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A B S T R A C T   

Considering the flexibility in the synthesis that allows the formation of materials with more than two metals, the 
present study reports the preparation of trimetallic layered double hydroxides (LDHs) having Al as structural tri- 
positive cation, Ti as photocatalytically active d0 transition metal and either Ni or Co as dipositive cation. In 
addition, these LDHs were used as precursors of the corresponding trimetallic mixed oxides (MO). LDH and MO 
materials in combination with Ru(bpy)3Cl2 as photosensitizer and triethanolamine as sacrificial electron donor 
were used as catalysts for CO2 reduction under solar light irradiation. A different product selectivity, either CH4 
for Ni-LDH or CO and H2 for Co-MO, was observed with production rates for CH4 or CO that are among the 
highest reported for these systems. The role of the inorganic materials in the photocatalytic process was sup-
ported by transient absorption spectroscopy that revealed the quenching of the Ru(bpy)3Cl2 triplet excited state 
by Ni-LDH or Co-MO. An important finding was that the trimetallic Co-Ti-Al oxide with cobaltite structure is able 
to perform CO2 reduction in spite that the reduction potential of its conduction band is not sufficient to perform 
the process, evidence by photoluminescence revealing the existence of an upper electronic state responsible for 
the reduction. These results show the interest in screening multimetallic materials in photocatalysis due to their 
improved performance and diverse properties.   

1. Introduction 

Finding new forms of clean energy that do not emit greenhouse gases 
has been recently one of the main focusses of the scientific community 
[1,2]. In such trend, clean ways to capture and transform the CO2 into 
fuels or chemicals using solar light or renewable electricity plays an 
important role [3–5]. CO2 conversion often requires a catalyst that 
lowers the energy barrier of the reaction [6,7]. 

Photocatalysis is one of the possible paths to transform CO2 into 
valuable products [8–10]. A wide variety of photocatalysts have been 
reported in the literature to perform CO2 reduction, including MOFs [11, 
12], metal oxides [13,14], MXenes [15], carbonaceous materials [16] or 
heterostructures [17]. Among them, layered double hydroxides (LDH) 

stand as a very promising family of materials for photocatalytic appli-
cations [18–20], given their wide range of chemical composition, highly 
tunable structural and electronic properties, and their low preparation 
cost, which facilitates the scaling up of the production process if 
necessary [21,22]. 

LDHs have a brucite crystalline structure constituted by oxygen 
octahedra sharing the faces and having a di- or trivalent cation at the 
center. Depending on the proportion of tri-positive cations, the brucite 
sheet develops a positive charge that requires the presence of charge 
balancing anions occupying the inter-gallery spaces. Normally, up to one 
third of the octahedra cations can be exchanged by trivalent cations, 
since beyond this point, the high coulombic charge makes unstable the 
material and phase segregation starts to happen [23]. While initially 
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LDHs were prepared with two different metal cations, such as Mg and Al, 
it has been shown that is possible to prepare LDHs with more than two 
metal ions, thus, expanding considerably the chemical composition of 
the resulting LDH materials. Introduction of a third metal has been 
revealed as a general strategy to tune and control the band gap and the 
position of the valence and conduction band potentials in these mate-
rials [24,25], which is one of the reasons why LDHs have been gaining 
increasing interest in the area of photocatalysis. 

There are in the literature a large number of reports showing the 
photocatalytic activity of LDH [26–29]. In addition of the intrinsic 
photocatalytic properties of LDH, they can be easily converted into their 
corresponding mixed metal oxides by calcination at moderate temper-
atures about 400 ºC. Those mixed oxides also exhibit interesting pho-
tocatalytic properties [30–32]. Therefore, besides the direct use of LDHs 
as photocatalysts, they also offer the possibility to act as precursors of 
mixed oxide structures with two or more metal cations [33,34]. 

To further enhance the photocatalytic activity of LDHs and the mixed 
oxides derived from them, particularly to extend their photoresponse 
into the visible region, the use of metal complexes and organic dyes has 
been reported [35–38]. In these systems, the photosensitizer absorbs 
light and promotes electron or energy transfer to the LDH that becomes 
active in the wavelength range corresponding to the absorption of the 
dye. Ru(bpy)3

2+, as well as Eosin Y, have been widely used as photo-
sensitizers in combination with LDH materials [39]. 

