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a b s t r a c t

Metal-organic frameworks (MOFs) imply an appealing source of photocatalysts as they combine porosity
with tailorable electronic properties and surface chemistry. Herein, we report a series of unprecedented
metal-organic aerogels (MOAs) comprised by Ti(IV) oxo-clusters and aromatic dicarboxylic linkers as an
alternative to microporous MIL-125 and MIL-125-NH2 MOFs. Discrete titanium oxo-clusters polymerized
upon the addition of the dicarboxylic linkers to give rise to a metal-organic gel. Their supercritical drying
led to aerogels comprised by nanoscopic particles (ca. 5e10 nm) cross-linked into a meso/macroporous
microstructure with surface area ranging from 453 to 617 m2$g�1, which are comparatively lower than
the surface area of the microporous counterparts (1336 and 1145 m2$g�1, respectively). However, the
meso/macroporous microstructure of MOAs can provide a more fluent diffusion of reagents and products
than the intrinsic porosity of MOFs, whose narrower channels are expected to imply a more sluggish
mass transport. In fact, the assessment of the continuous visible-light-driven photocatalytic CO2

reduction into methanol shows that MOAs (221e786 mmol$g�1$h�1) far exceed not only the performance
of their microporous counterparts (49e65 mmol$g�1$h�1) but also surpass the production rates provided
by up-to-date reported photocatalysts.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Global climate change has turned carbon dioxide (CO2) emis-
sions into a major environmental concern that demands coopera-
tive international actions and implementation of technologies that
can aid in reaching zero-net emissions [1]. In this context, CO2
capture, storage, and revalorization technologies have been posited
among the most promising solutions to mitigate the emission of
greenhouse gases. Specifically, the transformation of CO2 into
value-added chemicals and fuels is envisaged as a promising
chance to shift to a low-carbon economy and therefore contribute
to substantially suppress the emissions of this greenhouse gas [2,3].
The transformation of CO2 into products such as CO, CH4, HCOOH,
), garikoitz.beobide@ehu.eus
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HCHO, and CH3OH can be carried out by thermochemical, elec-
trochemical, biochemical, and photochemical methods [4,5].
Photochemical methods aim to mimic the natural photosynthesis
systems by leading photo-driven CO2 reduction or fixation re-
actions under mild conditions and without additional energy input,
apart from solar irradiation [6,7]. The photochemical conversion of
CO2 into alcohols, such as methanol and ethanol, is of particular
interest due to their great global demand as chemical feedstock and
petroleum fuel substitute [8,9]. Accordingly, a great deal of atten-
tion has been devoted to the design of both the photoreactor and
the photocatalyst [10]. Regarding the photocatalyst, wide band gap
ultraviolet (UV) active semiconductors have been widely explored.
Nonetheless, under natural sunlight illumination, visible/near
infrared light active materials are expected to produce the
maximum amount of charges to mediate the pursued reaction.
Despite narrow band gap materials might present unsuitable po-
tentials for simultaneously leading reduction and oxidation re-
actions, it can be overcome by using several strategies such as
metal/non-metal doping, heterojunction formation, or
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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photosensitizer anchoring [11]. High surface area is also a desirable
feature for the photocatalyst as it can increase both the amount of
adsorbed CO2 and the amount of photogenerated electron/hole
pairs with the potential tomediate the redox reactions. Considering
the above facts, it becomes clear that nanostructured semi-
conductors possess remarkable advantages over their bulk coun-
terparts, such as their high surface-area-to-volume ratio, short
charge migration distance, and tunable electronic properties [12].
In this regard, metal-organic frameworks (MOFs) present a nano-
porous structure featured by great CO2 adsorption capacity,
extremely high surface-area-to-volume ratio, and a versatile elec-
tronic structure controlled by the assembly of the selected building
blocks. Among them outstand those based on titanium(IV) and
polycarboxylic ligands, such as the so-called materials institute
lavoisier (MIL-125) and MIL-125-NH2 MOFs, which have demon-
strated to behave as promising photocatalysts in several reactions
[13]. These MOFs are built by octanuclear titanium oxo-clusters 12-
connected by ditopic organic linkers as depicted by the formula
[Ti8(m-O)8(m-OH)4(m4-L)6]n, where L stands for benzene-1,4-
dicarboxylato (BDC) or 2-aminobenzene-1,4-dicarboxylato
(NH2BDC) [14,15]. In terms of electronic structure, the metal clus-
ters and organic ligands can be regarded as isolated semiconductor
quantum dots and light-harvesting antennas, respectively, in such a
way that the alignment of the bands that set the gap can be
controlled through the molecular features of both, the ligand and
the cluster and through their assembly [16e18]. According to
density functional theory calculations, the highest occupied states
are localized in the aromatic ligand and are mainly comprised by
the p-electron cloud, whereas the lowest unoccupied states are
localized in the octameric cluster, implying the empty 3d-orbitals
of Ti(IV) [19,20]. The collation of the half-reaction potentials with
the calculated valence band maximum and conduction band
minimum allows inferring that these materials can a priori mediate
the photocatalytic conversion of CO2 (Fig. 1). In fact, CO2 conversion
Fig. 1. Band alignment for MIL-125 and MIL-125-NH2 compared to the potential of CO2 redu
reaction potentials were retrieved from the literature [20,23]. In molecular materials, includi
molecular orbital; LUMO: lowest unoccupied molecular orbital). CBM, conduction band m
maximum.
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experiments using MIL-125 and MIL-125-NH2 as photocatalysts
have demonstrated the formation of HCOOH, CH3OH, and CH4 as
reduction products [21,22].

