti)-NO- with
optimal formation after 30 h synthesis in the described conditions. The high thermal
stability of the MOF (> 300 °C) was confirmed by variable temperature PXRD and
thermogravimetric analysis (TGA) in O; (Figure S3 and S4). Nitrogen porosimetry data
collected at 77 K led to a Brunauer-Emmett-Teller (BET) area of 830(10) m? g and a
free pore volume of 0.31(7) cm?® g (Figure S5). It is to be noted that a color change,
from white to yellowish, occurred when the powder was activated at 200 °C under

vacuum condition (Figure S6). Besides, MIP-209(Ti)-NO, was further characterized



by Fourier transform infrared spectroscopy (FT-IR) showing that there is still residual
trace of free (uncoordinated) carboxylic group from the tiny absorbance band of C=0
between 1715-1750 cm (Figure S7). CO, and H.O sorption isotherms were also
measured at 298 K. The near-linear CO, adsorption isotherm demonstrated relatively
weak host/guest interactions, and the S-shaped water adsorption isotherm revealed
that MIP-209(Ti)-NO: exhibits a relatively mild hydrophobic behavior which may be
accounted to the methyl group of the acetate moieties (Figure S8 and S9).

Initial attempts to solve the structure from high resolution PXRD did not lead to a
satisfying structure solution, very likely as consequence of the small size of orthogonal
nanoparticles of 100-350 nm in length and 25-100 nm in width according to SEM
(Figure S1). Thus, the local arrangement of the titanium atoms was investigated by
high-energy synchrotron X-rays pair distribution function (PDF) analysis collected at
the CRISTAL beamline of synchrotron SOLEIL. To make a comparison with the local
organization of MIP-177(Ti)-LT, a Ti-MOF bearing the same Tii2O1s clusters and
synthesized in similar acidic conditions, suitable X-ray data for PDF analysis were
collected in the same conditions for both MOFs. The two functions overlapped well in
the short-range distances (below 6.15 A) (Figure 1A and S10), indicating that the IBU
of the new Ti-MOF is indeed made of Ti12O15 oxo-clusters. Then, the structure of MIP-
209(Ti)-NO;, was tentatively solved by continuous rotation electron diffraction (CRED),
one of the so-called 3D ED approaches enabling fast single-crystal ED data collection
for the structure determination of electron beam sensitive materials such as MOFs.52
Several cRED datasets were collected on isolated nanocrystals (Figure 1B and S11)
and analyzed following a protocol detailed in Supplementary Information. Two of the
best datasets were merged in order to obtain more than 90% completeness for a 1.1
A resolution shell (Table S1). This proved to be sufficient for a successful ab-initio
structure determination. From the obtained electrostatic potential map (Figure S12),
the whole framework of MIP-209(Ti)-NO, can be derived with well-identified atomic
positions for the Ti12015 0x0-clusters and the nitro terephthalate ligands. The model
was then further refined against the cRED data. Calculating the difference Fourier
maps enables the localization of the missing nitrogen atom of the ligand NO, groups.
For the latter, the occupancy was fixed to 1/2, indicating that the NO is disordered in
two opposite ortho positions on the aromatic ring (Figure S13). The atomic
displacement parameters (ADP) of all atoms were refined isotopically. As expected for
3D ED data (due to dynamical scattering effects), the R-factors converge to high values
(e.g., R(obs) = 25%) with respect to X-ray diffraction standards, but they are
reasonable values for kinematically treated electron diffraction data. At this stage,

some residual density in the pores was still visible in the Fourier difference map
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(Figure S13) but difficult to interpret in the context of kinematically refined ED data.
However, it could indicate the presence of residual solvent molecules (disordered
molecules of water and acetic acid) well trapped within the pores during synthesis. As
shown in Figure 1C, the structure of MIP-209(Ti)-NO, was validated by PXRD data
refinement using the Rietveld method.>2

