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This manuscript covers the synthesis and characterization of a series of titanium based metal-organic
aerogels (MOAs) functionalized with copper(II)-metalated porphyrins for their application in visible-
light-driven carbon dioxide (CO2) conversion to alcohols. A thorough characterization is performed us-
ing a set of spectroscopic and microstructural analysis techniques to reveal the structural and micro-
structural features that can aid in establishing structure-activity relationships. The parent MOAs consist
of metal-organic nanoparticles (5e10 nm) crosslinked into a highly porous microstructure (surface area:
600e800 m2$g�1). The post-synthetic reaction with copper(II) enables the metalation of the tetrapyrrole
ring of porphyrin, which is confirmed by analyzing the absorption and luminescence spectra. High-angle
annular dark-field electron microscopy imaging demonstrates a uniform distribution of the metalation
throughout the nanoparticles that compose the material. The CO2 photoreduction experiments per-
formed in an optofluidic microreactor show that the metalation markedly invigorates the total alcohol
(methanol and ethanol) production rates and apparent quantum yields (AQY), from 21 to
367 mmol$g�1$h�1 (AQY: 0.4e7%) prior to metalation to values of 356e642 mmol$g�1$h�1 (AQY: 11e20%).
Additionally, the metalation inverts the selectivity towards ethanol, increasing from 0e12% in the parent
MOA to 67e76% after incorporating Cu(II).
© 2023 The Authors. 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

The technologies for carbon dioxide (CO2) conversion into
value-added products, including chemical feedstock and fuels, are
experiencing a burgeoning scientific and industrial activity, boos-
ted by environmental concerns about global warming and by the
ambitious plans that are emerging worldwide [1,2]. Several
methods are applicable in the transformation of CO2, such as
chemical, thermochemical, electrochemical, biochemical, and
photochemical methods [3]. Among them, the photocatalytic
reduction of CO2 has the potential of reusing waste without
requiring more energy than that offered by the product obtained,
which aligns well with the circular chemistry strategies that can
eobide), sonia.perez@ehu.eus
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enable the circular economy aimed at a sustainable society [4]. In
this context, alcohols such as methanol (CH3OH) and ethanol
(C2H5OH) are very valuable products that can be produced through
the photoreduction of CO2. However, high-performing and selec-
tive production of CH3OH (6 ee reduction) and of C2H5OH (12 ee

reduction) by photochemical methods is a demanding chemical
challenge that still requires further progress in both photocatalyst
and reactor design [5]. Most intensely studied heterogeneous
photocatalysts consist of UV-active wide-band gap inorganic
semiconductors, although materials with band gap energy fitting
the visible light range have the potential to maximize photocharge
production under sunlight illumination. To overcome the limita-
tions in the potential of complementary reduction/oxidation pho-
toreactions that visible-active narrow band gap materials might
present, strategies such as metal/non-metal doping, heterojunction
formation, photosensitizer anchoring, or the use of sacrificial re-
agents have been proposed [5]. In recent years, metal-organic
frameworks (MOFs) have emerged as an alternative to inorganic
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:garikoitz.beobide@ehu.eus
mailto:sonia.perez@ehu.eus
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtener.2023.101346&domain=pdf
www.sciencedirect.com/science/journal/24686069
http://www.journals.elsevier.com/materials-today-energy/
https://doi.org/10.1016/j.mtener.2023.101346
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.mtener.2023.101346


M. Perfecto-Irigaray, I. Merino-Garcia, J. Albo et al. Materials Today Energy 36 (2023) 101346
photocatalysts in light-assisted CO2 reduction. These MOFs have
shown the ability to generate various products, including meth-
anol, ethanol, acetaldehyde, and carbon monoxide, among others
[6e11]. It is worth noting that MOFs have a versatile chemical and
electronic structure that can be tuned by the assembly of rationally
selected building blocks, which allows them to direct their func-
tionalities, such as catalytic behavior or light-absorption properties.
Besides, MOFs feature a nanoporous framework with a high
surface-area-to-volume ratio, which provides great CO2 adsorption
capacity and reduces the mean path to surface for photogenerated
charges. More recently, CO2 photocatalytic reduction has been
assessed using metal-organic aerogels (MOAs), whose perfor-
mances have far exceeded those of analogous microcrystalline
MOFs [12]. These emerging materials [13] exhibit a meso/macro-
porous microstructure that implies a more fluent diffusion of re-
agents and products than the one provided by the narrower
intrinsic pores of MOFs, and as a result, the reaction kinetics can be
improved.

Another remarkable feature of MOAs relies on their synthesis,
which is performed by controlling the polymerization of the metal-
organic entities in such a way that a rapid nucleation yields an
initial colloid that evolves into a metal-organic gel. Such a rapid
nucleation provides the opportunity of dispensing with the high
selectivity of the building blocks imposed by the growth of a
crystalline framework, and thus, it has the potential to spread the
variety of the structural entities that comprise the polymeric
framework. Exploiting this fact, we have been able to tune the
synthesis conditions to yield a novel family of aerogels based on
titanium(IV) and 2-aminobenzene-1,4-dicarboxylato linkers,
incorporating controlled ratios of a meso-substituted porphyrin.
The amino-functionalization of the linker has been chosen based on
the proven affinity of this group towards CO2 adsorption [14], while
the tetrapyrrole ring of the porphyrin is a suitable site to carry out
metalation reactions. Note that metalloporphyrins are ubiquitous
co-factors in enzymes that govern multiple biological catalytic and
photocatalytic processes that have also been widely explored in
chemical synthesis [15,16]. In the current study, the metalation of
the porphyrin involves the post-synthetic reaction with copper(II)
which is crucial to the performance and product selectivity of the
light-driven CO2 photoreduction.

2. Materials and methods

2.1. Synthetic procedures

2.1.1. Reagents
All the chemicals were of reagent grade and were commercially

obtained. Titanium(IV) n-butoxide (Sigma-Aldrich, 98%,
1.00 g$mL�1 at 20 �C), 2-aminobenzene-1,4-dicarboxylic acid
(H2NH2BDC, Sigma-Aldrich, 99%), meso-tetra(4-carboxyphenyl)
porphine (H4TCPP, Apollo Scientific, 97%), hydrochloric acid (HCl,
Labkem, 35e38%), butan-2-ol (Sigma-Aldrich, 99%), N,N-
dimethylformamide (DMF, Labkem, 99.9%), ethanol absolute
(Scharlab), copper(II) nitrate hemi(pentahydrate) (Sigma-Aldrich,
98%).