Despite these materials have demonstrated their capability to
photoreduce CO2, their microporous structure suggests that the
reaction rates could be markedly limited by the diffusion of the
implied chemical species. Note that the 3D pore structure of these
MOFs is comprised by cages of ca. 12 and 6 Å connected bywindows
of 5e7 Å, which are roughly greater than the kinetic diameters of
CO2 (3.30 Å) and some of its reduction products (CO: 3.76 Å;
CH3OH: 3.80 Å; C2H5OH: 4.6 Å) [24,25].

As diffusion coefficients markedly increase with the pore size
and porosity [26,27], herein we report a series of unprecedented
meso/macroporous metal-organic aerogels (MOAs) comprised by
Ti(IV) oxo-clusters and dicarboxylic linkers (BDC and NH2BDC) as
an alternative to the microporous MIL-125 and MIL-125-NH2 for
the continuous photoreduction of CO2 to alcohols (methanol and
ethanol) under visible light. The results show that MOAs not only
far exceed the performance of their microporous counterparts but
also surpass the methanol production rates provided by up-to-date
reported photocatalysts.

2. Materials and methods

2.1. Synthetic procedures

2.1.1. Reagents
All the chemicals (reagent grade) were used as commercially

obtained. Titanium(IV) n-butoxide (TNBT, 98%) was purchased
from Acros Organics (Geel, Belgium, EU). Titanium(IV) isoprop-
oxide (99.8%), benzene-1,4-dicarboxylic acid (H2BDC, 99%),
2-aminobenzene-1,4-dicarboxylic acid (H2NH2BDC, 99%), and N,N-
dimethylformamide (DMF, 99%) were acquired from Sigma-Aldrich
(Saint Louis, MO, USA). Absolute ethanol (EtOH), hydrochloric acid
ction and water oxidation half-reactions at pH ¼ 7. The values for VBM, CBM, and half-
ng MOFs, VBM, and CBM are also referred as frontier orbitals (HOMO: highest occupied
inimum; CO2, carbon dioxide; MOF, metal-organic framework; VBM, valence band
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(HCl, 37%), and distilled water (H2O) were provided by Scharlab,
S.L. (Barcelona, Spain, EU).

2.1.2. Synthesis of MOAs
To prepare the metal-organic sols, first, titanium(IV) n-butoxide

(3.17 mmol, 1.102 mL) was dissolved in 10 mL of 2-butanol. There-
after, 4 mL of 2-butanol containing 118 mL of hydrochloric acid
(0.29 M) were added dropwise over the first solution. This solution
was stirred for 1 h in a sealed flask. Immediately after, a DMF/2-
butanol (10 mL and 2 mL, respectively) solution of the source of
the linkers (H2BDC and/or H2NH2BDC) was added dropwise to the
previous mixture. The total linker amount (2.38 mmol) was set to
achieve a titanium:ligand molar ratio of 1:0.75, according to the
ideal ratio found in MIL-125 and MIL-125-NH2 titanium MOFs. The
sample coding and the employed linker quantities are gathered in
Table 1. The resulting clear solutionevolved intoa translucentmetal-
organic gel (MOG) after being aged for 6 h at 80 �C within a closed
vessel. The obtained gelswere stiff enough to retain the shape of the
molds and/or were easily shapeable into regular geometries using
cutting tools. The gels were subjected to successive solvent ex-
changes, first, with a mixture of 2-butanol/DMF (2:1) and amixture
of 2-butanol/DMF/ethanol (1:1:1) to remove the unreacted species
and then with absolute ethanol to replace the remaining 2-butanol
and DMF. The MOAs were prepared using an E3100 critical point
dryer from Quorum Technologies equipped with a gas inlet, vent,
and purge valves and with a thermal bath. First, the ethanol-
exchangedgelswereplaced into the reactor chamberand then liquid
CO2was introduced. The gelsweremaintained in liquid CO2 at 293 K
and 50 bar for 1 h. Afterward, the exchanged ethanol was released
through the purge valve. The liquid CO2 exchange process was
repeated five times to ensure the removal of ethanol. Subsequently,
the temperature and the pressure of the chamber were increased to
313 K and 85e95 bar in order to set supercritical conditions. Finally,
under constant temperature (313K), the chamberwas slowlyvented
up to atmospheric pressure. The obtained aerogels retained the
shape of the parent gels. Note that drying the gels via conventional
solvent evaporation induced a severe contraction of the micro-
structure and led to non-porous xerogels.