Figure 2 shows that each Ti12O15 oxo-cluster in MIP-209(Ti)-NO; is connected to 12
carboxylate groups belonging to 12 different terephthalate linkers (grey color),
arranged in pairs, bridging 6 neighboring oxo-clusters. These latter are aligned along
the ¢ axis (Figure 2D) similarly to MIP-177(Ti)-LT. However, they are arranged in a
staggered mode when viewed along the orthogonal direction (Figure 2F), in contrast
to the case of MIP-177(Ti)-LT where the oxo-clusters are in eclipsed mode along the
a and b axes (Figure 2G). Additionally, three acetate ligands (shown in green, in
Figure 2H) complete the remaining coordination sites on the Tii>-IBU. The presence
of staggered Tii12O15 oxo-clusters leads to a zig-zag shaped connectivity between
adjacent oxo-clusters bridging two terephthalate ligands (Figure S14). Overall, this
results in a 3D structure endowed with 1D nano-sized hexagonal channels running
along the c axis and a small cage (highlighted in blue) delimited by five Ti1»Oss clusters
and 12 BDC-NO:;, ligands all with disordered NO; groups pointing towards the center
of the small cage (Figure 2D & H). The presence of the methyl groups of the residual
acetate moieties on the belt of Ti;2O15 o0xo-cluster results, very likely, in the relatively
mild hydrophobicity of MIP-209(Ti)-NO; framework.
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Figure 1. Structural determination of MIP-209(Ti)-NO.. A) Synchrotron X-ray PDF data
of MIP-209(Ti)-NO, and MIP-177(Ti)-LT. The constituents of MIP-177(Ti)-LT, Ti1201s
cluster have the maximum Ti-Ti distance (6.15 A) in the oxo-cluster; B) symmetry
averaged 2D slices of the 3D reciprocal space (1) hkO and (II) hOl obtained by cRED
from different datasets; C) crystal structure refinement by the Rietveld method from
the laboratory high-resolution PXRD (Cu Ka1 radiation A = 1.5406 A).



Figure 2. Crystal structure of MIP-209(Ti)-NO: in comparison with MIP-177(Ti)-LT. (A)
the 12-connected Ti;2015 cluster and its schematic representation. (B) and (C) The
organic linkers of the MIP-209(Ti)-NO2 and the MIP-177(Ti)-LT, respectively. Views
along (D) & (E) and orthogonal (F) & (G) to the hexagonal 1-D nanometric channels
(illustrated in yellow rod) for MIP-209(Ti) and MIP-177(Ti)-LT, respectively, highlighting
the spatial arrangement of the Ti1»O15 clusters in both cases. (H) 3-D view of MIP-
209(Ti)-NO; along the 00I axis. Color code: C, grey; O, red; N, blue; H, white; green,
sites of non-bridging ligands (such as acetates or formates). (I) Filtered HR-TEM image
of MIP-209(Ti)-NO; along the 00l axis displaying the 1-D hexagonal channels, which
perfectly overlay with the crystal structure along the same direction.



Imaging the particles of the MOF using low-dose conditions was equally employed to
further confirm the 3D ED model. Compared to the structural model along a certain
crystallographic orientation, the high-resolution images of the surface of a particle
oriented in this same orientation enable a first qualitative validation of the structure.
Indeed, HR-TEM images allowed to identify the Ti1.O15 0x0-clusters adopting the same
Zig-zag arrangements observed at the surface of a [100] axis particle (Figure S15).
Similarly, the hexagonal-symmetry channels along the [001] axis can be observed as
bright discs at the surface of a [001] axis particle (Figure S16). Moreover, from the
several particles found along the [001] axis, visualization channel enables the
measurement of their diameters using a profile line along the row of bright spots on
the images (Figure S17). The average diameter measured is 1.1 nm, thus agreeing
with the pore size distribution found from the nitrogen adsorption isotherm at 77 K as
well as the values deduced from the DFT-geometry optimized structure model (Figure
S54). The second quantitative information is the determination of the unit cell
parameters. For a hexagonal crystal system, the small deviations, observed for a and
c (Table S2), are in accordance with the unit cell parameters calculated from low-dose
HR-TEM refinement of the powder diffraction data (Rietveld method) and with cRED
data.