2.1.2. Synthesis of the metal-organic aerogels
Synthesis of metal-organic gels (MOGs). Firstly, 1114 mL of tita-

nium(IV) n-butoxide (3.18 mmol) were added to 10 mL of butan-2-
ol, and after 5 min of mixing, 118 mL of HCl 0.29 M dissolved in 4 mL
of butan-2-ol were added dropwise. The resulting clear solution
was stirred for an hour in a sealed vessel. Afterwards, a DMF/butan-
2-ol (10 mL/2 mL) solution containing H2NH2BDC (0.4355 g,
2.38 mmol) and different amounts of H4TCPP (Table 1) was added,
obtaining stable sols. The total amount of dicarboxylic ligand was
2

set to achieve a titanium:linker molar ratio of 1:0.75, according to
the ideal ratio found in MIL-125-NH2 MOF [17]. The mixture was
introduced into a preheated oven within a closed vessel and
maintained at 80 �C for 6 h. As a result, well-formed reddish met-
allogels were obtained. The gels were robust enough to maintain
the shape of the vessel and to be processed as monolithic shapes
using cutting tools (Fig. S1). The remaining reagents were removed
by exchanging the solvent trapped in the gels with a mixture of
butan-2-ol/DMF (2:1), followed by a mixture of butan-2-ol/DMF/
absolute ethanol (1:1:1), and finishing with three exchanges of
absolute ethanol to obtain the alcogels.

Post-synthetic metalation with copper(II). The three porphyrin-
basedMOGs were subjected to a copper(II)-doping process. For this
purpose, 5 g of the alcogels were placed in a closed vessel within
100 mL of a copper(II) nitrate solution in absolute ethanol. The
Cu(II) concentrations varied depending on the measured TCPP
content of the gels to provide one copper for each porphyrinic
ligand (Table 1). The process was prolonged for 12 h in a closed
vessel. Afterwards, the MOGs were recovered and exchanged with
absolute ethanol three times.

Preparation of metal-organic aerogels (MOAs). The metal-
organic aerogels were prepared by subjecting the gels to a super-
critical drying procedure. This procedure was performed using an
E3100 critical point dryer from Quorum Technologies, which
allowed the replacement of the ethanol with air without destroying
the nanostructured pore network. First, the MOGs were immersed
in liquid CO2 at 20 �C and 50 bar for 1 h to exchange the ethanol.
Afterwards, the exchanged alcohol was removed through the purge
valve, and the process was repeated three times. Then, they were
dried under supercritical conditions by increasing the temperature
and pressure to 40 �C and 85 bar (above the carbon dioxide critical
point: 31 �C and 74 bar) and finally, under constant temperature
(40 �C), the chamber was slowly vented up to atmospheric pres-
sure. Metal-organic xerogels (MOXs) were prepared by drying the
alcogels in an oven for 2 h at 150 �C. Thereafter, the xerogels were
outgassed under vacuum at 150 �C for 4 h to ensure the removal of
any remaining solvent molecules, prior to the chemical character-
ization of the material. MOAs maintain almost the same shape with
a slight contraction (�25%) that takes place in the supercritical
drying procedure, whereas MOXs greatly reduce their size and
present several cracks due to the collapse of the porous micro-
structure during the conventional oven drying procedure.

2.2. Characterization

2.2.1. Chemical characterization
Powder X-ray diffraction (PXRD) measurements were per-

formed at 20 �C on a Phillips X'PERT diffractometer (Cu-Ka radia-
tion, l¼ 1.5418 Å) over the 5e70� 2q rangewith a step size of 0.02�,
a variable automatic divergence slit, and an acquisition time of 2.5 s
per step. Attenuated total reflectance Fourier-transform infrared
(ATR-FTIR) spectra of the solid samples were recorded at a reso-
lution of 4 cm�1 in the 4000e600 cm�1 region using a FTIR 8400S
Shimadzu spectrometer equipped with an ATR accessory. Ther-
mogravimetric analyses (TGA) were performed on a METTLER
TOLEDO TGA/SDTA851 thermal analyzer in synthetic air (80% N2,
20% O2) with a flux of 50 cm3$min�1, from room temperature to
800 �C with a heating rate of 5 �C$min�1 and a sample size of about
15 mg per run. Proton nuclear magnetic resonance (1H-NMR)
spectra were acquired in a Bruker AVANCE 5OO (one-bay;
500 MHz) at 20 �C. Prior to the measurement, samples were
digested in 2 mL of a 1 M NaOH (Sigma-Aldrich, 98%) solution in
deuterated water (D2O, Sigma Aldrich, 99%). The digestion was
prolonged for 1 h, after which fumaric acid (Sigma-Aldrich, þ99%)
was added as internal patron, the solid residue was filtered off, and



Table 1
Sample coding and amounts of H4TCPP ligand and copper(II) employed during the synthesis and metalation of Ti/NH2BDC/TCPP gels.a

Sample code MOGs synthesis Cu-doping process Post-doping code

H4TCPP amount Ti:TCPP ratio Cu(NO3)2 solution (mM)

g mmol

TCPP_0.01 0.0032 0.0040 8:0.01 0.008 Cu@TCPP_0.01
TCPP_0.1 0.0324 0.0397 8:0.1 0.119 Cu@TCPP_0.1
TCPP_1 0.3235 0.3969 8:1 0.768 Cu@TCPP_1

a The number provided in the sample codes indicates the synthesis ratio of TCPP per Ti8O8 core.
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the NMR spectrum was taken on the liquid fraction. UVeVis ab-
sorption spectra of the filtrate of the overnight (12 h) digested
samples in 1 M NaOH solutionwere collected using quartz cuvettes
in a Jenway 6705 UV/Vis spectrophotometer within the spectral
range of 300e800 nm. X-ray fluorescence (XRF) analysis of doped
samples was made in a PANalytical sequential wavelength disper-
sive X-ray fluorescence spectrometer (WDXRF, AXIOS model)
equipped with a Rh tube and three detectors (gas flow scintillation
and Xe sealing). X-ray photoelectron spectroscopy (XPS) mea-
surements were performed on a Phoibos 150 1D-DLD (SPECS) en-
ergy analyzer equipped with a Focus 500 monochromatic radiation
source, an Al/Ag dual anode, and a SED-200 secondary electron
detection system.