2.1.3. Synthesis of MIL-125 and MIL-125-NH2

MIL-125 and MIL-125-NH2 were prepared by following previ-
ously reported procedures [15,28]. Specifically, to synthesize
MIL-125, 9 mmol of titanium isopropoxide and 15 mmol of
benzene-1,4-dicarboxylic acid were dissolved in a 50 mLmixture of
DMF and methanol (9:1, v/v) under stirring. The resulting mixture
was introduced into a Teflon-lined autoclave reactor and heated at
423 K in an oven during 16 h. After cooling down, a white poly-
crystalline powder was filtered off and thoroughly washed, first,
with DMF and then with methanol. The compound was dried in an
oven to remove the solvent molecules. MIL-125-NH2 was synthe-
sized following the same procedure but using 3 mmol of titanium
isopropoxide and 6 mmol of 2-amino-1,4-benzene dicarboxylic
Table 1
Sample coding and the corresponding amounts of bridging ligands.a

Sample H2BDC H2NH2BDC

mmol g mmol g

B100A0 2.38 0.403 0 0.000
B75A25 1.78 0.302 0.6 0.110
B50A50 1.19 0.202 1.19 0.218
B25A75 0.6 0.102 1.78 0.326
B0A100 0 0.000 2.38 0.435

a In the sample coding, B and A stand for BDC and NH2BDC, respectively, while the
targeted ligand ratio is represented by numeric characters.
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acid. The obtained yellowish polycrystalline powder was again
filtered off, washed with DMF and methanol, and dried in an oven.

2.2. Characterization

2.2.1. Chemical characterization
Powder X-ray diffraction (PXRD) patterns were measured at

20 �C on a Phillips X'PERT diffractometer (Cu-Ka radiation,
l ¼ 1.5418 Å) in the 5e50� 2q range and using a step size of 0.02�, a
variable automatic divergence slit, and an acquisition time of 2.5 s
per step. Fourier transform infrared (FTIR) spectra of the samples
dispersed in KBr pellets were recorded in the 4000e400 cm�1

range with a resolution of 4 cm�1 using a FTIR 8400S Shimadzu
spectrometer. Thermogravimetric analysis curves were measured
from room temperature to 800 �C on a METTLER TOLEDO ther-
mogravimetric analysis/SDTA851 thermal analyzer using a flux of
50 cm3 min�1 of synthetic air (80% N2, 20% O2), a heating rate of
5 �C min�1, and 10e20 mg of sample per run. Proton nuclear
magnetic resonance (1H-NMR) spectra were recorded at 293 K
using a Bruker AVANCE 500 (one-bay; 500 MHz). Prior to 1H-NMR
measurements, a sample (50 mg) of the corresponding compound
was digested in 2 mL of a 1 M NaOH solution (in deuterated water,
D2O) during 1 h in an opaque flask. Thereafter, fumaric acid (14mg)
was added as an internal standard. The remaining solid residue
corresponding to titanium(IV) oxide was filtered off and the NMR
spectrum was taken on the liquid fraction. X-ray photoelectron
spectroscopy measurements were performed in a SPECS system
(Berlin, Germany) equipped with a Phoibos 150 1D-DLD analyzer
and Al Ka monochromatic radiation source (1486.7 eV). An initial
analysis was carried out to determine the elements present (wide
scan: step energy 1 eV, dwell time 0.1 s, pass energy 80 eV) and
detailed analysis of the detected elements was performed (detail
scan: step energy 0.08 eV, dwell time 0.1 s, pass energy 30 eV) with
an electron exit angle of 90�. The spectrometer was previously
calibrated with Ag (Ag 3d5/2, 368.26 eV). Spectra were fitted using
CasaXPS 2.3.16 software, which models Gauss-Lorentzian contri-
butions, after background subtraction (Shirley).

2.2.2. Electrospray ionization mass spectrometry
The electrospray ionization mass spectrometry (ESI-MS) spectra

were measured by injecting the reaction mixture at a flow rate of
20 mL$mine1 into a high resolution mass spectrometer (Synapt G2,
time of flight analyzer) equipped with an ESI source in positive and
negative mode. The high resolution spectra were recorded in scan
mode, with a mass range of 30e2500 Da in resolution mode
(FWHM z 20,000) and a scan time of 0.1 s. The source and des-
olvation temperatures were 120 and 350 �C, respectively. The
capillary voltage was set to 2.5 kV (negative), while the cone
voltage was maintained at 15 V. N2 was used as the desolvation and
cone gas, with the flow rates of 600 and 10 L$he1. Prior to analysis,
the mass spectrometer was calibrated using a sodium formate
solution and a leucine-enkephalin solution for the lock mass
correction, monitoring the ions at mass-to-charge ratio (m/z)
556.2771. All of the acquired spectra were automatically corrected
during acquisition based on the lock mass.