Interestingly, as a preliminary attempt, following slightly similar synthetic conditions
(details are given in the Supporting Information) the use of 2,5-dichlorotherephthalic
acid yielded the isostructural phase MIP-209(Ti)-2Cl as revealed from the PXRD
patterns (Figure S18). Although a similar pore size can be estimated from the DFT-
optimized structures, the experimental N, uptake at 77 K is significantly lower than
expected (Figure S19 and S20), likely due to residual impurities such as TiO», calling
for further synthesis optimization. Even though other attempts to produce similar
structures using other functionalized 1,4-BDC linkers, or even parent ligand, did not
result yet in crystalline solids, MIP-209(Ti) represents, however, a very scare example
of isostructural Ti-MOF type achieved using functional terephthalate ligands.

When analyzing the differences in terms of IBU for Ti-MOFs (Table S3), it is clear that
any attempt to correlate them with differences in terms of synthesis conditions is still
highly challenging. Ti carboxylate-based MOFs are constructed either from Tis to Tii2
oxo-clusters or infinite chains of corner-sharing of Ti octahedra or more complex TiOs
chains and 2D Ti oxide networks.?232 When it turns to Tig or Tii2 IBUs, the resulting
MOFs are obtained in pure carboxylic acids as solvent in solvothermal conditions, the
corresponding IBUs combine carboxylates from the ligands and bridging or chelating
formates or acetates. In the case of TiO chains or TisOg nanowire chain-based MOFs,

these are obtained in pure organic solvents under solvothermal conditions (DMF, DEF,
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alcohols), without any formic or acetic acid that might compete for the chelation of the
Ti species. One could therefore tentatively propose that the use of monocarboxylic
acids as pure solvents, thus in very large excess when compared to the steochiometric
polycarboxylic acids (ligands), favor the formation of “interrupted” Ti oxo-clusters
networks such as Tig or Tii2 IBUs. The lower nuclearity Ti clusters (Tis or Tiz)-based
MOFs have been synthesized using mixtures of organic solvent and acids as
modulators. When it comes to strongly complexing ligands such as carboxyphenolates
or hydroxyamates, that compete with the inorganic condensation of Ti, one can form
discrete Ti or Ti, IBUs. However, we cannot yet gain a complete rational analysis of
the synthesized MOF. In fact, until recently every newly reported Ti carboxylate MOF
exhibited a different IBU.” But interestingly, the very recent appearance of several Ti-
MOFs bearing the same IBU (i.e., Tii2 clusters, Tis chains) suggests the existence of
chemical key parameters that have still to be precisely deciphered in order to develop
rational design strategies of Ti-MOFs. In this regard, the MIP-177(Ti)-LT and MIP-
209(Ti) represent one of the most extreme cases reported, so far, with similar Tiy2 IBUS,
while these materials are built from linkers with very different topicities (i.e., tetra-

versus dicarboxylates) and geometries (i.e., pseudo-rectangular versus linear).

Modification of the inorganic moiety
The chemical and photochemical stability of MIP-209(Ti)-NO, was evaluated on the

perspective of using this material in photocatalysis. After exposing the solid in different
solvents for 24 h days (following a detailed protocol described in Supplementary
Information), PXRD patterns revealed a significant decrease in crystallinity (e.g.,
particle size decrease) and/or possible structural degradation (Figure S21). The FT-
IR spectral analyses evidenced the generation of free carboxylic ligands when soaked
into warm water or strong acids (Figure S22). Nitrogen isotherms measurements at
77 K (Figure S23) revealed about 15% decrease of gas uptake compared with MIP-
209(Ti)-NO2 before treatment. Compared to the tetra-carboxylate MIP-177(Ti)-LT,
MIP-209(Ti)-NO: is relatively less stable in diverse various conditions. We hypothesize,
from a purely qualitative point of view, the framework with tetratopic ligand could give
a relatively high chemical stability against that with ditopic ligand on the same IBUs,
as seen before in other systems such as Fe(lll) polycarboxylates with MIL-88’s and
MIL-127, constructed from FesO clusters and di or tetra-carboxylates, exhibiting strong
differences in chemical stability.