2.2.2. Electrospray ionization mass spectrometry
Electrospray ionization mass spectrometry (ESI-MS) measure-

ments were performed in a high-resolution mass spectrometer
(Synapt G2 from Waters Cromatografia S.A., time of flight (TOF)
analyzer) equipped with an electrospray ionization source in pos-
itive and negative modes. The high-resolution spectra were recor-
ded in scan mode, with a mass range of 30e1200 Da in resolution
mode (FWHM z 20 000) and a scan time of 0.1 s. The source and
desolvation 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 desolvation and
cone gas, with flow rates of 600 and 10 L$h�1. 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 a mass-to-charge ratio (m/z) of 556.2771. All
of the acquired spectra were automatically corrected during
acquisition based on the lock mass.

2.2.3. Electron microscopy
Scanning electron microscopy (SEM) images were obtained in

the FEG-SEM JEOL 7000F system, in secondary electron (SE) and
backscattered electron (BSE) modes, at magnifications
between�200 and�200 k, using an accelerating voltage of 10 kV, a
current intensity of 0.1 nA, and an approximate working distance of
10 mm. The samples for SEM were adhered 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.). Transmission electron microscopy
(TEM) studies were done in a TECNAI G2 20 TWIN system, operated
at 200 kV and equippedwith a LaB6 filament, a brightfield/darkfield
detector, and an X-ray microanalysis unit (EDX). The samples for
room temperature TEM were prepared by a dry dispersion of the
aerogels onto a TEM copper grid (300 mesh) covered by a holey
carbon film.

2.2.4. Dinitrogen and carbon dioxide adsorption measurements
N2 (77 K) and CO2 (273 and 298 K) physisorption data were

recorded with a Quantachrome Autosorb-iQ MP analyzer. Prior to
measurements, all samples were outgassed under vacuum at 140 �C
3

for 6 h. The surface area values were obtained by fitting the N2

adsorption data to the Brunauer-Emmett-Teller (BET) equation [18].
In order to choose the appropriate pressure range and to avoid
ambiguity when reporting the BET surface area, we used the three
consistency criteria proposed by Rouquerol et al.: (1) the pressure
range selected should have values of V (1-p/p�) increasing with p/
p�, (2) the points used to calculate the BET surface area must be
linear with an upward slope in such away that the linear regression
must yield a positive y-intercept (i.e. a positive C value), and (3) the
p/p� value corresponding to Vm should be within the BET fitting
range [19]. To estimate CO2 adsorption enthalpies (Qst), the iso-
therms were fitted to the modified ClausiuseClapeyron equation
[20,21]. The micropore volume of the samples was estimated ac-
cording to the t-plot method [22,23].

2.2.5. Optical characterization
Fluorescence spectroscopy measurements were performed on a

Varian Cary Eclipse (Agilent Technologies) optical spectrometer,
equipped with a 450 W Xenon flash lamp, a monochromator, and a
90�elocated photomultiplier (PMT). The measurements performed
in emission scan mode were recorded in the 600e900 nm range
using an excitation wavelength of 420 nm, an 800 V PMT, and a
600 nm$min�1 scan rate. Diffuse reflectance UVeVis spectroscopy
(DRS-UV-Vis) analysis was carried out in a Cary 7000 (Agilent
Technologies), equipped with tungsten halogen (visible) and
deuterium arc (UV) light sources. The spectra were recorded in
reflectance mode in the 300e800 nm range and with a
600 nm$min�1 scan rate. The UVevisible diffuse reflectance spectra
of the samples were transformed to the corresponding absorption
spectra by applying the KubelkaeMunk function: F(R) ¼ (1eR∞)2/
(2 R∞) (R∞ ¼ Rsample/Rstandard, is the reflectance) [24,25].

2.2.6. Photoreduction of CO2 in a planar optofluidic microreactor
The photoreactor consists of a home-made planar optofluidic

microreactor (APRIA Systems S.L.) equipped with a reaction
microchamber of 1 cm2 and 75 mL that provides a high surface-
area-to-volume ratio, uniform light distribution, and enhanced
mass transfer for the continuous light-driven transformation of CO2
[26]. A porous carbon paper (Toray TGP-H-60) containing the MOA
is sandwiched with polytetrafluoroethylene (PTFE) gaskets be-
tween two highly transparent (light transmission of 90% at
l > 365 nm) polymethylmethacrylate( PMMA) (Altuglas-Arkema)
plates, and a stainless-steel plate on top (Fig. S12). The preparation
of the light-responsive surfaces has been carried out following a
previously reported procedure [27]. Accordingly, the light-
responsive supports were prepared by airbrushing a catalytic ink
onto a teflonated porous carbon paper (Toray TGP-H-60). This ink
was comprised by the corresponding MOA, a 5 wt% Nafion
dispersion as a binder, and isopropanol as a vehicle, with a catalyst/
Nafion mass ratio of 70/30 and a 3% solids (catalyst þ Nafion)
percentage. Prior to airbrushing, the inkwas sonicated for 30min to
obtain a homogeneous slurry. The airbrushing process was carried
out at 100 �C to ensure the complete evaporation of the solvent
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during the accumulation of photocatalytic layers. The total MOA
mass loading per photoelectrode was set to 2 mg$cm�2, which is
experimentally determined by continuous weighing. The opto-
fluidic microreactor is placed in a ventilated dark box, and the
temperature is controlled with an infrared thermometer (ca. 20 �C).
During the light-driven process, the microchamber is irradiated
with LED lights (peak at 450 nm; Fig. S13) with a light intensity of
E¼ 5mW$cm�2 measured by a radiometer (Photoradiometer Delta
OHM) and controlled by adjusting the visible LED intensity and the
distance between the microreactor and the LED. A CO2 saturated
0.5 M KHCO3 aqueous solution (pH ¼ 7.38 ± 0.03) prepared with
ultra-pure water (18.2 MU$cm at 273 K, MilliQ Millipore system)
was supplied to the microchamber with a peristaltic pump (Mini-
puls 3 Gilson) at a flow rate of QL ¼ 100 mL$min�1. The photo-
chemical CO2 reduction tests for each photoactively prepared
material were carried out in duplicate in continuous mode for
180 min, when a pseudo-stable performance was reached. Blank
tests using a 0.5 M KHCO3 aqueous solution without bubbling CO2
(pH ¼ 8.29 ± 0.04) and/or using dark reaction conditions were also
performed. The concentration of alcohols in each sample was
analyzed in duplicate in a headspace gas chromatograph (GCMS-
QP2010 Ultra Shimadzu) equipped with a flame ionization detector
(FID). An average concentration was obtained for each point. The
apparent quantum yield (AQY) values have been calculated using
equation (1):

