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The synthesis, characterization and photocatalytic hydrogen evolution reaction (HER) performance of a
series of metal—organic gels (MOGs) constructed from titanium(iv)-oxo clusters and dicarboxylato linkers
(benzene-1,4-dicarboxylato and 2-aminobenzene-1,4-dicarboxylato) are described. All the MOGs exhibit
a microstructure comprised of metal—organic nanoparticles intertwined into a highly meso-/macropor-
ous structure, as demonstrated by cryogenic transmission electron microscopy and gas adsorption iso-
therms. Comprehensive chemical characterization enabled the estimation of the complex formula for
these defective materials, which exhibit low crystallinity and linker vacancies. To gain deeper insights into
the local structure, X-ray absorption fine structure (XAFS) spectroscopy experiments were performed and
compared to that of the analogous crystalline metal-organic framework. Additionally, the ultraviolet—
visible absorption properties and optical band gaps were determined from diffuse reflectance spec-
troscopy data. The MOGs were studied as light absorbers for the sacrificial photocatalytic HER under
simulated solar light irradiation using a platinum co-catalyst by either (1) in situ photodeposition or (2) ex
situ doping process, through a post-synthetic metalation of the MOG structure. The chemical analysis of
the metalation, along with high-angle annular dark-field scanning transmission electron microscopy,
revealed that although the in situ addition of the co-catalyst led to greater HER rates (227 vs. 110 pmoly,
gmoc * h™! for in situ and ex situ, respectively), the ex situ modification provided a finer distribution of
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DOI: 10.1039/d4dt00880d platinum nanoparticles along the porous microstructure and, as a result, it led to a more efficient utiliz-
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Metal-organic frameworks (MOFs) have garnered significant
attention due to their unique hybrid organic-inorganic nano-
porous structure, characterised by a large surface-area-to-
volume ratio and a versatile chemical and electronic structure
that can be controlled through the assembly of specific build-
ing blocks." Consequently, they have been extensively investi-
gated as multifunctional materials with diverse applications,
including gas storage and separation, sensing, super-
capacitors, drug delivery, catalysis, agrochemistry, and environ-
mental remediation.”® In recent years, the application of
MOFs as photocatalysts for solar hydrogen production has
become an intense field of research’™ due to the increasing
environmental concerns about global warming and the urgent
need for green energy vectors.'®'" In this context, the majority
of research efforts have been directed towards Ti(wv)-based
MOFs, and particularly, towards the MIL-125(Ti) MOF family.
This focus is justified not only by the inherent photocatalytic
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activity and large surface area of these MOFs, but also by their
exceptional chemical and thermal stability.’>"® This stability is
achieved through the strong coordination bond formed by the
combination of a group IV oxidation-state metal ion with the
hard donor atoms of carboxylate-based ligands.'* In addition,
the high charge of a 4+ metal cation necessitates a higher
ligand-to-metal ratio for charge balancing, leading to increased
connectivity of the inorganic clusters within the framework
and thereby enhanced overall stability.

In comparison with conventional inorganic semi-
conductors, where photoexcitation typically leads to the separ-
ation of electrons and holes on metal cation and oxygen anion
sites, respectively, MOFs exhibit a predominant ligand-to-
metal charge transfer (LMCT) mechanism.">"® This character-
istic contributes to significantly lower charge recombination
rates and longer charge lifetimes, rendering them highly suit-
able for photocatalytic applications. It is worth noting that
while certain Ti(v)-MOFs can facilitate the photocatalytic
hydrogen evolution reaction (HER) in conjunction with the
complementary oxygen evolution reaction (OER) for water
splitting, the use of sacrificial agents leads to an enhancement
in hydrogen production rates.'”>° Moreover, various strategies
have been investigated to modify titanium-based MOFs with
the objective of fine-tuning their photocatalytic HER perform-
ance. The formation of heterostructures consisting of MOF
crystals with attached co-catalyst nanoparticles (e.g., Pt, TiO,,
RuO,, CoO,, and CdS) is a widely explored strategy that seeks
to improve hydrogen production by expediting the transfer of
photogenerated electrons and holes."”*** Ligand functionali-
zation has also been investigated as a potential approach for
achieving better use of the visible region of the solar spec-
trum.>® Another noteworthy approach has involved the engin-
eering of defects in the parent MIL-125(Ti) MOF. This method
has revealed that ligand vacancies within the MOF structure
can alter the bandgap and create accessible active sites, result-
ing in enhanced hydrogen production capability.'®>°

Recently, Ti(wv)-based metal-organic gels (MOGs) have been
introduced as a promising photocatalytic material for the
carbon dioxide reduction reaction (CO,RR).>*** MOGs can
exhibit a rather similar chemical nature to that of MOFs, but
consist of meso-/macroporous microstructures constructed
from partially sintered metal-organic nanoparticles.>**® The
larger pores in MOGs allow for more efficient diffusion of
reagents and products compared to the narrower channels
found in the coordination structure of MOFs. Furthermore,
the rapid and non-selective polymerization reaction that
occurs during MOG formation offers the possibility of incor-
porating diverse co-ligands and creating a defective
structure.>**® This not only affects the photocatalytic perform-
ance, as mentioned earlier, but also provides an opportunity
for post-synthetic modification of the pristine catalyst.>

Herein, we describe the synthesis, comprehensive charac-
terization, and HER performance of a series of MOGs related
to the MIL-125 MOF that are constructed by the assembly of
Ti-oxo clusters and dicarboxylato linkers (benzene-1,4-dicar-
boxylato and 2-aminobenzene-1,4-dicarboxylato). The influ-
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ence of the type of ligand on the light absorption properties
and HER performance under solar light illumination is ana-
lysed. Furthermore, to enhance the hydrogen production, the
defective sites and highly porous structure of the MOGs were
utilised to anchor platinum as co-catalyst. As previously
reported, the metalation with platinum is commonly afforded
through two strategies: (1) in situ metalation, where the Pt
nanoparticle or an alternative source of photoreducible plati-
num compound is added into the HER media; and (2) ex situ
metalation, where the catalyst is doped or modified during its
preparation or through a post-synthetic reaction.'”-'%:21:23:30
Despite the fact that many studies have employed either one
strategy or another, there is a lack of comparative studies in
the field. Therefore, this study evaluates the two approaches
for incorporating the co-catalyst into the porous surface of the
MOG in terms of material performance and characteristics.