However, selectivity control and H2 evolution competition still 
remain bottlenecks to be overcome regarding photocatalytic CO2 
reduction [40,41]. In addition, the use of Ru(bpy)3

2+ as photosensitizer 
often yields CO and H2 as main products, CH4 being only obtained when 
applying wavelength restrictions that reduce the number of incident 
photons, and thus decreasing the product generation rate [37,38]. 

In this context, the present article reports the photocatalytic activity 
of trimetallic NiTiAl and CoTiAl LDHs and the corresponding mixed 
oxides under Ru(bpy)3

2+ photosensitization for the photocatalytic CO2 
reduction. It will be shown that the performance of the materials pre-
pared in the present study are among the highest in the current state of 
the art giving methane in a selectivity over 85% with a production rate 
of 4.6 µmol/h that compares favorably with previously reported results. 
It will be shown that chemical composition, particle morphology and 
adequate band alignment are the main reasons behind this remarkable 
activity. 

2. Materials and methods 

2.1. Materials 

Ni(NO3)2⋅6 H2O and triethanolamine (TEOA) were purchased from 
Alfa-Aesar. Co(NO3)2⋅6 H2O, Ti(IV) bis(ammonium lactate)dihydroxide 
50 wt% aqueous solution, Al(NO3)3⋅9 H2O, Ru(bpy)3Cl2⋅6 H2O, Ti(IV) 
oxide anatase powder and 10 wt% perfluorinated Nafion® resin solution 
were obtained from Sigma-Aldrich. Urea (99%) was purchased from 
Honeywell. Commercial Co3O4 oxide was obtained from ABCR. Anhy-
drous Na2SO4 was purchased from Scharlab. Water used in all experi-
mental work was milliQ purity grade. 

2.2. Catalyst preparation 

LDH materials with different composition (CoTiAl, NiTiAl) and metal 
atomic ratios (2:0.5:0.5, 4:0.5:0.5) were prepared by solvothermal 
method already described by our group [42]. For example, for the 
preparation of LDH with 2:0.5:0.5 metal Co/Ni:Ti:Al ratio 0.30 g 
(1 mmol) of Co(NO3)2⋅6 H2O or Ni(NO3)2⋅6 H2O, 0.09 g (0.25 mmol) of 
Al(NO3)3⋅9 H2O, 120 µL (0.25 mmol) of a 50 wt% aqueous solution of Ti 
(IV) bis(ammonium lactate)dihydroxide and 0.24 g (4 mmol) of urea 
were dissolved in 40 ml of methanol. For LDH with 4:0.5:0.5 ratio 
quantities of Al and Ti precursors were halved. The resulting solution 
was stirred for 10 min and then transferred to a 100 ml Teflon lined 

stainless steel autoclave and heated at 120 ◦C for 24 h. After cooling 
down, the pale brown (in the case of CoTiAl) or green (for NiTiAl) 
precipitate was filtered and washed with methanol. Afterwards, the 
solid is dried in a desiccator under vacuum at room temperature. In 
order to improve the morphology of the materials, synthesis where 
precursor concentration was increased 10 or 20 times (keeping the same 
reaction volume) were also carried out. 

Mixed oxides derived from synthetized LDH materials were also 
prepared by calcination of these LDH precursors at 400 ◦C for 6 h 
exposed to air atmosphere in a muffle furnace. The heating rate for the 
calcination was 1 ◦C/min. 

Samples (all of which contain Ti and Al in its composition) were 
denoted with the code Mxyz, where M stands for the divalent cation 
present (Co or Ni), x for LDH (L) or mixed oxide (M), y is the divalent 
atomic ratio (2 or 4), and z is the precursor concentration in the syn-
thesis (1, 10 or 20). For instance, sample NiL410 would denote a LDH 
material containing Ni as divalent cation, prepared with a MII/MIII ratio 
of 4:1 and adding a concentration of precursors 10 times higher than the 
described above. 