AQY¼ ne
np

� 100 1

where ne represents the rate of electrons required for CH3OH and
C2H5OH formation, defined as the number of evolved molecules
(mol) multiplied by the number of reacted electrons (6 and 12 ee

for CH3OH and C2H5OH, respectively) and the Avogadro number
(mol�1). The denominator, np, implies the rate of incident photons
on the surface and is calculated using equation (2):

np ¼ E$A$t$l
h$c

2

where E stands for the light intensity (W$m�2), A is the irradiation
area (m2), t is the reaction time (s), l is the wavelength peak (m), h
is the Planck' constant (6.626$10�34 J$s) and c corresponds to the
speed of light (2.998$108 m$s�1).
3. Results and discussion

3.1. Chemical and spectroscopic characterization

To analyze the nuclearity of the titanium oxo-clusters present in
the metal-organic network, electrospray ionization mass spec-
trometry (ESI-MS) was performed in the stable solutions obtained
prior to and after the addition of carboxylic ligands. The peaks
found in the spectra have allowed us to identify the formula of the
species formed using the ChemCalc platform [28], while MassLynx
software [29] was employed to simulate the spectra of each iden-
tified species. The collation of the measured and simulated spectra
is shown in Fig. 1 and Fig. S2, while the corresponding m/z values
and other agreement figures for each complex are gathered in
Table S1. Note that the intensity of the computed peaks is equal and
normalized to the maximum intensity as the simulation cannot
deal with the concentration of the species. Both ESI(þ)-MS mea-
surements evidence the presence of a series of Ti8O8 clusters with
differences in the amount of water and solvent molecules that
directly affect the position of the peak of each species. The addition
of the carboxylic ligands to the reaction media affects the relative
4

intensity of the peaks in the spectrum (Fig. S2), which is related to
the concentration change of the complexes in the solution. This
change seems to be related to the water added along with the DMF
solution of ligands, as those peaks that disappear or reduce their
intensity are related to species with lower relative water content.
The herein observed type of octanuclear Ti8O8 clusters are also
commonly found in Ti/carboxylate-based discrete complexes and
MOFs [30,31], as is the case of the well-known MIL-125 and MIL-
125-NH2, both featured by the chemical formula [Ti8O8(OH)4L6]n (L:
benzene-1,4-dicarboxylate or 2-aminobenzene-1,4-dicarboxylate,
respectively).

The addition of the polycarboxylic ligands (NH2BDC and TCPP)
to the reaction mixture prompted the growth of the metal-organic
framework into nanoscopic particles that crosslink to yield reddish
translucent gels, which are comprised of 96% solvent. The super-
critical drying of the MOGs led to a slight contraction, but the
resulting MOAs (Fig. 2) featured a markedly low density
(0.1 g$cm�3) and high porosity (see below). Chemical analysis
combining 1H-NMR and UVeVis characterization of digested
samples with TGA analysis helped us get a bigger insight into the
chemical composition of the metal-organic framework (see details
of the analyses in the supplementary data). Taking into account the
outcomes of the ESI-MS analyses, the chemical formulas were
normalized to Ti8O8 units (Table 2), considering two possible ways
to compensate the linker vacancies: OH�/H2O pairs and formate
(HCOO� generated from the DMF decomposition during the
synthesis).

As it can be observed, each MOA is comprised by 2e3 NH2BDC
linkers per Ti8O8 cluster, and the content of TCPP is close to the
targeted one. Formate and OH�/H2O pairs would complete the
coordination sphere of the octanuclear clusters to compensate the
linker vacancies, as commented before and as usually occurs in
defective MOFs of group IV metals [32]. Furthermore, the PXRD
patterns (Fig. 3) reveal a broad peak at 2q ¼ 6e7� which is fairly
close to the maximum intensity peak present in the MIL-125-NH2
pattern (2q ¼ 6.8�). This reflection is related to the interplanar
distance set by the NH2BDC linker between titanium cluster arrays
from the combined contributions of (101) and (110) reflections
(d101 ¼ 12.0 Å; d110 ¼ 13.2 Å) [33]. Interestingly, when the TCPP
content increases, a second broad maximum emerges at 2q ¼ 3e4�

as observed in the TCPP_1 sample. This maximum corresponds to a
spacing of 22.1e29.4 Å which is close to the range of distances set
by TCPP ligand among titanium oxo-clusters (centroid$$$centroid
distances: 23.27e27.57 Å) [34e36] in metal-organic structures.

Once the Cu(II)-doping process was performed, copper content
was determined by X-ray fluorescence measurements (XRF). The
results of Ti and Cu wt% together with the TCPP:Cu ratio are sum-
marized in Table 3. Considering these data, all the tetrapyrrole rings
may have been occupied by copper ions in samples Cu@TCPP_0.01
and Cu@TCPP_0.1, whereas in Cu@TCPP_1, 50% of the available
positions might be occupied. The copper excess in Cu@TCPP_0.01
and Cu@TCPP_0.1 samples can be explained by the metalation of
defective sites of the structure, as commonly occurs in metal-
organic frameworks [37]. Contrarily, the decreased efficiency of
metalation observed in Cu@TCPP_1 can be attributed to the acidi-
fication of the media resulting from the release of protons during
complex (Cu2þ þ TCPP(H2) 4 TCPP(Cu) þ 2 Hþ), which would
hinder the yield of the metalation at higher reagent concentrations.
To corroborate that copper ions were effectively inserted in TCPP
ligands, fluorescence spectroscopy measurements were performed
(Fig. 4). Prior to metalation, the fluorescence spectra of the parent
MOAs show the two fluorescence bands at 650 and 718 nm as-
cribable to S1 / S0 transitions (excitation wavelength: 420 nm)
[38]. In this analysis, it can be observed that the increase in TCPP
content produces a self-quenching in the fluorescence emission of



Fig. 1. Comparison between the simulated ESI-MS spectrum (up) and the experimental one (down) for the reaction solution prior to the addition of HCl and bridging ligands.

Fig. 2. MOGs and supercritically dried MOAs monoliths.

Table 2
Chemical formula estimated for the synthesized porphyrin-based MOGs.