2. Experimental section

2.1. Synthesis

All reagents were used as commercially obtained (see details in
section S1 of the ESI).

2.1.1. Synthesis of metal-organic gels. First, 118 pL of 0.29
M HCI solution was dissolved in 12 mL of butan-2-ol and then,
titanium(wv) n-butoxide (1095 pL, 3.18 mmol) was added under
continuous stirring. The resulting solution was stirred for 1 h
in a closed vessel. Afterwards, a solution of ligands (benzene-
1,4-dicarboxylic acid (H,BDC) and/or 2-aminobenzene-1,4-
dicarboxylic acid (H,NH,BDC)) in DMF/butan-2-ol (10 mL/
4 mL) was mixed with the solution of Ti(wv). This mixture
resulted in a clear and stable sol. The total ligand amount
(2.38 mmol) was chosen to achieve a titanium : linker molar
ratio of 1:0.75, based on the ideal ratio found in MIL-125 and
MIL-125-NH,.*' The sample codes and ligand quantities used
are listed in Table 1. The mixture was transferred to a closed
vessel, then placed in a preheated oven and maintained at
80 °C for 6 h.

The polymerization of the metal-organic framework
resulted in well-formed translucent metallogels, which turned
yellow-orange upon the incorporation of the NH,BDC ligand
(Fig. 1). The remaining reagents were removed by exchanging
the solvent trapped in the gels with a mixture of butan-2-ol/
DMF (1.6: 1), followed by a mixture of butan-2-ol/DMF/ethanol

Table 1 Sample codes and amounts of ligand employed during the
synthesis of Ti/BDC/NH,BDC-based MOGs

H,BDC H,NH,BDC
Sample® (g) (mmol) (g) (mmol) BDC:NH,BDC ratio
B100 0.4035 2.38 — — 100:0
B50A50 0.2017 1.19 0.2177 1.19 50:50
A100 — — 0.4355 2.38 0:100

“B and A stand for BDC and NH,BDC, respectively, and numeric char-
acters represent the targeted ligand ratio.
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Fig. 1 Appearance of as-synthesised (a) B100, (b) B50A50 and (c)
A100 gels.

(1:1:1), and finally, three exchanges of absolute ethanol to
obtain alcogels. Additionally, the gels were conditioned in
deionised water (3 times) to obtain hydrogels for the HER
experiments. It should be noted that all solvent exchange pro-
cesses were conducted with the material in a gel state
(Fig. S11).

2.1.2. Post-synthetic metalation of MOGs. The three Ti(wv)-
based MOGs were subjected to a post-synthetic platinum(iv)
doping process (i.e. ex situ Pt doping). To achieve this, 4 g of
the alcogels were placed in a closed vessel containing 30 mL of
0.26 mM hexachloroplatinic(iv) acid solution in absolute
ethanol. The platinum content was adjusted to 1 wt% of Pt
with respect to the metal-organic network mass. The doping
process was allowed to proceed for 12 h at room temperature.
Next, the MOGs were recovered and washed three times with
absolute ethanol. Prior to HER measurements, MOGs were
conditioned in deionised water to obtain hydrogels. Obtained
materials were coded as Pt@B100, Pt@B50A50 and Pt@A100.

2.2. Characterization

It should be noted that MOGs cannot be directly used for
certain characterization studies because ca. 95% of their
content corresponds to the solvent trapped within the metal-
organic solid network. Evaporation of the solvent by heating is
the easiest drying method, but it promotes the collapse of the
meso-/macroporous structure of the MOG to give xerogels with
the same chemical composition but no porosity. Therefore,
xerogels (dried at 150 °C for 2 h) were used here for routine
chemical characterization. Additionally, for investigating the
porosity or microstructure of the material, CO,-supercritical
drying of the MOGs was performed in an E3100 critical point
dryer from Quorum Technologies, in which liquid CO,
replaced the solvent inside the pores. The removal of CO, at its
critical point (74 bar and 31 °C) and its replacement for air
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yields aerogels, which retain most of the porosity (ca. 5%
shrinkage). Otherwise, for cryogenic transmission electron
microscopy and in all HER experiments, hydrogels were used
without any drying (see Fig. S1%).

2.2.1. Chemical characterization. Powder X-ray diffraction
(PXRD) measurements were conducted at 20 °C using a
Phillips X’PERT diffractometer with Cu-K, radiation (4 =
1.5418 A) and a variable automatic divergence slit. The range
of 5-70° 20 was covered with a step size of 0.02° and an acqui-
sition time of 2.5 s per step. Fourier-transform infrared (FTIR)
spectra on KBr pellets were recorded on an FTIR 8400S
Shimadzu spectrometer in the 4000-400 cm™" region with a
resolution of 4 cm™". Thermogravimetric analyses (TGAs) were
conducted using a Mettler Toledo TGA/SDTA851 thermal ana-
lyser in synthetic air (80% N,, 20% O,) with a flux of 50 cm?
min~". A heating rate of 5 °C min~" was employed, from room
temperature to 800 °C with a sample size of approximately
15 mg per run. Proton nuclear magnetic resonance (‘H-NMR)
spectra were acquired at 20 °C using a Bruker AVANCE 500
instrument (one-bay; 500 MHz). Prior to measurement,
samples were digested in 2 mL of 1 M NaOH solution in deute-
rated water. The digestion was allowed to proceed for 1 h, after
which fumaric acid (Sigma-Aldrich, +99%) was added as an
internal standard, and the solid residue was filtered off. The
NMR spectrum was then recorded on the liquid fraction. X-ray
fluorescence (XRF) analyses of the doped samples were com-
pleted using a PANalytical sequential wavelength dispersive
X-ray fluorescence spectrometer (WDXRF, AXIOS model)
equipped with a Rh tube and three detectors (gas flow scintil-
lation and Xe sealing). X-ray photoelectron spectroscopy (XPS)
measurements were performed on a Phoibos 150 1D-DLD
(SPECS) energy analyser equipped with a Focus 500 monochro-
matic radiation source, an Al/Ag dual anode, and an SED-200
secondary electron detection system.