To overcome this lack of chemical stability, we decided to dope MIP-209. In fact, the
doping strategy with transition metal elements on the inorganic Ti1201s cluster moiety

has been recently reported33%4, while the strong chemical inertness of Cr3*ions make
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this transition metal a promising candidate to enhance the water stability of MIP-
209(Ti).55%¢ This, together with the proven ability of metal ion substitution onto the Ti1
oxo-cluster of MIP-177(Ti)-LT,* encouraged us to investigate the doping of the Ti-
MOF through the direct synthesis relying on diverse chromium metal precursors like
Cr(NO3)s, CrCls, while tuning the order of addition of each chemical, and other reaction
conditions. Consequently, a Cr-doped MIP-209(Ti)-NO, sample, labeled as MIP-
209(Ti-Cr)-NO3, was obtained following a one-pot synthesis procedure and analysed
by several characterization methods (Figure S24-26). A 5 at% Cr (versus Ti) doped
MIP-209(Ti-Cr)-NO;, was obtained with a very good reproducibility as shown by the
systematic PXRD analysis. The sample purity was further assessed through a
combination of advanced characterization techniques, namely HR-TEM imaging and
energy-dispersed X-ray spectroscopy (EDX) mapping (Figure S27 and S28).
Unfortunately, despite all our attempts, the MIP-209(Ti-Cr)-NO, sample has been
always obtained with around 6 wt% titanium oxide impurity, as estimated from TGA
and shown on HR-TEM images. Note that this oxide impurity contains about one order
of magnitude less Cr element (0.5 at%) compared to MIP-209(Ti-Cr)-NO; as shown
from EDX mapping.

The good water stability of MIP-209(Ti-Cr)-NO, was demonstrated under different
conditions. In contrast with MIP-209(Ti)-NO2, MIP-209(Ti-Cr)-NO- displayed relatively
higher water tolerance and kept the high porosity after the same condition treatment.
As observed by PXRD analysis (Figure 3A), the peak intensity was kept confirming
the positive role of the Cr doping. Nitrogen sorption measurements further confirmed
the enhanced stability after 7 days water treatment at room temperature, where the N>
uptake was even slightly higher than that for the pristine MIP-209(Ti)-NO, and MIP-
209(Ti-Cr)-NO: (Figure 3B). The tiny (positive) deviation is probably ascribed to the
removal of free residual ligand or acetates after soaking the MOF for such a long period
of time. To better understand this, a series of additional characterization
measurements, including FT-IR, TGA, H nuclear magnetic resonance, and SEM/EDX
energy-dispersed X-ray spectroscopy (Figure S29-33), confirmed this hypothesis with
the release of ligands and acetates from MIP-209(Ti-Cr)-NO; during this water
treatment as shown in Figure S34, leading to a 17% increase of the porosity (while
the removal of acetates in the case of MIP-209(Ti)-NO, seems to be detrimental
leading to a 20% loss of the porosity). Motivated by the enhanced water stability of
MIP-209(Ti-Cr)-NO;, the accessibility of Ti-centers on the IBUs and the associated
intrinsic photo-redox activity, the potential of this MOF for the photocatalytic hydrogen

evolution reaction from water was further investigated.

12



A)

z

1’
=3
=

M = MIP-209(Ti-Cr)-NO,-7TD
M = MIP-209(Ti-Cr)-NO,

MIP-209(Ti)-NO,-7D

M —— MIP-209(Ti)-NO,

300

®  MIP-209(Ti)-NO,

en o con 100 - MIP-209(Ti)-NO,-7D
— MIP-209(Ti)-NO,-Simulated o MIP-209(Ti-Cr)-NO,7D
A ok

Quantity Adsorbed (cm®/g STP)

5 10 15 20 25 30 0.0 0.2 0.4 0.6 0.8 1.0
20/Acy Relative Pressure (p/p°)

Figure 3. Water stability test results for MIP-209(Ti)-NO and MIP-209(Ti-Cr)-NO: ([Cr]
= 5 at%). A) PXRD patterns and B) nitrogen adsorption isotherms before and after
water treatment (soaked in water for 7 days). (The hump at 22.5 degree observed on

PXRD patterns is due to the sample holder).