2.2.3. Electron microscopy
The microstructure of the samples was analyzed by trans-

mission electron microscopy (TEM), in a TECNAI G2 20 TWIN (FEI
company), operating at an accelerating voltage of 200 KeV in a
bright-field image mode and a low-dose image mode. The samples
for room temperature TEM were prepared dispersing an aerogel
sample onto a TEM copper grid (300 Mesh) covered by a holey
carbon film. For cryogenic TEM measurements, the solvent of a gel
sample was exchanged with water. Then, a 3 mL aliquot of sample
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suspensionwas applied to glow-discharged 300 mesh lacey carbon
TEM grids and used for plunge freezing into liquid ethane on a
Vitrobot Mark IV (FEI company). The frozen grids were then
transferred to a 626 DH Single Tilt Cryo-Holder (Gatan, France),
maintained below�170 �C (liquid nitrogen temperature), and then,
they were transferred to TEM chamber at liquid nitrogen temper-
ature. Field emission scanning electron microscopy images were
recorded on a Hitachi S-4800 using aerogel samples previously
metallized with a gold layer of 15 nm.

2.2.4. Dinitrogen and CO2 adsorption measurements
N2 (77 K) and CO2 (273 and 298 K) adsorption data were ac-

quired using a Quantachrome Autosorb-iQ MP gas sorption
analyzer. The samples were outgassed under vacuum at 140 �C for
6 h, prior to measurements. The values of the specific surface area
were calculated by the fitting of the N2 adsorption curve to Bru-
nauereEmmetteTeller (BET) equation [29]. In order to choose the
pressure range for the fitting and to avoid ambiguity when
reporting the BET surface area of materials containing micropores,
we used the three consistency criteria proposed by Rouquerol et al.
[30]: (1) The pressure range selected should have values of V(1-P/
P0) increasing with P/P0. (2) The points used to calculate the BET
surface areamust be linear with an upward slope in such away that
the linear regression must yield a positive y-intercept (i.e., positive
C value). (3) The P/P0 value corresponding to Vm should be within
the BET fitting range. The CO2 adsorption enthalpies (Qst) were
estimated by fitting the adsorption isotherms to the modified
Clausius�Clapeyron equation [31,32]. The micropore volume of the
samples was estimated according to the t-plot method [33].

2.2.5. Diffuse reflectance spectra
Diffuse reflectance spectra of the samples were measured on an

UV/VIS/near-infrared PerkinElmer Lambda 950 spectrophotometer
equipped with an integrating sphere (150 mm Int. Sphere). The
spectra were measured over the range 250e800 nm with a reso-
lution of 1 nm.

2.2.6. Photoreduction of CO2 in an optofluidic microreactor
Prior to their use, all metal-organic materials were outgassed at

150 �C under vacuum. The light-responsive surfaces were prepared
by depositing the MOA onto porous carbon papers (Toray TGP-H-
60), following a previously reported procedure [34]. The
airbrushing process is carried out at 100 �C to ensure the complete
evaporation of the solvent (isopropanol) during the accumulation
of photocatalytic layers. The total MOA mass loading per photo-
electrode was set to 2 mg$cme2, which is experimentally
determined by continuous weighing. The porous carbon paper
containing the metal-organic material was assembled in a home-
made designed planar optofluidic microreactor (APRIA Systems
S.L.), equipped with a reaction microchamber of 1 cm2 and 75 mL,
for the continuous light-driven transformation of CO2 into alcohols
(see further details in the Supplementary Data). The photoactive
surfaces were placed in the reaction microchamber and irradiated
with light-emitting diode (LED) lights (peak at 450 nm) with a light
intensity of E ¼ 5 mW$cme2 measured by a radiometer (Photo-
radiometer Delta OHM) and controlled by adjusting the LED in-
tensity and the distance between the microreactor and the LED. A
full description of the experimental setup and photoreactor details
can be found elsewhere [34].

A CO2 saturated 0.5 M KHCO3 (Panreac >97%) aqueous solution
(pH¼ 7.38± 0.03) was preparedwith ultra-purewater (18.2MU cm
at 273 K, MilliQ Millipore system) and supplied to the reactor
microchamber with a micropump (Minipuls 3 Gilson) at a flow rate
of QL ¼ 100 mL$min�1. The photochemical CO2 reduction tests were
carried out by duplicate in continuous mode for 120 min, when a
4