Samplea Formula

TCPP_0.01 Ti8O8(OH)4(NH2BDC)2.71(HCOO)0.68(TCPP)0.01(H2O)5.86(OH)5.86
TCPP_0.1 Ti8O8(OH)4(NH2BDC)2.90(HCOO)0.53(TCPP)0.09(H2O)5.31(OH)5.31
TCPP_1 Ti8O8(OH)4(NH2BDC)2.13(HCOO)0.71(TCPP)0.70(H2O)4.23(OH)4.23
a The number provided in the sample codes indicates the targeted ratio of TCPP

per Ti8O8 core.
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the samples (prior to copper insertion), as can be inferred from the
progressive reduction in the maxima relative intensity of fluores-
cence emission as the TCPP ratio of the pristine materials increases.
After the doping process, the two fluorescence bands fall to almost
zero in Cu@TCPP_0.01 and disappear in the other two samples. This
5

means that, effectively, copper ions were coordinated to the TCPP
macrocycle during the metalation process since Cu(II)-porphyrin
complexes are featured by a quenching of the fluorescence due to
the unpaired electron present in the 3dx2�y2 orbital of copper [39].
According to density functional calculations performed on metal/
meso-tetraphenylporphin complexes [38], the half-filled d orbital
of Cu(II) lies between the frontier orbitals of the porphyrin, which
enables an intramolecular charge transfer that inhibits the radiative
relaxation by fluorescence. Fig. 5a depicts the frontier orbitals,
which will be further analyzed below in the discussion of absorp-
tion properties.



Fig. 3. PXRD patterns of TCPP_0.01, TCPP_0.1 and TCPP_1.

Table 3
Titanium and copper content (wtM% of total metal) of doped MOGs and relative TCPP:C

Sample Relative Ti content (wtM%)

Cu@TCPP_0.01 99.85
Cu@TCPP_0.1 98.15
Cu@TCPP_1 94.82

Fig. 4. Comparison of the fluorescence spectra of prepared materials pri

Fig. 5. (a) Simplified molecular orbital diagram for TCPP(Cu) depicting decay pathways: int
UVeVis absorption spectra derived from Kubelka-Munk function for TCPP-based samples c
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Further evidence of the copper(II)-porphyrin complex was
provided by the absorption spectra obtained from DRS-UV-Vis
measurements (Fig. 5b). As porphyrins are extended aromatic
systems, their absorption bands involve p / p* electronic transi-
tions, and in their UVeVis absorption spectra, twomain regions are
distinguished: the area of the so-called Soret or B band
(380e500 nm) and the Q band region (500e700 nm). In free-base
neutral porphyrins (TCPP(H2), i.e. nothing coordinated to the
tetrapyrrole macrocycle) with a D2h point group, the Q bands arise
from two possible electronic transitions (HOMO / LUMO and
HOMOe1 / LUMO, Fig. 5a), in which two different vibrational
modes are involved and appear separately in the spectrum, giving
as a result four characteristic Q bands. The Soret band, instead,
corresponds to electronic transitions to a higher energy unoccupied
orbital (LUMOþ1) and is usually more intense. The position of these
bands shifts depending on the substituents of the porphyrinic ring
[40e42].

Accordingly, the absorption spectra of the samples prior to the
metalation with copper show the four characteristic Q-bands (651,
u content.

Relative Cu content (wtM%) TCPP:Cu ratio

0.15 1:1.51
1.85 1:1.26
5.18 1:0.47

or to and after the doping process (excitation wavelength 420 nm).

ernal conversion (IC), fluorescence (F), and ligand-to-metal charge transfer (LMCT). (b)
ompared to those of parent porphyrin-free Ti(IV)/NH2-BDC samples (dashed line).
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594, 559, and 520 nm) whose relative intensity increases with the
TCPP(H2) content in the sample. At lower wavelength values, in the
450e500 nm range, the spectra show a steep rise of the absorption,
which is ascribed to the p / p* transitions of the amino-
functionalized BDC linker (see the referential spectrum in Fig. 5b
for the metal-organic material lacking TCPP ligand, dashed line).
Consequently, the Soret band is not well-defined, but its maximum
can be observed in the lower edge of the visible region (420 nm for
TCPP_0.01 and TCPP_0.1; 390 and 450 nm for TCPP_1).

A comparison of the UVeVis spectra of Cu-doped and neat
samples is depicted in Fig. 6. As previously reported, the coordi-
nation of a metal to the tetrapyrrolic ring leads to a change in
molecular symmetry from D2h to D4h and, therefore, the allowed
electronic transitions in the Q band region change from two to one,
which, in turn, gives rise to two bands instead of four, according to
the contribution of two vibrational energy levels [40].
Fig. 6. Absorbance (F(R)) comparison of neat and Cu-doped samples. Q-band maxima
of free-base porphyrin bands and Cu(II)-coordinated porphyrin are depicted by grey
and black dashed lines, respectively.
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For Cu@TCPP_0.01 and Cu@TCPP_0.1 samples, three Q bands are
observed: two new signals at 545 and 590 nm that can be related to
the copper porphyrin complex, and a third band at 650 nm that
matches the band that appears in the free-base spectrum. This band
may arise from the fact that a minor percentage of porphyrins are
not coordinated to copper, and thus the transition remains visible
as the metalloporphyrin bands do not mask it. This conclusion
agrees with the aforementioned partial quenching in the fluores-
cence spectra. In the case of Cu@TCPP_1, the shape, number, and
position of the Q bands depict an intermediate situation in which a
meaningful amount of both free porphyrin and Cu-porphyrin is
present in the sample. Note that since the most intense Q band of
TCPP(Cu) lies between the higher in-energy two Q bands of
TCPP(H2), their merging in the spectra of the Cu@TCPP_1 sample
leads to two maxima slightly shifted to higher and lower energies
(552 and 526 nm). The other two maxima maintain their positions
(651 and 594 nm) with respect to the free-porphyrin-containing
sample. These results agree with the chemical analysis of
Cu@TCPP_1, in which the Cu:TCPP ratio is ca. 0.5, which indicates
roughly half of the porphyrinic ligands remain unmetalated.