Photocatalytic hydrogen evolution

Prior to any photocatalytic reaction investigation, the UV-Vis absorption spectra for
MIP-209(Ti)-NO2 and MIP-209(Ti-Cr)-NO_ were first recorded in the diffuse reflectance
mode (Figure S35). The optical band gaps of MIP-209(Ti)-NO; and MIP-209(Ti-Cr)-
NO. estimated from the Tauc plots are 3.46 and 3.34 eV, respectively (Figure S$36).
This result indicates that Cr doping slightly narrows the band gap of MIP-209(Ti)-NO.,
thus, increasing the light harvesting ability. Apparently, Cr doping on Ti-MOF replaces
Ti atoms in the lattice with oxygen vacancy compensation, distributed homogeneously
in the framework, resulting in a red shift of the absorption onset. The composition and
oxidation state of the elements present in these Ti-MOFs were determined by X-ray
photoelectron spectroscopy (XPS), (see Figure S37 and S38). The C1s spectrum
shows the specific signal of the C-NO: present in the nitro terephthalate ligand (~286
eV). Note here that the high COO- energy value (~288 eV) might correspond to some
acetate moieties remaining from the synthesis. The O1s spectrum exhibits two
components, a broader one about ~532 eV characteristic of the oxygen atoms present
in the carboxylate and nitro groups as well as Ti(IV)-O bonds in inorganic metal nodes,
and another one at about ~530 eV due to the Ti(IV)-OH. The N1s spectrum exhibits
two peaks, one corresponding to the nitrogen atoms in the NO. group present in the
MIP-209, at about ~405 eV and a second minor component (22 % atomic percentage)
due to the N atoms formed in the spontaneous reduction of the nitro to the amino group.
Similar observations have been reported in the case of UiO-66(Zr)-NO- preparation

from 2-nitroterephthalte and observing that the resulting MOF exhibits some
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spectroscopic features characteristic of NH. groups.%” The Ti2p spectrum shows two
bands attributable to the Ti 2ps, (~458 eV) and Ti 2p+,2 bands (~464 eV), characteristic
of the Ti** ions present in the Ti1204s cluster. The XPS Cr 2p peak indicates the
presence of Cr3* ions in the SBU, as revealed by the Cr 2p3;, (~577 eV) and 2p1,2 (~587
eV).

XPS was also used to determine the highest occupied crystal orbital (HOCO) energy
maximum of MIP-209(Ti)-NO2 and MIP-209(Ti-Cr)-NO, by monitoring the first emitted
electron band energy in the materials by determining the intersection between
extrapolation of the linear portion of this lowest energy emission edge and the
background (Figure S39A-B). The obtained value corresponds to the HOCO energy
versus the Fermi level (E,). The HOCO position versus the NHE (E,NHE) can be
obtained from the following equation: E,NHE = Efy + ¢, - 4.44, where ¢sp is the work
function of the spectrometer calibrated against Au, Ag and Cu foils as reference that
has a value of 4.244 eV. From this EuNE value and the band gap, the lowest
unoccupied crystal orbital (LUCO) band energy minimum (EcNHE) can be determined.
As shown in Figure S39C, both materials meet the thermodynamic requirement to be
used as photocatalysts for the OWS. Especially, MIP-209(Ti-Cr)-NO- exhibits a slightly
lower band gap and more positive LUCO value in comparison with MIP-209(Ti)-NO..

The photocatalytic activity of MIP-209(Ti) materials was then evaluated for both HER
and OWS under simulated sunlight irradiation at 20 °C. To set the photocatalytic activity
of MIP-209(Ti) materials in a broader context, standard P25 TiO, was also used as
reference photocatalyst for HER in the presence of methanol as hole scavenger. The
results obtained using MIP-209(Ti)-NO2, MIP-209(Ti-Cr)-NO, and P25 as
photocatalysts for HER under identical conditions are shown in Figure 4A. Although
MIP-209(Ti)-NO, showed significant activity in HER (ca. 4750 pmol H/geat in 5 h), it
was observed that the material loses its crystallinity in a large extent as determined by
PXRD of the used MIP-209(Ti)-NO, sample after 5 h irradiation (Figure S40).
Interestingly, MIP-209(Ti-Cr)-NO- also exhibited an even higher hydrogen production
(5812 ymol Ha/geat in 5 h) than MIP-209(Ti)-NO- while exhibiting higher stability as
revealed by PXRD (Figure S40). In addition, negligible metal leaching was detected
when using MIP-209(Ti-Cr)-NO- as photocatalyst (0.01 and <0.001 mg/L for Cr and Ti,

respectively).