2.2.2. Transmission and scanning electron microscopies.
The microstructure of the samples was examined using trans-
mission electron microscopy (TEM) on a TECNAI G2 20 TWIN
(FEI) instrument, operating at an accelerating voltage of 200
keV and equipped with an LaBg filament, a STEM unit with a
brightfield/darkfield detector, and an energy-dispersive X-ray
(EDX) microanalysis unit. TEM images were acquired while
cooling using a single tilt sample holder (+70°; Gatan model
626 DH) with the temperature controlled by liquid nitrogen
(Gatan model 900). For cryogenic TEM (cryoTEM) measure-
ments a 3 pL aliquot of hydrogel suspension was added to a
glow-discharged 300 mesh lacey carbon TEM grid, which was
then plunge-frozen in liquid ethane using an FEI Vitrobot
Mark IV device (Eindhoven, The Netherlands). The frozen
grids were then transferred to the 626 DH single tilt cryo-
holder (Gatan, France), maintained at a temperature below
—170 °C and then moved to the TEM chamber at liquid-nitro-
gen temperature. Scanning electron microscopy (SEM)
measurements of supercritically dried aerogel samples were
conducted on an FEG-SEM JEOL 7000F scanning electron
microscope in secondary electron (SE) modes, at magnifi-
cations between x10k and %250k, using an accelerating voltage

This journal is © The Royal Society of Chemistry 2024
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of 10 kv, a current intensity of 0.1 nA, and an approximate
working distance of 9 mm. The samples for SEM were attached
to the sample holder using double-sided adhesive carbon tape
and coated with a Cr layer (20 nm) by sputtering using the
Q150T sample preparation kit (Quorum Technologies Ltd).

2.2.3. Dinitrogen adsorption measurements. N, physisorp-
tion data were obtained at 77 K using a Quantachrome
Autosorb-iQ MP analyser. Prior to the measurements, to
prevent the collapse of the microstructure, all MOG samples
were supercritically dried as further explained above.”
Thereafter, the samples were outgassed under vacuum at
140 °C for 6 h. The surface area values were determined by
fitting the N, adsorption data to the Brunauer-Emmett-Teller
(BET) equation.?” To ensure accuracy when reporting the BET
surface area of MOFs, the pressure range selected for analysis
followed the three consistency criteria proposed by Rouquerol
et al.: (1) V(1 — p/p®) values were selected to increase with p/p°,
(2) BET surface area data points were linear with a positive
slope to yield a positive y-intercept (i.e., positive C value), and
(3) the p/p° value corresponding to V,, was within the BET
fitting range.*® The micropore volume of the samples was esti-
mated using the ¢-plot method.****

2.2.4. Optical characterization. Diffuse reflectance UV-vis
spectroscopy (DRS-UV-vis) analysis was performed using a
Cary 7000 spectrophotometer (Agilent Technologies) equipped
with tungsten halogen (visible) and deuterium arc (UV) light
sources. The spectra were recorded in reflectance mode in the
300-800 nm range at a 600 nm min~? scan rate and a BaSO,
standard was used as the reference material. The UV-visible
diffuse reflectance spectra of the samples were transformed
into the corresponding absorption spectra by applying the
Kubelka-Munk function: F(R) = (1 — Ru.)*/(2-Rs), where Ry, =
Rsample/Rstandard~36’37

2.2.5. X-ray absorption fine structure spectroscopy. Ti
K-edge XAFS measurements were performed on selected
samples along with Ti references using the 1D KIST-PAL beam-
line at the Pohang Accelerator Laboratory (PAL), South Korea.
The electron storage ring at the Pohang Light Source was oper-
ated in top-up mode at an energy of 3 GeV with a beam
current of 250 mA. Si (111) double crystal monochromators
were used to select energy from a broad range of energies, 4 to
16 keV, with an energy resolution of 10~*. Ti K-edge XAFS data
were collected at room temperature using fluorescence mode.

XAFS measurements at the L; absorption edge of Pt (11 564
eV) were carried out at the SIRIUS beamline of Synchrotron
SOLEIL, France.*®*° The fluorescence from the sample was
measured using a four-element silicon drift detector (SDD,
Bruker XFlash QUAD 5040) connected with four-channel xMAP
DXP electronics provided by XIA. XAFS data were corrected for
non-linearity prior to their analysis.*°

X-ray absorption spectroscopy analysis was conducted utiliz-
ing the Athena and Artemis subroutines within the Demeter
package, which facilitated data processing and analysis.** The
standard data analysis procedure includes background sub-
traction and Fourier transform to derive the y(R) versus R
spectra from the absorption spectra using ATHENA software,
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and generation of the theoretical extended X-ray absorption fine
structure (EXAFS) spectra starting from an assumed crystallo-
graphic structure and finally fitting of experimental data with
the theoretical spectra using ARTEMIS software. For the Fourier
transforms, a k-range of 3-10 A™ was employed at the Ti K-edge
and Pt Lz-edge. In fitting the data at the Ti K-edge and Pt L;-
edge, R-ranges of 1.0-3.0 A and 1.2-3.5 A were utilised, respect-
ively. During the fitting process, the coordination numbers,
bond lengths, and disorder factors were treated as variables.