To end up with the chemical characterization, X-ray photo-
electron spectroscopy (XPS) measurements were performed. The
full spectrum for Cu@TCPP_1 is shown in Fig. 7a, whereas the b to f
figures present the high-resolution spectra of each of the elements
observed with their characteristic components. This analysis
allowed us to identify the distinctive 2p peaks of titanium(IV) (2p3/2
and 2p1/2 at 458.9 and 464.6 eV, respectively) and their three sat-
ellite peaks, which fit well with the data available in the literature
for MOFs with Ti8O8-type clusters in a hexacoordinated TiO6
environment [43]. Furthermore, the peak observed at 935.2 eV is
attributable to the Cu 2p3/2 level, and it lies within the common
range for Cu(II) compounds [44]. In fact, the binding energy of this
signal matches well with that found for Cu(II)-metalloporphyrin-
based materials [45]. The intensity of this band is small due to
the amount of copper present in the sample in terms of atomic
percentage, and for that reason, the other characteristic band of
Cu2þ, Cu 2p1/2, of less intensity, is barely observed (embedded
within the noise), and therefore, it is not presented. Finally, the
expected C 1s, O 1s, and N 1s bands coming from the organic linkers
are observed. In the case of carbon, two C 1s bands at 288.4 eV and
284.6 eV are ascribed to OeC]O and CeC/CeH carbon-types,
respectively. Two different environments are also observed for ni-
trogen, with bands at 398.7 and 401.4 eV that can be attributed to
the eNH2 group of the NH2BDC linker and to the nitrogen of the
porphyrinic ligand, respectively. The band at 531.1 eV for O 1s
comes from the contribution of carboxylic, oxide, and hydroxide
ligands [46,47].

3.2. Microstructural characterization

The microstructure of the obtained materials was first studied
by transmission electron microscopy (TEM) carried out on MOA
samples. The TEM images show that all systems were comprised of
partially sintered nanoparticles of ca. 5e10 nm (Fig. 8aec). The
random sinterization between them leaves a microstructure
featuring mesopores and macropores with a polydisperse size
distribution. The microstructure of the MOAs is retained after
copper metalation, as shown by the high-angle annular dark-field
imaging (HAADF-TEM) of Cu@TCPP_0.1 (Fig. 8d), whereas
elemental mapping analysis (Fig. 8e and f) shows a fine and ho-
mogeneous distribution of copper, which is consistent with a sit-
uation in which copper is coordinated to the metal-organic
network instead of clustered within the aerogel microstructure.
The mapping of the remaining elements comprising the coordi-
nation frameworks (C, N, and O) is gathered in Fig. S10.



Fig. 7. (a) XPS full spectrum and high resolution spectra for (b) Cu 2p, (c) O 1s, (d) Ti 2p, (e) N 1s, and (f) C 1s peaks of the Cu@TCPP_1 sample. ‘Sat’ refers to characteristic satellite
peaks.
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Furthermore, SEM images were also taken on aerogels prior to and
after the doping process (Fig. S11). In all cases, we observed a
granular, uniform surface with aggregations of nanoparticles of
around 50e80 nm.

3.3. Gas physisorption measurements

To get further details of the porosity of the prepared MOAs, N2
adsorption isotherms at 77 K were measured (Fig. 9). All samples
exhibit type II/IV adsorption isotherms following the International
8

Union of Pure and Applied Chemistry (IUPAC) criteria [48] with a
narrow hysteresis loop at relatively high pressures (p/p� > 0.85) as
a result of the combination of macropores and mesopores. The
data subtracted from the numerical analysis of the curves is
gathered in Table 4. The BET surface area of the pristine aerogels
ranges from 613 to 822 m2$gg1. Despite the fact that these values
are lower than those found for the crystalline Ti(IV)-based MOFs of
similar linkers (1300e3800 m2$g�g1) [49], they can be considered
relatively high due to the small particle size and lightness of ti-
tanium. In fact, these values overpass those found for analogous



Fig. 8. TEM micrographs of (a) TCPP_0.01, (b) TCPP_0.1, and (c) TCPP_1 aerogels taken at 100 k magnifications. (d) HAADF-TEM micrograph and elemental mapping for (e) Ti and (f)
Cu taken on Cu@TCPP_0.1 sample.
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zirconium(IV) MOAs (52e377 m2$g�1) [50]. The pore volume
analysis of the samples demonstrates a major contribution of
macropores (79e86% of the total porosity), accompanied by a
meaningful presence of mesopores (14e21%) and a minor contri-
bution of micropores (<1%). Interestingly, t-plot method analysis
of the data reveals that the sample with the greatest porphyrin
content (TCPP_1) has a significantly greater contribution of mi-
cropores (see Smicro and Vmicro values in Table 4), which explains
its notably greater surface area with respect to the aerogels with
less TCPP content (TCPP_0.01 and TCPP_0.1). Since non-
meaningful microstructural changes were observed in TEM anal-
ysis, the increased microporosity can be related to the intrinsic
porosity of the particles provided by the large porphyrinic spacer,
which, despite the lack of crystallinity, allows to retain certain
interconnections between the cavities embedded within the
polymeric coordination framework. The metalation with copper(II)
produces a slight lowering of the specific surface area and pore
volume values, which can be attributed to the increase in density
of the MOA. The exception to this statement is the macropore
volume, whose value is largely influenced by the p/p� value
resulting from the equilibration of the last point of the isotherm.
In this sense, small changes in p/p� can probe notably greater or
smaller pore ranges, as can be inferred from Table 4 data.
9

3.4. CO2 photoreduction experiments under visible light

The alcohol production rates (rCH3OH and rC2H5OH) and apparent
quantum yields (AQY) provided by MOAs in the continuous CO2
photoreduction reaction under visible light are gathered in Fig. 10a
and Table S3. Note that the absorption edge related to p / p*
transitions (450e500 nm) of the NH2BDC linker and Soret
(400e500 nm) and Q bands (545e590 nm) of TCPP (Fig. 5) fits well
into the visible emission spectra provided by the LED array selected
for the photocatalytic experiments (Fig. S13), which could favor a
more efficient utilization of the light. A blank test performed in the
absence of CO2 and/or light did not produce any measurable
product. The analysis of the liquid fraction showed, in all cases, the
formation of both methanol and ethanol, but trace amounts of
formic acid were also detected. Formic acid is a plausible inter-
mediate species in CO2-to-methanol conversion [51]. Although gas-
phase products were not herein analyzed, previous studies
demonstrated that TiO2-based catalysts using the same optofluidic
microreactor, operating conditions, and visible light irradiation
[27,52], led to very low quantities of CO and CH4 (AQY <0.05%).

The sample TCPP_0.01 produces relatively low amounts of
methanol (rCH3OH ¼ 21 mmol$g�1$h�1, AQYCH3OH ¼ 0.4%). The pre-
viously reported aerogel composed of Ti(IV)eNH2BDC exhibited



Fig. 9. Nitrogen adsorption isotherms (77 K) for (a) neat and (b) Cu(II)-metalated
MOAs. Closed symbols for adsorption curves and open symbols for desorption.