Since MIP-209(Ti-Cr)-NO> may contain some TiO, anatase impurity (about 6 % weight),
a control using P25 TiO, as photocatalyst was performed. It was observed that under

the current reaction conditions, P25 evolves 2609 pmol Hz/gcat, that is about one half
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the H. amount evolved by MIP-209(Cr-Ti)-NOz. Although a synergistic effect of
interfaced TiO2/MIP-209(Ti-Cr)-NO2 cannot be excluded, precedents in the literature
have shown that this type of host/guest systems does not exhibit such a big increase

in photocatalytic activity.585°

In photocatalytic OWS reaction, MIP-209(Ti-Cr)-NO; without precious metal
nanoparticles as co-catalysts exhibits under simulated solar light irradiation hydrogen
production accompanied by the corresponding stoichiometric amount of oxygen (681
pMmol Ha/geat and 325 pmol O2/geat in 5 h at 20 °C) (Figure 4B). Similar photocatalytic
activity was achieved when the reaction is carried out at 10 °C (Figure S41). In addition,
a photocatalytic control experiment using labelled H,'80O and gas analysis by GC-MS
revealed the formation of 80, (m/z 36), therefore, confirming the occurrence of
photocatalytic water oxidation by MIP-209(Ti-Cr)-NO. (Figure S42). These values of
gas evolution in OWS obtained using this Ti-MOF are remarkable and compare well
with previous data reported in the literature,®® with the advantage in the present case
that the MIP-209(Ti-Cr)-NO- does not contain any precious metal as co-catalyst.
Importantly, MIP-209(Ti-Cr)-NO, shows about 6-fold times higher activity than IEF-11
framework?? taken as benchmark (Hz and Oz 94 and 53 umol g, respectively) under
same reaction conditions (5 mg of photocatalyst, 20 mL H2O, 10 °C, 5 h reaction time,
simulated sunlight irradiation). As commented, MIP-209(Ti-Cr)-NO; maintains a higher
crystallinity after three times uses for HER tests, retaining a better crystallinity, in
comparison to MIP-209(Ti)-NO.. Similarly, while MIP-209(Ti)-NO2 becomes totally
amorphous after the OWS test, MIP-209(Ti-Cr)-NO- still displays crystallinity, in
agreement with the positive structural reinforcement effect of Cr doping on the stability
of this MOF. UV (Figure S$35) and XPS analyses (Figure S43 and S44) of the solids
after OWS reaction were performed to compare these data with those of the fresh
samples. In addition, low metal leaching was measured for MIP-209(Ti-Cr)-NO.,
obtaining values of 0.284 and 0.084 mg/L of Cr and Ti, respectively, as evidenced by
ICP-OES analyses of the liquid phase after the reaction.

Two additional MIP-209(Ti-Cr)-NO2 samples with diminished Cr content were also
prepared (1 at% and 2.5 at%) in order to determine the best compromise between the
structural stabilization effect of Cr and their photocatalytic activity for HER and OWS
(data not shown). The decrease in the Cr content from 5 to 2.5 or 1 at% does not play
a significant influence on the photocatalytic activity for HER or OWS, while this lower
Cr percentage still having a positive effect on the crystallinity of the material after use.
The PXRD data for the samples used as photocatalysts under simulated sunlight