pseudo-stable performance is reached. The optofluidic micro-
reactor was placed in a ventilated dark box and the temperature
was controlled with an infrared thermometer (ca. 20 �C). The
concentration of alcohols in each sample was analyzed by duplicate
in a headspace gas chromatograph (GCMS-QP2010 Ultra Shimadzu)
equipped with a flame ionization detector. An average concentra-
tion was obtained for each point (error less than 12.3%). The
performance of the process is analyzed in terms of reaction rates
(r), i.e. product yield per gram of photocatalyst and time. The
apparent quantum yield (AQY) is defined as (ne/np)$100, where ne
represents the rate of electrons transferred toward CH3OH and
C2H5OH, defined as the number of molecules evolved (mol)
multiplied by the number of reacted electrons (6 and 12 ee for
CH3OH and C2H5OH, respectively) and the Avogadro's number
(mol�1). On the contrary, np is the rate of incident photons on the
surface, calculated according to equation (1):

np¼ E$A$t$l
h$C

Equation 1

where E is the light intensity (W$m�2), A represents the irradiation
area (m2), t is the reaction time (s), l corresponds to thewavelength
peak (m), h is the Planck's constant (J$s), and C represents the speed
of light (m$s�1), respectively.
3. Results and discussion

3.1. Chemical and microstructural characterization

Solution chemistry of Ti(IV) implies the formation of titanium
oxo-clusters of different nuclearity depending on the used solvent,
water amount, pH, and ligands [35]. In this sense, ESI-
MS measurements have allowed us to analyze the speciation of the
titanium complexes in the reaction mixture. Prior to the addition of
the bridging ligand, collectedmass spectra reveal the formation of a
series of octanuclear Ti8O8 cores in which the remaining coordina-
tion positions and charge balance are provided by water/butanol
molecules and hydroxide/butoxide anions (Fig. 2). The different
peaks appearing in the spectra are not compatiblewith other cluster
nuclearities and their differences come from the exchange among
the ligands/anions that complete the outer coordination sphere. To
provide further evidence, a comparison of the maximum intensity
peak ((m/z)max) and the width of the isotopic peak distribution (Dm/

z) values subtracted from the experimental and simulated ESI(þ)-
MS spectra has been included in Table S1. It deserves to note that
the intensity of the experimental peaks is determined by the con-
centration of each species in the solution. On the other hand, the
addition of the bridging carboxylic ligand to the reaction mixture
doesnotmeaningfullychange the speciation in solutionaccording to
the collected ESI(þ)-MS spectra (Fig. S1). This fact suggests that the
polymerization reaction takes place upon heating the reactor,
implying the replacement of the coordinated molecules of the pre-
assembled octameric entities by the dicarboxylic ligands. Note that
this type of octanuclear Ti8O8 clusters are also commonly found in
carboxylate-based MOFs and discrete complexes [36].

During the synthesis, the metal clusters are cross-linked by
means of benzene-1,4-dicarboxylato (BDC) and/or aminobenzene-
1,4-dicarboxylato (NH2BDC) ligands to yield a polymeric MOG. The
synthesis solvent and unreacted reagents trapped within the MOG
were replaced by ethanol. Then, each MOG was supercritically
dried to yield the corresponding MOA (Fig. 3). Despite a slight
contraction takes place during the aerogel formation, themonoliths
still retain a remarkable porosity as below described.

According to the chemical analysis, the BDC/NH2BDC linker ratio
was close to that employed in the synthesis (Table S2). Nonetheless,



Fig. 2. Comparison of the experimental ESI(þ)-MS spectrum of the reagent mixture (down) with the one simulated (up) from the molecular formulas of the octameric species.
Computed peaks cannot deal with the concentration of the species, and thus, the resulting spectrum represents an equimolar speciation that does not aim to match the observed
intensity values. ESI-MS, electrospray ionization mass spectrometry.
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in comparison with the referential MIL-125 and MIL-125-NH2, the
formulas present a meaningful amount of linker vacancies
(58e60%) that are replaced by H2O/OH� pairs and formate anions
to balance the charge and the coordination positions, as it also
Fig. 3. Synthesized MOGs and MOAs with varying BDC/NH2BDC ratio. BDC, benzene-
1,4-dicarboxylato; MOA, metal-organic aerogel; MOG, metal-organic gel.

Fig. 4. PXRD patterns of referential MOFs (MIL-125 and MIL-125-NH2) compared to
B100A0 and B0A100 MOAs. MOA, metal-organic aerogel; MOF, metal-organic frame-
work; PXRD, powder X-ray diffraction.
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Fig. 5. TEM images on aerogel fragments of B100A0 at (a) 25 kX and (b) 150 kX magnifications and B0A100 at (c) 25 kX and (d) 150 kX magnifications. TEM, transmission electron
microscopy.

Fig. 6. N2 physisorption isotherms at 77 K for B100A0 and B0A100 MOAs. Filled and
empty symbols imply adsorption and desorption data, respectively.
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occurs in the defective MOFs of group IV metals [37,38]. As a result,
each cluster seems to be connected through ca. 5 linkers per cluster.
Interestingly, the PXRD patterns of the herein preparedMOAs show
a broad maximum at 2q ¼ 6.4e6.7�. This maximum agrees fairly
well with the maximum intensity peak of MIL-125 and MIL-125-
NH2 (2q ¼ 6.8�), which arises from the combined contribution of
(101) and (110) reflections and is related to the interplanar distance
set by the BDC/NH2BDC linkers between titanium cluster arrays
(d101 ¼ 13.0 Å; d101 ¼ 13.2 Å) (Fig. 4). The whole-pattern fitting of
the PXRD data of the crystalline MOFs is included in the supple-
mentary data (Fig. S10 and Tables S3 and S4).