2.3. Materials characterization 

Powder X-ray diffraction (XRD) spectra were obtained on a Philips 
X’PERT diffractometer equipped with a graphite monochromator (40 kV 
and 45 mA) using Cu Kα radiation (λ = 1.54178 Å) in the 2θ range of 
5–90 degrees. CO2 adsorption isotherms were collected in the low- 
pressure range at 0 ◦C using a Micromeritics ASAP 2010 equipment 
modified with a liquid circulation thermostatic bath. Sample required 
for the measurements were 300 mg approximately. Previously, the 
samples were activated at 100 ◦C under vacuum overnight to remove 
any adsorbed water. Surface area values were estimated using Dubinin- 
Astakov model. Field-emission scanning electron microscopy (FESEM) 
images and energy dispersive X-ray (EDX) data were collected on a Zeiss 
Ultra 55 apparatus equipped with an EDX detector. Lamellar cross- 
sections of the materials were obtained on specimens prepared with a 
focused ion beam (FIB), using Ga as the ion beam source, in a scanning 
electron microscope setup (Zeiss Auriga Compact). Elemental mappings, 
transmission electron microscopy (TEM) and high angle annular dark- 
field scanning transmission electron microscopy (HAADF-STEM) im-
ages of the lamellar cross-sections were recorded on a JEOL JEM 2100 F 
instrument equipped with an EDX detector. X-ray photoelectron spec-
troscopy data were obtained on a SPECS spectrometer equipped with a 
PHOIBOS 150 MCD-9 detector employing a non-monochromatic X-ray 
source (Al) operating at 200 W. XPS data were calibrated against 
adventitious carbon C1s at 284.6 eV. 

Diffuse reflectance UV–vis spectroscopy measurements were carried 
out on a Perkin-Elmer Lambda 1050 spectrophotometer equipped with a 
Harrick Praying Mantis™ diffuse reflectance accessory. Liquid UV–vis 
spectroscopy measurements were performed on a Varian Cary 50 spec-
trophotometer. UV photoelectron spectroscopy (UPS) measurements 
were performed on a SPECS GmbH system (base pressure 1.0⋅10-10 

mbar) equipped with a PHOIBOS 150 2D-CMOS hemispherical analyzer. 
The photoelectrons were excited with the He I line (21.2 eV) of the He 
discharge source (SPECS UVS 300). Work function measurements 
required applying a negative external voltage to the sample with respect 
to the analysis chamber. An external voltage of -4.07 V, -4.04 V, -4.03 V 
and -4.47 V was applied to the samples CoL21, CoM210, NiL410 and 
NiM410, respectively. The work function is determined by subtracting 
the high binding energy cut-off from the incident photon energy. 
Transient absorption spectra (TAS) were collected using the fourth 
harmonic of a Q switched Nd:YAG laser (Quantel Brilliant, 266 nm, 
15 mJ/pulse, 7 ns FWHM) coupled to a mLFP-122 Luzchem miniatur-
ized detection equipment. The transient absorption photospectrometer 
includes a 300 W ceramic Xe lamp, 125 mm monochromator, Tektronix 
TDS-2001 C digitizer, compact photomultiplier, and power supply. The 
laser flash generates 5 V trigger pulses with programmable frequency 

M. Molina-Muriel et al.                                                                                                                                                                                                                        



Journal of CO2 Utilization 83 (2024) 102810

3

and delay. For the measurements, the cuvette was filled with a Ru 
(bpy)3Cl2 solution in acetonitrile that would contain both TEOA and a 
photocatalyst suspension, one of them, or none. Afterwards, the cuvette 
was purged with N2 or CO2 to study the quenching of the electron 
transfer in presence and absence of CO2. Laser excitation wavelength 
was set at 450 nm, according to Ru(bpy)3

2+ absorption spectra. 
Steady-state fluorescence emission spectra of the solid samples were 

recorded on a FLS1100 photospectrometer (Edinburgh Instruments) 
equipped with double grating Czerny-Turner monochromators with 
2×325 mm focal length in excitation and detection, and a PMT-980 
detector covering the range 200–980 nm. A 400 W Xe lamp was used 
as the light source. A scan of the emission spectra was performed in the 
range 290–800 nm on intervals of 20 nm. In-situ FTIR experiments were 
performed on a Thermo Nicolet iS50 spectrophotometer equipped with a 
DTGS detector (4 cm-1 resolution, 32 cumulative scans). Self-supported 
pellets (13 mm diameter) containing 20 mg of photocatalyst were pre-
pared and introduced in a home-made IR cell connected to a gas dosing 
system. First the photocatalyst was pretreated at 100 ◦C in Ar atmo-
sphere for 1 h to remove adsorbed water molecules. Then, the system 
was cooled down to 50 ◦C (same temperature as the photocatalytic 
tests). A CO2 stream (30 ml/min) was bubbled through distilled water 
(to provide humid CO2) and directed to the IR cell to perform the dark 
experiments, recording IR spectra at 10 min intervals. For experiments 
under irradiation the same procedure was followed, but also irradiating 
the sample with the output light from a 300 W Xe lamp equipped with a 
380 nm cut-off filter when exposing the material to humid CO2. 