irradiation are presented in Figure $45. Thus, these measurements after irradiation in
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the presence of methanol for 1 or 2.5 at% Cr show a negligible decrease in the
crystallinity, suggesting that just a smaller amount of Cr could be enough to promote a
notable structural stability. In contrast, conditions of OWS tests were more damaging
from the stability point of view, leading to a significant decrease in the crystallinity of
the resulting material, both at 1 or 2.5 at% Cr content in the sample. This suggests that
photogenerated holes in these materials are more detrimental for the structure stability,
while photogenerated electrons have lesser influence in structural stability. It can be
proposed that due to the weaker coordination of the carboxylate linker caused by the
inductive and resonance effect of the nitro group, holes presumably at the carboxylate
ligand, further decrease the strength of the coordinative metal-ligand bond that
eventually leads its hydrolysis causing structural damage. The proposal is illustrated
in Scheme S46.
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Figure 4. (A) Photocatalytic HER in the presence of methanol under simulated sunlight
irradiation of MIP-209(Ti)-NO: (red) and MIP-209(Ti-Cr)-NO: (green; [Cr] = 5 at%)) in
comparison with TiO,-P25 (grey). Reaction conditions: 5 mg of photocatalyst in a 20
mL mixture of milliQ H.O and MeOH (5:1) at 20 °C. (B) Photocatalytic OWS of MIP-
209(Ti)-NO2 and MIP-209(Ti-Cr)-NO, under simulated sunlight irradiation. Legend
colors: yellow, O, production; green, H> production. Reaction conditions: 5 mg of
photocatalyst in a 20 mL mixture of milliQ H»O at 20 °C.

Considering that MIP-209(Ti) contains in its structure Ti12O15 oxo-clusters that are also
present in MIP-177(Ti)-LT, it was of interest to determine their relative photocatalytic
activity for OWS under simulated sunlight irradiation as well as the structural stability
of the latter, knowing that this MOF has also demonstrated remarkable activity for the
photocatalytic dehydrogenation of formic acid.®' The results obtained in H, and O
evolution in OWS, using MIP-177(Ti)-LT as photocatalyst, were almost coincident at 2
and 5 h with those achieved with MIP-209(Ti-Cr)-NO. (Figure S47). The main
advantage of MIP-177(Ti)-LT338" in respect to MIP-209(Ti-Cr)-NO. appears to be its

higher structural stability under reaction conditions in aqueous medium. Thus, PXRD

16



of the MIP-177(Ti)-LT after the photocatalytic test (Figure S48) shows that the crystal
structure has been well preserved. Also, XPS analysis of the used MIP-177(Ti)-LT
sample (Figure S50) was coincident with data of the fresh material (Figure S49)
indicating that there are no changes in the oxidation state or coordination sphere of
the elements present in MIP-177(Ti)-LT after irradiation. This finding highlights the
potential of the Ti12O1s oxo-cluster for the photocatalytic hydrogen production from
water. Therefore, with the possibilities of doping this IBU and modifying the organic
ligands, either by exchanging the non-bridging formates/acetates groups or by playing
on the nature of the organic linkers, this family of Tis>-based MOFs opens the doors for

promising discoveries towards sustainable photocatalytic hydrogen production.

Mechanism of photocatalytic reaction

Periodic Density Functional Theory (DFT) calculations were further performed to shed
light on the HER reaction mechanism to identify the electronic and structural features
of MIP-209(Ti)-NO; responsible for its catalytic performance (all details provided in
Supporting Information, Figure S51-53). The *H adsorption configurations were first
explored and reported in Figure 5A, in which for sake of clarity only the region of the
Ti12015 oxo-cluster is drawn. The Ti sites initially coordinated to H-O (site 1) were
considered as the potential catalytic active sites. The corresponding simulated free
energy profiles indicate that the hydrogen adsorption on this site-1 is endothermic and
the AGy averaged over the *H configurations interacting with the three Ti sites is 1.04
eV (Figure 5B). For comparison, the AGy calculated for the benchmark TiO, (110)
(0.37 eV) (Figure 5B) is much lower that makes site-I likely not catalytically active. We
therefore considered an alternative Ti atom potentially exposed (site-11) due to the
missing acetate moieties as observed experimentally, leading to a AGux of 0.79 eV
lower as compared to the value obtained for site-I. Therefore, although the so-obtained
AGy for site 1l remains above the corresponding value for TiO», this AGy falls in the
range of values (0.6-0.8 eV) previously calculated for other catalysts with
experimentally demonstrated good HER activity®?. The free energy profiles and
resulting AGn values for site-1 and site-Il in the periodic MIP-209(Ti)-2Cl structures as
well as in Ti12015 oxo-cluster are equally provided in Figure S55. This additional set of
calculations confirmed that site-1l is predicted to be the most active sites in all scenarios
with AGH ranging from 0.56 to 0.62 eV that makes these MIP-209(Ti) variants also
catalytically active. Charge density difference analysis on MIP-209(Ti)-NO. with the
site-Il adsorption configuration, demonstrated that there is an accumulation of
electrons on the H adsorbate with a corresponding Bader charge of 0.42 e (Figure 5C),