Furthermore, the X-ray photoemissionmeasurements (Fig. S3 of
the supplementary data) show the distinctive 2p peaks of titaniu-
m(IV) (2p3/2 and2p1/2: 459 and465 eV, respectively)whoseposition
fitwell to thedata available in the literature forMOFswithTi8O8 type
clusters showing hexacoordinated TiO6 environments (2p3/2 and
2p1/2: 458e459 and 464e465 eV) [39,40]. The molecular structure
of the materials was further supported by FTIR spectroscopy. The
collected spectra and assignation of the main vibration modes are
shown in Fig. S2. The inclusion of theNH2BDC ligand is evidenced by
the bands found at 3460 and 3350 cm�1 related to the NeH
stretching of the amino group. The CeH stretching of the linkers
6



Table 2
Porosity data for titanium(IV)-based MOAs and referential microporous MOFs.a

Sample SBET (m2$g�1) Smicro (m2$g�1) Sext (m2$g�1) Vmicro (cm3$g�1) Vext (cm3$g�1)

B100A0 531 38 493 0.013 1.318
B75A25 504 31 473 0.008 1.201
B50A50 617 70 547 0.027 1.242
B25A75 539 52 487 0.018 1.504
B0A100 453 33 420 0.010 1.026
MIL-125 1336 1258 78 0.493 0.579
NH2-MIL-125 1145 1089 56 0.422 0.486

a SBET stands for BET specific surface area. Micropore surface area (Smicro) and volume (Vmicro) are estimated from the t-plot calculation. External surface area (Sext) is
calculated by subtracting the microporous contribution from the total area. VT is the total pore volume for pores �50 nm.
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(BDC and NH2BDC) are observable at 3200e2800 cm�1 range. The
anti-symmetric stretching of the carboxylate groups of the formate
anion and organic linkers (BDC and NH2BDC) are observed at
1645 cm�1 and 1540e1570 cm�1, respectively.

TEM images collected on MOA samples show a microstructure
comprised of partially sintered metal-organic tiny nanoparticles of
5e10 nm (Fig. 5). According to the micrographs, the stochastic
entanglement of these particles during gelling process generates a
nanoporous network comprised by voids of random shape and size.
The relative BDC/NH2BDC ratio of the compound did not exert any
meaningful differences in the microstructure. Further electron
microscopy images can be found in the supplementary data
(Fig. S12).

Besides, cryogenic TEM images taken onMOG samples (Fig. S11)
show similar microstructural features to that described for MOAs,
which supports the suitability of the followed supercritical drying
process. Note that the analysis of the gel upon cryogenic conditions
(see Experimental Section) allows for observing its pristine struc-
ture, as it avoids the microstructural changes (including pore
collapse or particle sintering) that would take place upon gel drying
in ambient temperature measurement.
Fig. 7. (ahn)1/n vs. hn plots for each MOA, depicting the linear fit to Tauc equation
(dashed lines) for (a) direct and (b) indirect band gaps. MOA, metal-organic aerogel.
3.2. Gas physisorption measurements

The porosity of the aerogels was further analyzed by measuring
N2 adsorption isotherms at 77 K (Fig. 6 and Fig. S15). Table 2
summarizes the resulting porosity data. For comparative pur-
poses, we have also included the gas sorption data of the herein
prepared referential microporousMIL-125 andMIL-125-NH2MOFs.
The gas sorption curves of all MOAs resemble a type II/IV isotherm
according to the IUPAC classification [41], with a steep hysteresis
loop at high relative pressures (P/P > 0.8), which indicates that
porosity is mainly determined by the joint contribution of meso-
and macropores, accordingly to the expectations of TEM analysis.
Fitting of the adsorption data to the BET equation yielded specific
surface areas ranging from 453 to 617 m2$ge1, while total pore
volumes varied between 1.03 and 1.50 cm3$ge1.

According to the data subtracted from the t-plot analysis, the
microporosity implies only aminor contribution to the total surface
area and pore volume of the MOAs, which can be ascribed to the
scarce crystallinity of the coordination network. As expected, the
two referential MOFs show a type I isotherms (Fig. S15) with sur-
face area values far greater than those of MOAs and close to those
previously reported.