Electrochemical impedance spectroscopy (EIS) and photocurrent 
measurements were carried out on a Gamry Interface 5000E potentio-
stat, using a three-electrode configuration in a single-compartment 
quartz cell. Pt and Ag/AgCl were used as counter and reference elec-
trodes, respectively, and 0.1 M Na2SO4 as the electrolyte. Working 
electrodes were prepared by drop-casting of 40 µL of a suspension con-
sisting of 10 mg of catalyst, 170 µL of ethanol and 23 µL of a commercial 
perfluorinated Nafion® resin solution (10 wt%) onto a FTO glass elec-
trode, over an area of 1 cm2 (1×1 cm). For EIS measurements the 
scanning frequency range was 0.01 Hz-100 kHz at 1 V vs Ag/AgCl. 
Photocurrent experiments were performed under open circuit potential 
conditions and using a 300 W Xe lamp as the light source. Measurements 
were recorded both under full spectrum range and in the UV-A/visible 
region, for which a 380 nm cut-off filter was equipped to the lamp. 

2.4. Photocatalytic tests 

Photocatalytic CO2 reduction was performed on a closed quartz 
reactor (52 ml volume) equipped with an external heating ribbon to 
keep the system at 50 ◦C during the test. First, the required amount of 
catalyst was dispersed in 20 ml of a CH3CN:H2O:TEOA 3:1:1 in volume 
mix under vigorous stirring. The dispersion was sonicated for 15 min 
and then 6.6 mg of Ru(bpy)3Cl2⋅6 H2O were added to the suspension. 
The dispersion was transferred to the photoreactor and preheated at 50 
◦C. Pure CO2 was bubbled into the mixture for 10 min, filling the reactor 
with a final overpressure of 0.5 bar. 

To evaluate the photoactivity of each catalyst, simulated solar irra-
diation was performed using the beam output of a Newport Oriel® 
Sol1A™ Class ABB 94041 A solar simulator equipped with a Xe arc lamp 
and a AM1.5 G filter. Gas phase samples were collected from the head 
space of the reactor after 1 h of reaction. Hydrogen evolution was 
quantified using a gas chromatograph (Agilent 490 MicroGC) equipped 
with a Mol Sieve 5 Å column and a TCD detector using Ar as the carrier 
gas. The amounts of CO and CH4 produced were estimated using a gas 
chromatograph (Agilent 7890 A GC System) equipped with a Car-
boxen®-1010 PLOT Capillary GC Column with a TCD detector using He 
as the carrier gas. 

Several blank experiments were carried out in the absence of Ru 
(bpy)3Cl2, TEOA, photocatalyst, CO2 or irradiation source to prove the 
photocatalytic nature of the products generated. In addition, to prove 

the stability of the material several reaction cycles were performed 
consecutively, recovering the material from the solution by centrifuga-
tion at 9000 rpm between each of the cycles. The catalyst mass 
employed in those experiments was 10 mg to minimize the effect of the 
catalyst mass loss during the recovery process. 

To prove that gaseous CO2 is the origin of the generated products, 
isotopic 13C experiments were performed under the same conditions, but 
purging the system with 13C labelled CO2. Gaseous samples were 
collected after 1 h of reaction. Generated products were analyzed on a 
gas chromatograph coupled with a mass spectrometer (Shimadzu GCMS- 
QP2010 Ultra). 

Apparent quantum yield (AQY) experiments were carried out on the 
same setup but using a PLS-SXE300E 300 W Xe lamp equipped with 
band-pass filters centered at 365, 405 and 550 nm (13.3, 38.3 and 
52.8 mW/cm2, respectively). Light intensity for each wavelength was 
measured with a calibrated photodiode. 