2.3. Hydrogen evolution reaction under simulated solar
irradiation

Solar-light-driven H, production experiments were conducted
using a home-made reactor set-up (see section S10 of the
ESIf). Each of the prepared MOGs (neat and Pt(iv)-doped
hydrogels) was placed in a glass vial (Chromacol 10-SV, Fisher)
to obtain 5 mg of MOG network (Table S5%) along with 2 mL
of 0.1 M aq. triethanolamine (TEOA) solution (pH adjusted to
7 with 2 M HCI) acting as electron donor. Non-doped samples
were tested with and without the addition of the Pt-based co-
catalyst to the HER media. In the former case, 12.3 pL of
20.9 mM hexachloroplatinic acid solution was added (H,PtClg,
1 wt% of Pt with respect to the MOG network, in situ experi-
ments). The vials were capped with rubber septa, sonicated for
20 min and purged for 10 min with N, gas prior to irradiation.
Then the vials were placed in a thermostat-controlled custom
built quartz water bath (25 °C) under continuous stirring and
irradiation using a solar-light simulator equipped with an AM
1.5G filter, at an intensity of 1 sun (100 mW cm™?). The
sample headspace was constantly purged with N, at a flow rate
of 5 mL min~", controlled by a mass flow controller. The H,
evolution was monitored using a gas chromatograph equipped
with a barrier-discharge ionization detector (BID) and a mole-
cular sieve column. Gas samples were programmed to auto-
inject into the GC via a multiport stream selector valve
directing the selected sample purge gas stream through a
2 mL sample loop before injection. The H, evolution rates
were calculated from the measured H, concentration in the
purge gas and the purge gas flow rate. Cumulative H, pro-
duction was calculated from the H, evolution rate and the
time elapsed since the previous measurement, assuming a
constant rate between time points. Each sample was measured
in triplicate and the results are given as the mean value
together with the standard deviation. The MOG samples were
recovered by decantation after the HER and washed succes-
sively with water and ethanol for further physicochemical
characterization. Additionally, the same experiments were per-
formed using a UV filter to exclusively irradiate the system
with visible light (4 > 400 nm).

3. Results and discussion
3.1. Chemical characterization

The chemical formula of the Ti(v)/BDC/NH,BDC MOGs
(Table 2) was estimated by chemical analysis, combining

Dalton Trans., 2024, 53, 9482-9494 | 9485
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Table 2 Chemical formula estimated for
NH,BDC-based MOGs

synthesised Ti(iv)/BDC/

Sample Formula

B100 Tisox (OH)4(BDC)3.33(HCOO);.14(H20)4.2(OH),

B50A50  TizO5(OH)4(BDC)s.01(NH,BDC); 16(HCOO)s 35(H20)6 34(OH)e 34
A100 Tig0(OH),4(NH;BDC),.06(HCOO)p 04(H20)5.14(OH)s 14

'"H-NMR and TGA measurements (see ESI sections S3 and
S41). It should be noted that the ESI-MS analysis data reported
in previous works**** indicate that under the employed syn-
thetic conditions for the Ti/carboxylate systems, TigOg-type
clusters are the predominant species. Consequently, the
formula of each MOG has been normalised to octanuclear Ti-
clusters. Prepared MOGs exhibit the presence of 2-3 dicarboxy-
lato linkers, as well as a set of formate (produced from DMF
decomposition during the synthesis procedure®?) and OH™/
H,0 pairs completing the coordination sphere to compensate
for the linker vacancies (see section S5% for further
details).*>**

Fig. 2 displays the comparison between the experimental
PXRD patterns of the prepared materials and the simulated
patterns for reference MIL-125 and MIL-125-NH,, titanium(iv)-
MOFs. All samples lack crystallinity but exhibit a broad peak at
20 = 6-7°, which fits well with the position of the highest
intensity reflection observed in the MIL-125 family (with Miller
index: (1 0 1); 26 = 6.8°). Considering the spacing set by this
reflection (ca. 13 A), it originates from the interplanar distance
established by BDC and NH,BDC linkers between the titanium
clusters.”® Therefore, the appearance of this broad peak seems
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Fig. 2 PXRD patterns of B100, B50A50 and A100 in comparison with
the simulated PXRD patterns of MIL-125 and MIL-125-NH.
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to be partially related to the interconnection of clusters
through the organic linkers.

The chemical characterization of the samples was com-
pleted by X-ray photoelectron spectroscopy (XPS). The com-
plete survey spectrum for B100 is shown in Fig. 3a, while
Fig. 3b-d shows he high-resolution spectra of each observed
element with component deconvolution. Through this ana-
lysis, it was possible to identify the distinct 2p peaks of tita-
nium(iv), namely 2ps/, and 2p;,, at binding energies of 458.9
and 464.6 eV, respectively. Additionally, three satellite peaks
were observed, which align well with the literature data for
MOFs containing TigOg-type clusters exhibiting a hexacoordi-
nated TiOg environment.'® The expected C 1s and O 1s peaks
of the organic ligands are also observed. The two C 1s peaks at
288.4 eV and 284.6 eV are related precisely to O-C=O and C-
C/C-H groups, respectively,*® while the peak observed at
around 531 eV can be attributed to the presence of two oxygen
1s environments. Their deconvoluted peaks are located at 528
and 532 eV, respectively, and they may correspond to the con-
tributions from Ti/carboxylate and Ti/oxide/hydroxide ensem-
bles, as can be extracted from previous analysis in the
literature.*”

3.2. Microstructural characterization

The microstructure of the obtained materials was investigated
using cryogenic transmission electron microscopy (cryoTEM)
performed on hydrogels, as shown in Fig. 4. This technique
enables the freezing of the system in its wet gel state,*® thereby
preventing potential microstructural alterations because of
solvent evacuation. Accordingly, the cryoTEM micrographs
reveal the microstructure of the pristine MOGs, which consist
of metal-organic nanoparticles that are smaller than 5 nm.
These nanoparticles are intertwined within a meso- and
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Fig. 3 (a) XPS full spectrum and high-resolution spectra for (b) O 1s, (c)
Ti 2p and (d) C 1s peaks of the B100 sample, where sat refers to charac-
teristic satellite peaks.
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Fig. 4 cryoTEM micrographs of (a) B100, (b) BS0OA50 and (c) A100.

macroporous microstructured network (as shown below),
resulting in a substantial external surface area for the material.