this effective electron transfer being beneficial for the hydrogen adsorption.
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Furthermore, to reveal the origin of hydrogen affinity, partial density of states (pDOS)
analysis of the sd orbital overlapping of the Ti-H interaction (Figure 5D), revealed a Ti-
H covalent character (overall total DOS in Figure S56). Additional, crystal orbital
Hamilton populations (COHP)®2 identified that the strength of Ti-H interaction stems
from the binding below the Fermi energy level and anti-bonding above the Fermi
energy level. The tendency of binding strength uncovered by the integrated COHP
(ICOPH) values is consistent with the AGy variation (Figure 5E).
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Figure 5. (A) lllustrations of the DFT-optimized *H adsorption configurations on site-I
and site-1l of MIP-209(Ti)-NO.. The color scheme: H, white; C, brown; N, silvery white;
O, red; Ti, blue; *H adsorbate, yellow. (B) DFT-derived Gibbs free energy profile for
HER reaction by MIP-209(Ti)-NO.. The average AGH on site-l is adopted considering
the three exposed Ti atoms. (C) Deformation charge density of *H adsorption on site-
Il for MIP-209(Ti)-NO.. Yellow and blue correspond to the electron accumulation and
electron depletion. (D) Partial Density of States (DOS) between H-s band and Ti-d
band for *H adsorption on MIP-209(Ti)-NO.. The Fermi level is at 0 eV. (E) Crystal
orbital Hamilton populations (COHP) of *H adsorption on MIP-209(Ti)-NO, and
Integrated crystal orbital Hamilton populations (ICOPH) of Ti-H interaction. The Fermi
level is at 0 eV. Positive and negative values of COHP correspond to the bonding and
antibonding interactions.
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Therefore, the ability of Ti sites to strongly adsorb hydrogen stems from the formation
of a Ti-H covalent bonding as it was already mentioned in the case of TiO,.%* The same
conclusion can be drawn from the analysis of the Ti12O15 cluster and MIP-209(Ti)-2CI
(Table S4). This whole analysis supports that the exposed Ti sites resulting from the
absence of acetate moieties play a key role in the whole photocatalytic hydrogen
evolution of MIP-209(Ti)-NO. and its derivatives.

Conclusions

A novel isostructural Ti-MOF, MIP-209(Ti)-X (X = NO; or 2Cl), bearing Ti12O1s5 0Xx0-
clusters and terephthalate derivatives, was obtained via a green solvothermal
synthesis route. Through a combination of synchrotron PDF analysis, cRED, and HR-
TEM, the structure of MIP-209(Ti)-NO; was successfully determined and refined using
high-resolution PXRD. Owing to the tunability of the Tiio-IBU, Cr3* ion was used to
partially replace Ti*" centers (up to ca. 5%) in a uniform manner which significantly
enhanced the water stability of the framework, in particular under light irradiation.
Markedly, the MIP-209-NO. demonstrated a significantly hydrogen production rate
from water with relatively good reusability and stability in both HER and OWS reactions
under simulated sunlight irradiation (5812 and 681 pmol of Ha/gcat in 5 h, respectively).
Besides, the potential and activity of the Tii2 oxo-clusters was also supported by means
of DFT calculations, revealing that the Ti-sites are likely to prevail for hydrogen
evolution, thanks to suitable Ti-H binding energy levels, regardless the nature of the
organic linker. These results on MIP-209(Ti-Cr)-NO; attest the potential of Ti12O1s IBU
as platform for photocatalytic hydrogen production and energy related applications.
Therefore, this work represents another leap forward in the rational design and

discovery of porous functional Ti-MOFs with important photo-responsive applications.
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