On the other hand, CO2 adsorption isotherms were measured at
273 and 298 K to calculate the isosteric heats of adsorption (Qst)
(Fig. S16 and Fig. S17). The Qst values at near-zero coverage range
from 24 to 30 kJ$mole1. These values are comparable to those
reported for other MOFs [42]. Thereafter, they decay progressively
to values of 14e20 kJ$mole1 when the gas loading gets a ratio of
ca. 0.4 CO2 mmol$g�1. The inclusion of NH2BDC ligand leads to
7



Table 3
Optical direct and indirect band gap values calculated from the Tauc method.

Sample Eg (eV)

direct indirect

B100A0 3.32 2.98
B75A25 2.43 2.01
B50A50 2.33 1.96
B25A75 2.26 1.93
B0A100 2.27 1.90
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somewhat greater isosteric heat values (ca. þ5 kJ$mole1) in sam-
ples B50A50, B25A75, and B0A100, which can be attributed to a
favored interaction between the amino group and CO2 molecule.
Such trend has also been reported for other amino-functionalized
porous compounds [43].$

3.3. Optical band gap

To calculate the optical band gap (Eg) values, the UV-visible
diffuse reflectance spectra of the MOAs were transformed to the
corresponding absorption spectra by applying the Kubelka�Munk
function [44]. The resulting data were fitted to Tauc's formula,
ðahnÞ1=n ¼ Aðhn � EgÞ, where, a is the absorption coefficient, A is a
constant, hn is photon energy, and n is a factor that depends on the
band gap electron transition: 0.5 for direct and 2 for indirect
transitions [45,46]. The band gap value is obtained from the
intersection of the linear fit with the abscissa axis in the (ahn)1/n vs.
hn plot (Fig. 7). The optical band gap values calculated for direct and
indirect transition are shown in Table 3. Accordingly, the increase of
the NH2BDC/BDC ratio promote a progressive narrowing of the
band gap values with the increase of relative NH2BDC content,
reaching a minimum for B25A75 and B0A100. Such redshift can be
ascribed to the energy rise of the p-bonding molecular orbitals
comprising the highest occupied molecular orbital of the complex
entity taking place upon the inclusion of the amino functional
group [21]. The band gap values determined for B100A0 and
B0A100 are comparable to their microporous MOF counterparts
MIL-125 and MIL-125-NH2 (range of optical Eg values calculated for
direct transitions: 3.8e3.2 eV and 2.8e2.4, respectively) [20,47,48].

3.4. Photocatalytic conversion of CO2

The performance of the MOAs as photocatalysts for CO2
photoreduction was tested in a micro-optofluidic reactor equip-
ped with a visible light LED. In all cases, the analysis of the liquid
fraction revealed the formation of meaningful amounts of both
methanol and ethanol, with also trace amounts of formic acid,
which is likely intermediate specie in the CO2 conversion to
methanol [49]. Despite gas-phase products were not analyzed,
previous tests on the use of TiO2-based coated carbon papers in
the same optofluidic microreactor and operating conditions under
visible light irradiation [34,50] showed that only small quantities
Table 4
Methanol and ethanol production rates and apparent quantum yields under visible light

Aerogel rCH3OH (mmol$g�1$h�1) rC2H5OH (m

B100A0 674.2 145.2
B75A25 650.8 128.3
B50A50 786.5 218.2
B25A75 716.3 101.6
B0A100 221.0 200.6
MIL-125 48.8 0
MIL-125-NH2 64.6 0
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of CO and CH4 can be detected (AQY <0.05%). Note that CO2-
reduction liquid-phase products were not detected in the blank
tests conducted in the absence of illumination or without CO2. The
achieved reaction rates (r) and AQY for each product are presented
in Table 4. All MOAs exhibit superior formation rates of methanol
(range: 221e786 mmol$ge1$he1) with respect to ethanol
(201e218 mmol$ge1$he1). The upper limit for the reaction rates of
both methanol and ethanol formation is achieved for B50A50.
Contrarily, the lowest performance is provided by B0A100, which
might not only be related to its comparatively lower external
surface area (Table 2), but it could also be associated with the
energy increase of highest occupied molecular orbital level of the
complex entity containing NH2BDC ligands, which would render a
lower potential to conduct complementary water oxidation re-
action (Fig. 1). The stability of the photocatalytic materials was
tested for 6 h of continuous operation under visible light
(5 mW$cm�2). The methanol and ethanol production rates were
roughly stable during all the assessed time. Fig. 8 displays, as an
example, the evolution of the production rate of alcohols with
time for the MOA B50A50.

To assess the relevance of the external surface area provided by
the MOAs, we have prepared and analyzed the photocatalytic
performance of the analogous microporous MIL-125 and MIL-125-
NH2 MOFs under the same reaction conditions (Table 4). The values
obtained are similar to those reported by other authors in the CO2

to methanol conversion using this type of MOFs [21]. Although
these referential MOFs have much greater surface area values
(Table 2), their performance in the optofluidic microreactor is
comparatively low. Such difference can in part be ascribed to the
sluggish diffusion of reagent molecules, intermediates, and prod-
ucts along the narrow-sized micropores. Conversely, the meso/
macropores of MOAs endow an agile transit of the chemical species
during their conversion into reduced products. In any case, defect
chemistry of MOAs, featured by a meaningful amount of OH�/H2O
pairs replacing linker vacancies, can also play an important role in
the overall performance. In this regard, the lowest unoccupied
molecular orbital of this kind of metal-organic polymers is
comprised by the empty d-orbitals of the titanium, so the linker
vacancies of MOAs might pave the transfer of the photoelectron
since the approach of CO2 would be sterically less hindered than in
the linker-saturated titanium cluster (secondary building unit)
comprising the ideal MOFs.