To obtain further microstructural details, N, adsorption
measurements were conducted at 77 K on supercritically dried
aerogels, as mentioned before, to avoid the porous structure
collapsing due to conventional solvent removal. Fig. 5 shows
the isotherms for each sample, and Table 3 provides a
summary of the extracted adsorption data. All samples exhibit
type II/IV isotherms according to the IUPAC classification.*’
They exhibit a narrow hysteresis loop at relatively high pressure
(p/p° > 0.8), which is characteristic of materials with a com-
bined contribution of mesopores and macropores. This obser-
vation is consistent with the microstructural features observed
in the cryoTEM images. The BET surface area values range
from 408 to 604 m> g~'. These surface areas can be considered
relatively high compared to other aerogel systems,’® owing to
the small particle size and light-weight nature of titanium. The
total pore volumes range from 0.926 to 1.706 cm® g~ ' for pores
smaller than 50 nm (i.e., micro-/mesopores). According to the
data obtained from ¢-plot analysis, the microporosity contrib-
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Fig. 5 Nitrogen adsorption isotherms (77 K) for supercritically dried Ti/
BDC/NH,BDC-based MOGs. Closed symbols for adsorption curves and
open symbols for desorption curves.

Table 3 Porosity data extracted from isotherms for Ti/BDC/NH,BDC-
based materials®

SBET Smicrc S ext Vmicro Vmesc
Sample  (m’g™) (m*g™) (m’g) (em’g) (em’gT)
B100 604 42 562 0.012 1.226
B50A50 580 60 520 0.023 1.683
A100 408 8 400 0 0.926

“Sper stands for BET specific surface area. Micropore surface area
(Smicro) and volume (Vinicro) are estimated from the ¢-plot calculation.
External surface area is calculated by subtracting the microporous con-
tribution from the total area (Sext = Sger — Smicro) @a0d Vineso is obtained
by subtracting the contribution of micropore volume to the pore
volume for pores <50 nm.

utes only minimally to the total surface area and pore volume
of the materials. This can be attributed to the lack of crystalli-
nity in the materials. Additional SEM measurements were also
conducted on the prepared aerogels (see Fig. S91), revealing a
certain degree of agglomeration (aggregates: 15-20 nm) of the
pristine metal-organic nanoparticles observed by cryoTEM
during the supercritical drying process. This observation high-
lights the importance of directly measuring the hydrogel to
truly understand the microstructure of the employed materials
during the HER experiments, wherever possible.

3.3. Optical properties

UV-vis diffuse reflectance spectroscopy (DRS) was carried out
on the samples to analyse their optical properties before con-
ducting the light-induced HER experiments. The Kubelka—
Munk function®*?” was employed to process the data and rep-
resent the UV-vis absorbance spectra (Fig. 6). It can be noted
that the sample containing the BDC linker exhibits slight
absorption in the range of 400-450 nm, followed by a signifi-
cant increase in the UV region, at around 370 nm. On the
other hand, the inclusion of the NH,BDC chromophore linker
in B50A50 and A100 samples enables the material to begin
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Fig. 6 UV-vis absorbance spectra derived from the Kubelka—Munk
function (F(R)).

absorbing in the 600-550 nm range, with a sharp rise at
500 nm. Comparing the obtained UV-vis DRS data with the lit-
erature data for the chemically analogous but crystalline
MOFs, MIL-125 and MIL-125-NH,, some small differences in
absorption behaviour can be observed. Specifically, MIL-125
and MIL-125-NH, exhibit sharper absorption edges at 350 nm
and 500 nm, respectively,”® similar to the spectra of the
respective neat organic ligands (dashed lines in Fig. 6). Note
that differences between MOF and MOG materials can likely
be attributed to the ecrystalline order of the former.>?
Additionally, the greater presence of defects in MOG systems,
as mentioned earlier, seems to play a crucial role in the
absorption properties of the materials and broadens their
absorption range. This aspect will be further observed when
analyzing the HER results in a subsequent section. The optical
band gaps of the MOGs were determined from the DRS data
using the Tauc method (Fig. S127}), with the results shown in
Table 4.

3.4 Platinum-doped MOGs

The platinum content of the post-synthetically modified MOGs
was determined using X-ray fluorescence spectroscopy. Table 5
shows the platinum content obtained for each doped MOG
sample. Pt@B100 exhibited the smallest amount of platinum
(Wtpe/Wtpog: 0.1%), whereas the incorporation of NH,BDC into
the network led to an increase in the doping content (0.5%
and 0.6% in B50A50 and A100, respectively). It seems that the
presence of the amino group facilitates the incorporation of
platinum into the metal-organic network. Previous studies
conducted with MOFs have identified the amino group as the
primary adsorptive binding site for the uptake of Pd(u) and Pt
(v).>> In any case, these Pt loadings represent only half of the
targeted ratio established during the doping process, which
was set at 1% (Wtpy/Wtyog)-

As a representative case, the PXRD analysis of Pt@B100
reveals a similar diffraction pattern to that of B100, without
any additional peak (Fig. 7a). Furthermore, the microstructure
of the gel remains unchanged after platinum doping, as evi-
denced by the results of high-angle annular dark-field scan-
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Table 4 Optical direct and indirect band gap values calculated using
the Tauc method

Eq (eV)
Sample Direct Indirect
B100 3.50 3.07
B50A50 2.55 2.01
A100 2.58 2.09

Table 5 Relative titanium and platinum contents (wty%, of total metal)
and platinum content (wtpmog%, of total network) of doped MOGs

Relative Ti Relative Pt Pt content in

Sample content (Wty;%)  content (Wty,%)  MOG (Wtyoc%)
Pt@B100 99.60 0.40 0.1
Pt@B50A50 98.48 1.52 0.5
Pt@A100 98.04 1.96 0.6
1800
_ —=— Pt@B100 - Ads
— & 15001 —=-Pt@B100 - Des
3|
A )
s ,
24
g “‘-m“\
= Pt@B100
H"‘\-m R
5 10 15 20 25 30 00 02 04 06 08 10
20 () plp°
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Fig. 7 (a) PXRD, (b) N, adsorption isotherm, (c) HAADF-TEM micro-
graph and (d) Ti and Pt element mapping of Pt@B100 aerogel.

ning transmission electron microscopy (HAADF-TEM, Fig. 7c).
The elemental mapping analysis shows a uniform and homo-
geneous distribution of platinum throughout the metal-
organic porous microstructure (Fig. 7d). Moreover, the N,
adsorption isotherm (Fig. 7b) shape and the derived data,
including the specific surface area (Sgpr = 617 m> g~') and
total pore volume (Vi = 1.73 cm® g™ at p/p°® = 0.96), are com-
parable to that of the parent sample described earlier.
Similarly, DRS-UV-vis was also carried out on Pt@B100
samples, showing absorption spectra similar to those of neat
B100 (Fig. S11%). These findings indicate that the introduction
of platinum does not significantly alter the porous structure
and absorption properties of pristine MOGs.