3. Results and discussion 

3.1. Materials characterization 

Two different LDHs, NiTiAl and CoTiAl, with two different MII:MIII: 
MIV atomic ratios and the corresponding mixed oxides derived there-
from were prepared in the present study for the purpose of evaluating 
their photocatalytic activity for CO2 reduction. The synthesis of LDHs 
was performed in methanol using urea to continuously provide 
ammonia at 120 ºC. Scheme 1 illustrates the synthetic procedure. It has 
been reported in the literature that the use of methanol as solvent for the 
synthesis provides highly dispersible samples characterized by the 
stacking of a lesser number of LDH sheets [43]. As metal precursors, 
nitrate salts were used except for TiIV that was provided as bis 
(ammonium-lactate)dihydroxide since this complex enjoys better sta-
bility against hydrolysis than the more commonly used TiCl4, mini-
mizing a prompt formation of TiO2, therefore allowing a better 
incorporation of Ti in the resulting material [24,39,44]. 

The selection of these elements, and particularly Ti in the composi-
tion, was based on the consideration of the well-known superior pho-
tocatalytic activity of Ti oxides and the role of Ni and Co as catalysts in 
CO2 reduction [45–47]. Subsequent transformation of the NiTiAl and 
CoTiAl LDHs by calcination at 400 ºC rendered the corresponding mixed 
trimetallic oxides with a crystalline phase constituted by NiO or Co3O4 
and amorphous phases of Ti and Al probably also containing Ni and Co.  
Table 1 lists the samples prepared in the present study indicating the 
elemental composition for each of the materials synthetized. 

Besides different metal ratios, the synthesis was also performed at 
three different precursor concentrations since the morphology of the 
particles and crystallinity is affected by the experimental conditions of 
the synthesis. These structural parameters can play a significant role in 
the photocatalytic activity due to the influence of the specific surface 
area, but also the density of structural defects. Defects including oxygen 
vacancies can function as CO2 adsorbing sites, but also as charge trap-
ping centers favoring charge separation or recombination [48,49]. 

Scheme 1. Synthetic procedure of LDH materials prepared in the pre-
sent study. 
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Specific surface area of the materials was measured using isothermal 
gas adsorption. Using N2 to monitor area porosity resulted in very small 
surface area values in the range 10 m2/g or lower. However, since the 
purpose of the present study is the photocatalytic conversion of CO2, this 
gas was also employed for surface area measurements. Typically, the use 
of CO2 results in higher specific surface area values compared to N2 due 
to the smaller kinetic diameter of CO2 (330 pm) respect to N2 (364 pm) 
[50]. Thus, the use of CO2 allows to determine the surface of ultra-
micropores that are not measured by N2. In addition, the higher 

temperature employed for CO2 measurements allows a better diffusion 
of the gas through the solid, although it disfavors adsorption. In the 
present case, surface areas for CO2 measurements were above 60 m2/g, 
reaching even 200 m2/g for some samples. Table 1 also lists specific 
surface area for some of the best photocatalysts under study. 

After the synthesis, the samples were characterized by powder X-ray 
diffraction, showing the expected peaks corresponding to LDH phase 
(JCPDS-38–0715) in the cases of all Ni and Co-based LDHs as broad 
signals indicating their poor crystallinity [36]. Fig. 1 shows represen-
tative XRD patterns, while supporting information Fig. S1 contains the 
full set of XRD data. No influence of the synthesis conditions, either the 
cationic ratio or precursor concentration, was observed on the position 
or intensity of the XRD peaks. The position of the (003) diffraction peak 
at 2θ value around 10◦ indicates that nitrate is the counter anion present 
in the interlayer space after the synthesis [23]. As expected, calcination 
of the LDH rendered the corresponding oxides. In the case of NiM410, 
having the highest Ni content, XRD indicates the presence only of NiO 
with its characteristic diffraction bands at 37.2, 43.3, 63.1, 75.6 and 
79.4 degrees corresponding to the diffraction of the (111), (200), (220), 
(311) and (222) facets, respectively (JCPDS-78–0423) [14]. Analo-
gously, the thermal treatment of Co-based LDHs results in the change in 
the XRD pattern from the initial layered material to a spinel type dif-
fractogram, typical of Co3O4 (JCPDS-74–2120) [51]. Since no infor-
mation about the Ti and Al phases is apparent in XRD after calcination it 
can be assumed that these elements should be present as amorphous 

Table 1 
Cationic ratios of the most representative materials in the present study. Surface 
areas estimated from CO2 adsorption data by Dubinin-Astakhov model are also 
listed.  