M. Perfecto-Irigaray, I. Merino-Garcia, J. Albo et al. Materials Today Energy 36 (2023) 101346
superior performance in terms of the overall alcohol reaction rate
(422 mmol$g�1$h�1) and apparent quantum yield (AQY ¼ 11%) [12].
Therefore, incorporating neat porphyrin at low concentrations did
not yield any benefit. This outcome can be related to the high
extinction coefficient of the TCPP ligand, which absorbs to a great
extent the photons reaching the catalyst, but the resulting photo-
electrons, prior to reaction, decay radiatively upon short lifetimes
(a few nanoseconds) [53]. As a result, the AQY is reduced respect to
the porphyrin-freeMOA. In contrast, when the porphyrin content is
increased (TCPP_0.1 and TCPP_1), the performance meaningfully
improves (AQYalchohols ¼ 7 and 5%, respectively), producing meth-
anol as the major product (rCH3OH ¼ 332 and 200 mmol$g�1$h�1)
and ethanol in lower yields (rC2H5OH ¼ 36 and 27 mmol$g�1$h�1).
This enhancement can be explained based on the fact that the in-
crease in porphyrin concentration within the solid lengthens the
Table 4
Porosity data for neat and Cu(II)-metalated MOAs.a

Sample SBET (m2$g1) Smicro (m2$g1) Sext (m2$g1) Vm

TCPP_0.01 651 41 610
TCPP_0.1 613 39 574
TCPP _1 822 119 703
Cu@TCPP_0.01 512 0 512
Cu@TCPP_0.1 564 0 564
Cu@TCPP_1 686 86 600

a SBET stands for BET specific surface area. Micropore surface area (Smicro) and volume (V
subtracting the microporous contribution from the total area (Sext ¼ SBET e Smicro), Vme

micropore volume, and Vmacro is calculated by subtracting Vmicro and Vmeso from the tot
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excitonic transfer through the coordination network and prolongs
its lifetime [54], which improves the charge transport properties
and redox-active of the catalyst [55].

On the other hand, in all cases, the metalation with copper(II)
leads to a marked increase in the overall alcohol production,
reaching the best performance with Cu@TCPP_0.1 (ralcohols:
642 mmol$g�1$h�1 and AQYalcohols: 20%). As aforementioned, the
metalation with copper inhibits the radiative decay and leaves the
photoelectron on the metal atom by means of the ligand-to-metal
charge transfer mechanism (Fig. 5a). Both factors can be respon-
sible for the performance improvement. Besides, the presence of
copper produces a change in product selectivity favoring the for-
mation of ethanol. The maximum rate of ethanol production is
attained with Cu@TCPP_0.1, reaching 491 mmol$g�1$h�1. This pro-
duction rate notably surpasses that of methanol, which stands at
151 mmol$g�1$h�1. Such an inversion of the selectivity can be
ascribed to the coordinatively unsaturated sites provided by
metalated porphyrin. Precisely, the Cu(II) atom sited at the tetra-
pyrrole ring displays amarked Jahn-Teller effect [39] which endows
the metal center with the capability to interact with the reaction
intermediates through easily reversible coordination bonds,
lengthening, as a consequence, their permanence close to themetal
site and favoring the formation of more reduced species. The per-
formance worsening relative to TCPP content can be explained
based on the lower amount of Cu-TCPP complex in Cu@TCPP_0.01,
while in Cu@TCPP_1, it can be related to the competitive light-
absorption occurring between free- and metalated porphyrins,
which coexist at a ratio of ca. 0.5, in such a way that photons
absorbed by the free-base porphyrin are wasted by luminescent
decay and do not contribute so efficiently to the continuous
photoreduction of CO2.

All in all, since the MOA lacking TCPP is also capable of pro-
ducing meaningful amounts of alcohols [12], the overall photo-
catalytic performance of Cu@TCPP MOAs seems to arise from the
combined contribution of Ti-oxocluster/NH2BDC and Ti-oxocluster/
TCPP(Cu) ensembles. It deserves to be noted that the analogous
microporous MIL-125-NH2 has been described as metal clusters
and organic ligands behaving as isolated semiconductor quantum
dots and light-harvesting antennas, respectively, in such a way that
the highest occupied states (valence band maximum, VBM) are
localized in the aromatic ligands (NH2BDC; mainly comprised by
the p-electron cloud), while the lowest unoccupied states (con-
duction band minimum, CBM) are sited in the octameric clusters
(consisting of empty 3d-orbitals of Ti(IV)). The reduction half-
reaction happens in this case through the photoelectron pro-
moted to empty d-orbitals of titanium upon light irradiation, while
the holes lead the complementary oxidation half-reaction. In this
sense, MIL-125-NH2 presents CBM and VBM values of �2.78
and �5.46 eV in the absolute scale (�1.66 and 1.02 V in the SHE
scale), respectively [56], which at pH ¼ 7 provide the necessary
driving force to conduct the CO2 reduction reaction (�0.38
and �0.33 V for methanol and ethanol, respectively) [57] and the
oxygen evolution reaction (OER; �0.81 V) (see Fig. S14). In fact,
icro (cm3$g1) Vmeso (cm3$g�1) Vmacro (cm3$g�1) Dprobed (nm)

0.010 1.248 5.725 �170
0.009 1.123 6.584 �174
0.046 1.462 5.623 �163
0 0.961 5.786 �175
0 1.069 5.863 �176

0.033 1.323 6.782 �175

micro) are estimated from the t-plot calculation. External surface area is calculated by
so is the extracted pore volume for pores �50 nm, subtracting the contribution of
al void volume for pores below the maximum probed pore-size (Dprobed).



Fig. 10. (a) Reaction rates (r, bars) and apparent quantum yield (AQY, dots) at 180 min
in the continuous photoreduction of CO2 for the prepared MOAs-based surfaces under
visible light for methanol and ethanol production. (b) Evolution of the photocatalytic
performance during 6 h of continuous operation for Cu@TCPP_0.1.

Fig. 11. Production rate and AQY values for the CO2-to-ethanol photocatalytic con-
version using the same type of optofluidic microreactor. Data for TiO2-based materials,
MIL-125-NH2, and analogous TieNH2-BDC MOAs were taken from the literature
[12,27].
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previous works dealing with MIL-125-NH2 type materials showed
that Ti-oxocluster/NH2BDC ensembles are also able to conduct both
(1) CO2 reduction without using a sacrificial agent [10,12] and (2)
water splitting reactions [58,59]. In the latter case, the analyzed Ti-
oxocluster/NH2BDC ensembles present CBM and VBM values suit-
able for the complementary HER and OER in water splitting, and
accordingly, hydrogen and oxygen formation are experimentally
observed upon 450 nm visible light illumination. The referenced
work also states that defects that imply the replacement of
carboxylate linkers by hydroxides (such as the ones present in
MOAs) can improve the photocatalytic response of the material.