This journal is © The Royal Society of Chemistry 2024
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3.5. X-ray absorption fine structure spectroscopy

To further assess the local structure of the MOGs before and
after the doping process, X-ray absorption fine structure spec-
troscopy (XAFS, a combination of XANES and EXAFS) of B100
and Pt@B100 was carried out at the Ti K-edge and Pt L;-edge
(Fig. 8). For comparative purposes, Ti K-edge XAS measure-
ments were also performed on a MIL-125 MOF reference (pre-
pared as a polycrystalline sample through a previously
reported synthesis procedure®) and on a TiO, standard, while
comparative measurements on PtO, and metallic Pt foil were
performed for the Pt L;-edge.

The XANES results at the Ti K-edge indicate that the Ti oxi-
dation state in all three metal-organic samples is +4, as evi-
denced by the main absorption edge at 4980 eV that coincides
with the TiO, standard (Fig. 8a). However, a closer examination
reveals that both B100 and Pt@B100 show similar XANES fin-
gerprint spectra in the energy range of 4985-5015 eV, whereas
the MOF reference shows some slight variations that suggest
deviations in the local structure of the MOGs. Despite that, all
of them exhibit rather similar distorted coordination geometry,
as inferred from the consistent intensity of the single and
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Fig. 8 Ti K-edge (a) XANES spectra and (b) Fourier-transformed EXAFS
spectra. Pt Lz-edge (c) XANES spectra and (d) Fourier-transformed
EXAFS spectra. The Fourier-transformed spectra are phase uncorrected
and show coordination peaks at relatively lower distances than the
actual bond length.
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sharp pre-edge peak (4970 eV). It is worth noting that, in con-
trast to MIL-125-type MOFs, in the inorganic titanium(wv)
oxide, the pre-edge peak appears split into three minor
peaks.>*

The fast damping of k>-weighted EXAFS spectral oscillations
obtained after bare atom background subtraction at the Ti
K-edge and the Pt L;-edge as shown in Fig. S10} indicates lack
of long-range ordering. The Fourier transform spectra (Fig. 8b
and d) support the existence of short-range ordering in the
samples. This is also evident from the low amplitude of the
second coordination peak observed for both B100 and
Pt@B100. The fitting results are given in the ESI (Fig. S10 and
Table S47). Specifically, in MIL-125 the first peak (1.23 A) and
second peak (2.0 A) correspond to Ti-O interactions in the first
coordination shell (mean-fitted Ti-O distance: 1.83 A), that
implies the O atoms from p-O/p-OH and carboxylate groups,
respectively. The linked Ti---Ti environment is evidenced as a
shoulder that corresponds to the Ti---Ti distance of 2.59 A2
In B100 and Pt@B100 the contributions of Ti-O interactions
appear at relatively larger bond lengths (1.88 A) and the
second coordination peak ascribable to Ti---Ti contacts has a
very small amplitude and it appears at somewhat higher
values. Previous works have ascribed these displacements
from the reference MOF structure to ligand vacancies replaced
by either OH /H,O ensembles or monocarboxylic co-ligands
(RCOO™),?° but other structural defects or distortions in the
titanium-oxo cluster can also cause these observed changes.
Note that the similar shape of the Fourier transform EXAFS
spectra of B100 and Pt@B100 indicates that the post-synthetic
metalation has not meaningfully altered the metal-organic
structure.

Fig. 8c and d compares the Pt L;-edge XANES spectrum and
the Fourier transform EXAFS spectrum of Pt@B100 with those
provided by platinum(v) oxide and metallic Pt. The XANES
spectrum of Pt@B100 shows similarities to platinum(iv) oxide,
suggesting the presence of Pt ions in a +4 oxidation state.
However, a slightly lower intensity of the white line peak at
11567 €V also indicates the coexistence of a small amount of
metallic Pt.>® This might suggest that part of the incorporated
platinum has been reduced during the post-synthetic metala-
tion reaction, even though it could not be detected by PXRD
and XPS due to the low concentration of this element. The
fitting was done assuming two coordination environments:
first a Pt-O and second a Pt---Pt environment. The Pt-O and
Pt---Pt scattering paths were taken from the crystal structure of
PtO, and Pt, respectively (Fig. S10 and Table S47}). The Fourier
transform EXAFS spectrum suggests a mixture of Pt-O and Pt-
Pt bonding with the major component similar to metal oxide
and a very small contribution from metallic Pt.

3.6 Photocatalytic hydrogen production performance

Photocatalytic H, production experiments were conducted
under simulated solar irradiation using prepared metal-
organic hydrogels as catalysts. An aqueous solution containing
0.1 M triethanolamine (TEOA) at pH = 7.0 as a sacrificial elec-
tron donor was employed. The experiments were conducted
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for a duration of 16 h. Fig. 9a shows the cumulative hydrogen
production over the course of the reaction for pristine gels,
both with and without the addition of H,PtCls (1% wtp/
wtypog) as co-catalyst.

The B100 sample without Pt as co-catalyst achieved a pro-
duction of 4.6 + 0.5 umol of H, after the 16-h irradiation, exhi-
biting an average activity of 56 + 5 pmoly, gwos = h~'. The
addition of H,PtCl facilitated an increase in H, production to
15 + 1 pmol, accompanied by an enhanced activity of 227 +
11 pmoly, guoc ' h™'. Blank experiments performed under
current reaction conditions, in the absence of MOG but using
H,PtCls or Pt nanoparticles, did not produce any measurable
amount of H,.