Sample % Ni % Co % Ti % Al Surface area (m2/g) 

NiL41 70.9 /  14.4  14.7 180.1 
NiL410 76.7 /  10.3  13.0 174.8 
NiL420 73.0 /  8.7  18.3 206.2 
NiL210 65.7 /  15.7  18.6 / 
NiM410 80.9 /  7.0  12.1 691.0 
CoL21 / 62.0  19.4  18.6 62.77 
CoL210 / 61.3  16.7  22.0 / 
CoM21 / 63.0  18.5  18.5 / 
CoM210 / 59.9  16.2  23.9 230.47 
CoM410 / 78.8  9.4  11.8 /  

Fig. 1. XRD patterns (a-b) of NiL410 (1), CoL21 (2), NiM410 (3) and CoM210 (4). Diffraction peaks according to JCPDS database corresponding to α-Ni(OH)2 
(Fig. 1a), NiO (Fig. 1b, black) and Co3O4 cubic spinel (Fig. 1b, red) are included for reference. FESEM images of NiL410 after 2 (c), 5 (d) and 24 h (e) of synthesis. 
FESEM image of CoM210 (f). 
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oxides, probably also containing some Ni or Co. 
The morphology of LDH after the synthesis was monitored by 

FESEM. Fig. 1 also shows selected FESEM images of some of the samples, 
while supporting information (Fig. S2) provides a more complete set of 
micrographs. As it can be seen in all these images, the most character-
istic morphological feature is the presence of spheroid particles consti-
tuted by 2D sheets placed radially respect to the center. Concentration of 
the reagents during the synthesis influences the density of these 2D 
sheets that become more compact and denser as the concentration 
increases. 

We were intrigued by this morphology and the origin of these 
spherical arrangements. Important information about the mechanism of 
particle growth was obtained by taking images at various times after 
mixing the reagents. In this way, it was observed that the first spherical 
particles appearing at short synthesis times (2 h) contained almost 
exclusively Ti, without having a significant percentage of the other 
metallic elements. It was proposed that most of the Ti-lactate complexes 
used as precursors during the synthesis undergo almost complete pre-
cipitation as spheres as soon as this precursor enters in contact with the 
reaction media. Starting from this initial stage, a second phase corre-
sponds to the growth of the LDH using dissolved MII and Al cations and 
mobilizing TiIV from its initial spherical particles. Thus, the growth of 
LDHs occurs on the surface of the spheres. Selected images to illustrate 
this two-step growth of NiTiAl and CoTiAl LDHs are provided in Fig. 1 as 
well as EDX elemental analysis showing the prevalent Ti composition of 
the initial nuclei appearing in the methanol phase in which almost no Al, 
Ni or Co are present (Table 2). The characteristic morphology and poor 
stacking of the 2D LDH sheets formed in methanol are responsible of the 
high dispersibility of these as-synthesized materials. Calcination of the 
LDHs preserved their spheroid shape and the 2D morphology of con-
stituent sheets, with some shrinkage of the diameter of the spherical 
particles. Fig. 1 and S3 provide additional SEM images of the mixture of 
multimetallic oxides resulting from calcination of the pristine LDHs. 

To properly understand the morphology and structure of the mate-
rials under study, TEM images of lamellar cross-sections of the spherical 
particles were taken (Fig. S4a). It can be seen that in some particles there 
is still a residual core of those initial Ti-containing nuclei, while in 
others, the initial Ti core has completely disappeared, and the particle is 
constituted by the loose agglomeration of 2D sheets. Fig. S4 also presents 
EDX mapping for those particles in which no core can be observed, 
presenting a homogeneous distribution of the three metallic elements in 
agreement with XRD pattern showing the formation of LDH as the only 
crystalline phase. HRTEM images of some representative materials 
(Fig. S5) also show the corresponding reflections of their crystalline 
phase, in accordance with XRD data. Scheme 2 illustrates our proposal 
to rationalize the morphology of the prepared LDH. 