The stability of the best-performing photocatalytic material
(Cu@TCPP_0.1 MOA) was assessed for 6 h of continuous operation
under visible light (Fig. 10b). The results show roughly stable values
for methanol and ethanol production rates and apparent quantum
yields. Besides, as far as we are aware, Cu@TCPP_0.1 MOA out-
performs any of the up-to-date reported ethanol production rates
and AQY values for the CO2 photocatalytic reduction reaction per-
formed under visible-light illumination and without any sacrificial
agent. In the case of inorganic photocatalysts, most of the best-
performing ones in CO2-to-ethanol conversion are composed of
transition metal-doped TiO2 samples that yield activities ranging
between 42 and 271 mmol$g�1$h�1 [27,60e66]. The so far highest
reported value corresponds to BiVO4, in its monoclinic phase,
which provides selectively ethanol with a production rate of
2033 mmol$g�1$h�1 under solar simulation conditions (UVeVis
11
radiation), and when a 400 nm cut-off filter is employed (i.e. using
only visible radiation), the yield goes down until 108 mmol$g�1$h�1

[65]. Considering metal-organic materials, the introduction of Au
nanoparticles in ZIF-67 provides outstanding methanol
(2500e3160 mmol$g�1$h�1) and high ethanol
(480e500 mmol$g�1h�1) production rates while using triethanol-
amine as a hole scavenger (sacrificial agent) and also under solar-
simulation conditions [6]. The next best ethanol production rate
for metal-organic materials is achieved under UVeVis irradiation of
a xenon lamp and without hole scavenger using gC3N4/CuO@-
MIL125(Ti) composite (501.9 mmol$g�1$h�1) [66]. Both latter values
are comparable to the ethanol production rate of the herein pre-
sented Cu@TCPP_0.1 MOA (491 mmol$g�1$h�1), with the difference
that the MOA is a purely metal-organic material, the process is
conducted in aqueous solution without the addition of a sacrificial
agent, and experiments are performed only under visible radiation.
Furthermore, quantum yield for ethanol production is higher than
that reported for Au@ZIF-67 (17% MOA vs. 7% MOF-composite),
while no AQY data was reported for gC3N4/CuO@MIL125(Ti).

In any case, the comparison of the performance of different
photocatalysts cannot be exclusively reduced to the nature of the
material and to the features of the light irradiation since the type
of reactor and reaction conditions can largely influence the re-
sults [26]. Most of the above-mentioned reactors consist of slurry
batch reactors, while the current study has employed an opto-
fluidic microreactor that allows continuous CO2 conversion.
Accordingly, Fig. 11 compares the ethanol production rates of the
best-performing Cu@TCPP_0.1 with respect to the rates provided
by other previously published photocatalysts [12,27] using the
same type of reactor and reaction conditions, except for the type
of light used (the values for TiO2 and Cu@TiO2 have been ob-
tained under UV LED light, while in the remaining cases visible
white LED light has been employed). Once again, the ethanol
production rates obtained with the TCPP(Cu) functionalized
titanium(IV) metal-organic aerogel beat by far the performance
of the referential inorganic and metal-organic catalysts, while
the achieved greater AQY values indicate a better exploitation of
the light.
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4. Conclusions

The fine tuning of the synthesis conditions allowed to yield a
novel family of metal-organic gels functionalized with TCPP in ra-
tios with respect to the metal-clusters close to 0.01, 0.1 and 1. The
supercritical drying of the gels provided highly porous aerogels
comprised of crosslinked metal-organic nanoparticles (5e10 nm)
with surface area values ranging from 600 to 800 m2$g�1. The post-
synthetic modification of the coordination framework allowed to
metalate the tetrapyrrole ring of the TCPP ligand with Cu(II), as
demonstrated by the combination of chemical and spectroscopic
analyses. Accordingly, the TCPP(Cu) complex formation is evi-
denced by the quenching of the two fluorescence maxima due to
the intramolecular charge transfer implying the partially filled
3dx2�y2 orbital of copper(II). Besides, prior to metalation, the DRS-
UV-Vis absorption spectra of MOAs show the four characteristic Q
bands of free-base porphyrins (TCPP(H2)) with a D2h point group,
arising from HOMO / LUMO and HOMOe1 / LUMO transitions,
while the metalationwith Cu(II) produces a decay of the former set
of bands and the emergence of two newQ bands ascribed to the D4h
symmetry adopted by the porphyrin upon the formation of the
TCPP(Cu) complex. Interestingly, the Soret bands (400e500 nm)
and Q bands (545e590 nm) of observable metalated MOAs fit well
into the visible emission spectra provided by the LED array selected
for the photocatalytic experiments, which could favor a more effi-
cient utilization of the light.

Regarding the CO2 photoreduction experiments, the post-
synthetic metalation with Cu(II) markedly invigorates the total
alcohol (methanol and ethanol) production rates and apparent
quantum yields (AQY), from 21e367 mmol$g�1$h�1 (AQY: 0.4e7%)
prior to metalation to values of 356e642 mmol$g�1$h�1 (AQY:
11e20%), respectively. This improvement is probably related to the
fact that the produced photoelectrons in the parent MOAs con-
taining free-base porphyrin, prior to reaction, decay radiatively
upon short lifetimes (few nanoseconds), while the post-synthetic
metalation of the MOAs inhibits the radiative decay, which can
lengthen the lifespan of the charges and leave the photoelectron
ready to react on the copper atom by means of the ligand-to-metal
charge transfer mechanism. Another remarkable result related to
the post-synthetic modification lies in the flipping of the selectivity
towards ethanol, which changes from 0e12% in pristine MOA to
67e76% after Cu(II)-metalation. As a result, the best-performing
Cu@TCPP_0.1 MOA surpasses any of the up-to-date reported
ethanol production rates and AQY values for CO2 photocatalytic
reduction reactions performed under visible-light illumination and
without sacrificial agents. Note that CO2 reduction to ethanol is
mechanistically more demanding than methanol and its market
size is greater, which makes the progress in photocatalytic ethanol
production in the context of circular chemistry highly appealing.
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