Interestingly, the MOG containing NH,BDC as the linker
(A100) did not yield hydrogen, while the gel based on a
mixture of both bridging ligands (B50A50) produced a rather
small amount of hydrogen, in both cases irrespective of the
addition of the co-catalyst. Therefore, the inclusion of the
amino-functionalised linker appears to impede photocatalytic
hydrogen production under the specific experimental con-
ditions employed in this study, despite the enhanced light
absorption properties of the materials in the visible region.

In this context, it is important to consider that the photo-
catalytic mechanism in these types of metal-organic assem-
blies typically occurs through a ligand-to-metal charge transfer

16
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—— B50A50
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Fig. 9 (a) Photocatalytic H, generation in neat MOGs with and without
1% wtp/Wtmog Of H,PtClg as co-catalyst and (b) appearance of gels after
HER experiments.
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(LMCT) process. In this process, an electron from the highest
occupied molecular orbital (HOMO), consisting of n-type orbi-
tals of the ligand, is promoted to the metal-centred lowest
unoccupied molecular orbital (LUMO), which comprises
empty d orbitals of the metal.’” This phenomenon leads to
spatial separation of the photoinduced charges (holes, h', and
electrons, e”), thereby prolonging their average lifetime and
enabling the progression of the corresponding oxidation and
reduction photoreactions. Consequently, there is an eventual
reduction of Ti(wv) to Ti(m), as demonstrated in previous
studies by electron paramagnetic resonance measurements.®
Additionally, the formation of Ti(m) is indicated by a change in
the colour of the sample (note that light absorption induced
d-d transitions in octahedral titanium(m) complexes, t,,' e,°,
that typically result in a blue-violet coloration).”®

Accordingly, B100 samples without the addition of the co-
catalyst (Fig. 9b) are characterised by an intense blue colour
during and after light irradiation. This colour is attributed to
the accumulation of Ti(m) species, which indicates that the
photoreduction of water (i.e., the HER) is less favourable com-
pared to the complementary TEOA photooxidation half-reac-
tion. However, the blue colour gradually disappears in the
post-irradiated samples as Ti(m) reverts back to Ti(v) once the
reaction concludes. In contrast, the A100 and B50A50 samples
did not exhibit any noticeable colour change, which seems to
indicate that eventual formation of Ti(m) is not occurring. This
observation and their scarce HER performance suggest that (1)
the ligand-to-metal charge transfer (LMCT) may not be active
in these materials, (2) the HOMO is too high to accomplish
the oxidation or (3) the lifetime of the h'/e” pair in the amino-
functionalised samples is insufficient to interact with the hole
scavenger (TEOA, electron donor in the photooxidation half-
reaction). However, if the former two explanations were true, it
would result in a performance half-way between B100 and
A100 for the sample containing both ligands (B50A50), which
contradicts the experimental findings. Additionally, previous
studies have demonstrated that Ti-oxocluster/NH,BDC ensem-
bles exhibit the necessary potential to carry out the oxygen
evolution reaction (OER) and oxidation of sacrificial agents."®
Therefore, it is more likely that the inclusion of amino-functio-
nalised linkers in the material leads to a reduction in the pair
lifetime or promotes the recombination of electron-hole pairs.

In the case of B100 with the co-catalyst, the colour of the
catalyst after irradiation shifts slightly towards a brownish hue
instead of blue, indicating the formation of colloidal Pt(0) as a
result of co-catalyst reduction during the photocatalytic
process.>® Furthermore, this change in colour, along with the
observed enhancement in hydrogen production, suggests that
platinum facilitates the transfer of photoelectrons, thereby pre-
venting the cumulative formation of Ti(m). Based on previous
studies, a mechanism can be inferred, in which Ti-based
metal-organic frameworks and Pt-based co-catalysts form a
heterostructure that allows the spatial separation of photo-
charges.” Specifically, upon light irradiation of the metal-
organic entity, photoelectrons migrate to Pt, leading to the
hydrogen evolution reaction (HER). The complementary oxi-
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dation reaction of the sacrificial agent is led by the holes
remaining in the metal-organic network. It is worth noting
that the efficiency of the co-catalyst relies on its proper contact
with the catalyst to facilitate electron transfer, implying that
colloidal Pt is likely deposited onto the MOG. The formation
of Pt(0) was confirmed by PXRD of the MOG after the HER
experiment (Fig. S141).

When Pt(wv)-doped samples are tested (Fig. 10a), a similar
trend is observed. The Pt@B100 samples demonstrate hydro-
gen production comparable to that of B100 with the co-cata-
lyst, albeit slightly lower, while Pt@B50A50 and Pt@A100
exhibit poor hydrogen production. Their coloration during and
after the HER experiments is also comparable to that of neat
gels when using the co-catalyst, as the presence of platinum
helps in transferring the photoelectrons and prevents their
accumulation in the titanium-oxo cluster. Specifically, during
the investigated reaction time, Pt@B100 generates 13 + 4 pmol
of H,, with a mean activity value of 110 pmoly, gvmog = h™".
The higher standard deviation in this case may be attributed
to an uneven distribution of platinum within the doped-MOG,
which can be crucial when working with small catalyst
samples (approximately 5 mg). While this result indicates that
the in situ addition of platinum offers a more controllable pro-
cedure, the reproducibility of Pt-doped samples (ex situ pro-
cedure) could be enhanced by scaling up the experiments. It
should be mentioned, as previously discussed, that the average
amount of Pt in the doped Pt@B100 sample is 0.1% (Wtp,/
wtypog), which is ten times lower than the amount of platinum
added in situ in experiments using H,PtCly as co-catalyst. This
suggests that the in situ addition of the co-catalyst results in a
significant waste of platinum, as not all of the added Pt comes
into contact with the photocatalyst and thus does not contrib-
ute to the photoelectron transfer and HER. Indeed, when the
amount of in situ incorporated platinum in the B100 sample
was analysed by XRF after recovering and cleaning the sample,
it was found to be 0.5% (Wtp/Wtyog), which is meaningfully
higher than that in Pt@B100 (0.1%), but lower than the in situ
incorporated value (1%). This can explain the better perform-
ance in terms of activity of the in situ added co-catalyst (mean
values of 227 and 110 pmoly, gmos + h™" for B100 with the co-
catalyst and Pt@B100, respectively). It also indicates that the
in situ doping process using light irradiation is more efficient.