For comparative purposes, we have retrieved the CO2-to-
methanol photocatalytic formation rates provided so far by best
performing inorganic materials, MOFs and MOF composites (Fig. 9,
Tables S6 and S7). Due to the data abundance for inorganic mate-
rials, the studies providing methanol production rates below
100 mmol$ge1$he1 have not been considered. It results clear that all
MOAs, except, B0A100 exceed by far the rates provided by MOFs.
The greatest reported performances for photocatalysts based on
metal-organic materials correspond to a MOF nanocomposite of
MIL-125 with CuO and graphitic carbon nitride (342 mmol$ge1$he1)
[51] and to a neat MOF termed as ZIF-8(Cu) (332 mmol$ge1$he1),
illumination (5 mW/cm2) at 2 h of reaction.

mol$g�1$h�1) AQYCH3OH (%) AQYC2H5OH (%)

12.0 5.2
11.5 4.6
14.0 7.7
12.7 3.6
3.9 7.1
0.9 0
0 0



Fig. 8. Continuous visible light-driven CO2 photoreduction to alcohols with B50A50.
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respectively [52]. Nonetheless, the maximum rate reached for the
latter neat MOF required the use of a sacrificial reagent as hole
scavenger (sodium sulphite), which is an inconvenient with regard
to the system using solely water. The remaining reported metal-
organic materials render more modest production rate values
that rangewithin 7e63 mmol$g�1$h�1. The analyzed data also show
that all Ti/BDC MOAs, except B0A100, overpass the best performing
Fig. 9. MeOH formation rates in the photocatalytic reduction of CO2 provided by best-
performing state-of-the-art catalysts (inorganic materials, MOF composites and neat
MOFs) compared to the herein reported Ti/BDC MOAs. For the inorganic catalysts re-
sults with rates below 100 mmol$g�1$h�1 are not presented. BDC, benzene-1,4-dicar-
boxylato; MOA, metal-organic aerogel.
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state-of-the-art inorganic photocatalysts. In this case, the highest
reaction rates (519 and 577 mmol$g�1$h�1) were achieved using
TiO2 nanoparticles (ca. 11 nm) doped with copper and carbon as
photocatalyst [53,54].
4. Conclusions

This work covers the synthesis, characterization, and utilization
of a series of unprecedentedMOAs comprised by Ti(IV) oxo-clusters
and aromatic dicarboxylic linkers for visible light-driven CO2
photoreduction to alcohols. ESI-MS analysis of the reaction media
revealed the presence of discrete octanuclear titanium oxo-clusters
which polymerize upon the addition of a rigid dicarboxylic linker
(BDC or NH2BDC) to give rise to MOGs. The supercritical drying of
the gels led to aerogels (MOAs) comprised by nanoscopic particles
(ca. 5e10 nm) cross-linked into a meso/macroporous microstruc-
ture with surface area values ranging from 453 to 617 m2$g�1,
which are comparatively lower than the surface area values of the
referential microporous MIL-125 and MIL-125-NH2 MOFs (1336
and 1145 m2$g�1, respectively).

These types of MOAs and MOFs can be regarded as an appealing
alternative to conventional photocatalysts, as both combine
porosity with tailorable electronic properties and surface chemistry
based on the selection of the molecular building blocks that
comprise the coordination polymer. However, MOAs are featured
by a meso/macroporous microstructure that can provide an
improved diffusion of the reagents and products than the intrinsic
porosity of MOFs whose narrower channels are expected to imply a
more sluggish mass transport. Such feature seems to play a key role
providing a superior performance for MOAs in the photocatalytic
conversion of CO2 that beats by far the performance of MOFs. Be-
sides, the herein reported titanium(IV) MOAs also overpass the
photochemical CO2-to-methanol reaction rates provided by the
state-of-the-art inorganic materials and composites. All in all,
MOAs built from the assembly of titanium oxo-cluster and ben-
zene-1,4-dicarboxylato ligand represent a promising type of
visible-light active photocatalyst that can imply a meaningful
advance in the CO2 conversion technologies. Nonetheless, further
work is desirable in order to enlighten the underlying reaction
mechanism, assess the performance under natural sunlight and
find synergistic blends, or doping strategies that can boost further
the reaction rates in order to approach the performance of mature
electrochemical technologies, without additional energy input
apart from the solar irradiation.
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