The elements present in the material and the surface composition 
was determined by survey XPS analysis and the data were in agreement 
with those obtained by EDX. Fig. S6 shows survey XPS data for the best 
performing materials of the study, while Fig. 2, S7 and S8 present high 
resolution XPS data for the metallic elements and O. Based on these XPS 
spectra, the oxidation state and coordination sphere were determined 
for each element. In the case of NiL410, the high resolution XPS Ni 2p 
has two parts due to the spin-orbit coupling, attributable to Ni 2p3/2 and 
Ni 2p1/2, accompanied by their corresponding satellite bands. The Ni 
2p3/2 peak has a binding energy of 856.5 eV, and it has a single 
component attributable to Ni2+ [52]. The Ti spectrum has a weak in-
tensity, but it exhibits two signals due to the spin orbit coupling, the 

peak of Ti 2p3/2 appearing at 460.4 eV and having a single component 
attributable to Ti4+ [53]. The weakness of XPS Ti 2p spectrum could be 
due to the fact that this element is not exposed to the external surface of 
the spherical particles, this explanation agreeing with the earlier pro-
posal on the mechanism of particle formation. According to it, Ti would 
undergo an immediate precipitation forming the core of the LDH spheres 
and supplying from the core the Ti element for the sheet growth. 

Regarding Co-containing samples, XPS analysis indicates the pres-
ence of the expected elements. For the XPS Co 2p peak, the binding 
energy and components of Co 2p agree with those reported in the 
literature for Co(OH)2 (CoL21, Fig. S7) and Co3O4 (CoM210, Fig. 2), 
respectively [52]. The XPS Ti 2p peak is more intense in Co-based ma-
terials than for the Ni series and deconvolution of its spectrum indicates 
the presence of a component of Ti4+ at 458.0 eV, accompanied in the 
case of CoL21 with a minor (5%) component at 456.0 eV due to the 
presence of residual Ti3+ [44]. The XPS analysis of the elements in other 
samples prepared in the present study exhibit similar features as those 
commented for NiL410 and CoM210. Fig. S7 presents some examples of 
XPS data from these materials. XPS Al 2p data for all the materials under 
study present the distinct features expected for Al3+ spectrum, as seen in 
Fig. S8. 

Analysis of the high-resolution O 1 s spectra of the LDH and the 
corresponding mixed oxide provides valuable information. In LDH ma-
terials, either containing Ni or Co, the prevalent component (over 80%) 
appearing around 531–532 eV corresponds to -OH, in accordance with 
the brucite structure. Upon calcination, and formation of the mixed 
oxides the peak corresponding to hydroxide disappears and then, the 
two relative components at 529.9 eV and 530.7 eV agree with the ex-
pected binding energy values for lattice oxygen in metal oxide and ox-
ygen vacancies, respectively [54]. The fact that the component 
corresponding with oxygen vacancies is much larger in the case of 
NiM410 (86.8%) respect to CoM210 (69.9%) is in accordance with the 
significantly larger surface area of NiM410 and would indicate a larger 
density of defects in the former compared to the later. 

Regarding photocatalytic activity, diffuse reflectance UV-Vis spec-
troscopy (DRS) is one of the important characterization techniques, 
giving information about the photoresponse of the solids. Fig. 3 presents 
UV–vis absorption spectra of four of the samples under study. As it can 
be seen there, light absorption increases upon calcination and is more 
intense for corresponding mixed oxides than the LDH precursors. 

Table 2 
Cationic composition of NiLDH410 at different synthesis times.  

Reaction time (h) % Ni % Ti % Al  

2  2.3  89.9  7.8  
5  79.5  6.6  13.9  
24  76.7  10.3  13.0  

Scheme 2. Illustration of the proposed growth mechanism and particle 
morphology changes with synthesis time of the LDHs prepared in methanol 
media. At 2 h of synthesis only the core Ti particles can be observed. At 5 h, 
LDH sheets are still growing on the surface of the Ti particles, while at 24 h the 
growth process is complete. Lamellar cross-sections of the particles show that 
the initial Ti core is consumed during the process, and the particles are 
composed of a spherical aggregate of LDH sheets. 
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Particularly in the case of CoM210 that is a black solid, in comparison 
with the green NiM410, absorption spectrum expands to the whole 
wavelength range from 200 to 800 nm. Recording the absorption spec-
trum in the NIR region (Fig. S9) shows that the absorption of CoM210 
decreases abruptly at about 850 nm. The optical bandgaps of the solids 
were determined from Tauc plots, considering the materials as indirect 
semiconductors. For those samples prepared at higher precursor con-
centration, similar UV-Vis spectra were obtained, although with lower 
absorption intensity and essentially coincident bandgaps (see Fig. S9 in 
supporting information). 