However, when estimating the HER activity per unit mass
of Pt incorporated into the MOG (Fig. 10b), Pt@B100 demon-
strates  significantly improved performance (45 and
110 mmoly, gpe ' h™' for B100 with the co-catalyst and
Pt@B100, respectively). Therefore, the functionalization of the
MOG through post-synthetic modification appears to offer a
more efficient utilization of Pt compared to its in situ addition
to the reaction media, although a smaller amount is incorpor-
ated. This observation could be attributed to either (1) a less
uniform distribution of platinum within the MOG in the
in situ addition process or (2) an excess of platinum being
present (i.e., more than what is required to handle the photo-
generated charges). In this regard, the HAADF-TEM images
obtained after the reaction on the MOG with the in situ added
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Fig. 10 Photocatalytic H, generation (a) in Pt-doped MOGs and (b)
comparison of normalised values per loaded Pt mass for ex situ
(Pt@B100) and in situ (B100 + co-catalyst) metalated MOGs (loaded Pt
mass of 0.1 and 0.5%, respectively).

co-catalyst reveal that platinum accumulates in particles of
larger size (5.4 + 0.5 nm; Fig. 11) compared to Pt@B100 (1.6 +
0.3 nm; Fig. 7). Thus, the pre-HER post-synthetic modification
of the MOG appears to result in a finer distribution of Pt,
which accounts for the enhanced activity per Pt content for
Pt@B100.

To conclude the photocatalytic HER experiments, a final
series of tests were conducted using UV filters for B100 (with
and without H,PtCls as co-catalyst, 1% wp/Wy0G), as well as
Pt@B100 photocatalytic materials. In these experiments, a UV
filter was employed to exclusively irradiate the system with
visible light (4 > 400 nm) emitted by the solar simulator. After
16 h of irradiation, HER yields exhibited a similar trend as
that mentioned above (showing H, production of 9.1 pmol,
23.2 pmol and 14.5 pmol for B100, B100 with the co-catalyst,
and Pt@B100, respectively), but surprisingly, the hydrogen pro-
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Fig. 11 HAADF-TEM micrograph and Ti and Pt element mapping taken
on B100 after HER experiment using H,PtClg as co-catalyst.

duction activity surpassed that achieved when utilizing the full
emission spectra provided by the lamp (representing the
overall solar spectrum) in all three cases (Fig. 12).

At this point, it is worth considering that the absorption of
UV light is attributed to ligand-ligand transitions in the BDC
and metal-metal transitions in the cluster. The absorption
observed in the visible region (Fig. 6) is thus ascribed to
LMCT, which, according to previous studies, governs the HER
mechanism."® The photoelectrons promoted to higher energy
levels upon UV absorption do not necessarily contribute to the
photoreduction process and may instead undergo other radia-
tive or non-radiative decay pathways. In this scenario, assum-
ing an excess of photons reaching the sample, a competitive
situation may arise between the absorption of visible and UV
photons in the generation of photoelectrons. This would result
in a decrease in HER activity compared to a situation where
only visible photons are utilised.

To conclude with the analysis, if we compare the activities
achieved with the values reported in the literature for catalysts
based on MIL-125 and MIL-125-NH, (40-4000 umol ¢"* h™), it
can be noted that the values obtained in this study fall within
the lower range of H, production. However, it is worth high-
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Fig. 12 Photocatalytic HER activity per MOG mass for neat and doped
BDC-based MOGs under simulated solar light or visible (400 nm cut-off
filter) irradiation.
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lighting that, specifically under visible light, only the aminated
or post-modified derivatives analogous MOFs exhibit activity,
while the non-aminated ones require UV irradiation to
produce hydrogen.>® This observation makes it interesting that
the B100 metal-organic gel, composed of Ti(v) and the BDC
linker, does not only show activity but also exhibits a slight
improvement in its performance exclusively under visible light
irradiation.

4. Conclusions

The synthesis and characterization of titanium-based metal-
organic gels (MOGs) incorporating BDC and/or NH,-BDC
ligands were successfully conducted. The chemical characteriz-
ation reveals a similar local structure to that of MIL-125 MOFs,
but highly defective in comparison and with no long-range
ordering as a consequence of the gelation process. All the
systems exhibit similar microstructure, comprised of nano-
scopic metal-organic particles (<5 nm) intertwined into a
highly porous structure. However, only the BDC-based system
has demonstrated activity for H, production under simulated
solar irradiation when using TEOA as a hole scavenger.

When platinum is introduced as a co-catalyst by either
adding in situ H,PtCls to the HER media or ex situ, through a
post-synthetic metalation of the MOG structure, the H, pro-
duction is significantly enhanced. Although the in situ
addition of the co-catalyst resulted in slightly higher H, pro-
duction rates (because of a higher Pt amount), it also led to
greater Pt waste compared to the ex situ modified Pt(iv)-doped
MOGs. These differences appear to be attributed to the final
amount of co-catalyst in contact with the metal-organic
network (forming a heterostructure) and the size of co-catalyst
nanoparticles. Specifically, when normalized with respect to
the amount of Pt anchored to the MOG, the H, production
rate of the ex situ metalated MOG surpassed that of the in situ
addition, despite presenting 20% less platinum. The smaller
nanoparticle size and thus, the better distribution of Pt along
the matrix in Pt-doped MOGs implies more co-catalyst/metal—-
organic gel contacts, resulting in a more efficient utilization of
the metal. This finding bears significance for maximizing the
efficiency of precious-metal co-catalysts in other photocatalytic
systems.

Additionally, these materials exhibit an increase in activity
when a 400 nm cut-off filter was used to eliminate UV radi-
ation from simulated solar light irradiation. This suggests a
competitive interaction between visible and UV photons in the
generation of photocharges, impacting catalytic activity. In this
sense, previous works on Ti-based metal-organic materials
have demonstrated that these types of photocatalysts can
perform either better or worse under visible irradiation with
respect to UV-visible illumination depending on the defects'®
and could even be active only under visible light,® which
should also be taken into account for further photocatalyst
development.

This journal is © The Royal Society of Chemistry 2024
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