3.2. Photocatalytic experiments 

Photocatalytic studies were carried out in a 52 ml quartz reactor 
with inlet and outlet valves. Different amounts of photocatalyst were 
suspended by extended sonication into a mixture of acetonitrile (12 ml), 
H2O (4 ml) as proton donor and TEOA (4 ml) as electron donor. To this 
suspension Ru(bpy)3Cl2 was added to reach a 0.44 mM concentration. 

The liquid phase was then saturated with CO2 and the system was 
irradiated from the top using the output of a solar simulator operating at 
100 mW/cm2. The temperature of the system was measured monitoring 
a value of 50 ºC during the reaction. Preliminary blank controls indicate 
that no CO2 reduction products appear in the gas phase in the dark, 
under simulated sun irradiation but absence of Ru(bpy)3

2+ or TEOA, or if 
the system was filled with Ar instead of CO2. These controls show that 
irradiation, CO2, Ru(bpy)3

2+ and TEOA are essential components to 
observe product evolution. The results obtained upon 1 h irradiation for 
a series of Ni-based LDH and mixed oxides using Ru(bpy)3

2+ as photo-
sensitizer and TEOA as electron donor are presented in Fig. 4. As it can 
be seen there, in these experiments, evolution of CH4 was observed 
accompanied by minor amounts of H2 and CO. Similar experiments 
using Co-based materials as photocatalysts gave a significantly different 
selectivity, CO being the prevalent product accompanied by similar 
amounts of H2. Incidentally, the product distribution found for Co- 
containing materials is similar to that obtained for Ru(bpy)3

2+ and 
TEOA in the absence of either LDH or mixed oxides, although the 

Fig. 2. High resolution XPS of NiL410: Ni 2p peak (a), Ti 2p peak (b) and O 1 s peak (c). High resolution XPS of CoM210: Co 2p peak (d), Ti 2p peak (e) and O 1 s 
peak (f). The plots also present the best deconvolution of each XPS peak to individual components, indicating their assignment and binding energy value. 
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production rate is enhanced by a factor of three when CoM210 is pre-
sent. Optimization of the amount of photocatalyst in the system shows 
that the optimal concentration in the case of Ni-based materials is 
0.15 mg/ml, while for Co-based materials is 0.05 mg/ml, as shown in 
Fig. S10. 

From the data shown in Fig. 4 it can be observed that in the case of 
Ni-based photocatalysts, the efficiency depends on a series of parame-
ters, including the concentration of precursors in the synthesis that 
eventually lead to a different sheet density in the spheres, and the Ni:Ti: 
Al atomic ratio. In that way, the most efficient photocatalyst was NiL410 
prepared at 10 times higher concentration with Ni:Ti:Al ratio of 
4:0.5:0.5. Interestingly, calcination of the LDH to form the corre-
sponding oxide derived material results in a decrease of the photo-
catalytic activity, although still with the same product selectivity as that 
of the LDH series. It should be commented that the amount of CO pro-
duced by these materials after 1 h is close to the detection limit of our 
instrument, which made difficult its identification in some of the ex-
periments. It is also interesting to comment at this point that methane is 
not formed in a control in which Ru(bpy)3

2+ and TEOA are used in the 
absence of any other material as homogeneous photocatalyst for CO2 
reduction. 

As commented above, in comparison to the Ni-containing materials, 
one remarkable difference of the Co series is the photoproducts formed 
in the process. In the presence of any of the Co-based materials, CH4 is 
not formed, while CO and H2 in similar proportions are simultaneously 
formed. The influence of several synthesis parameters on the photo-
catalytic activity of the Co-containing materials was also studied as in 
the case of the Ni series. Different trends between Co and Ni materials 
were observed, as in the case of Co-LDHs, an increase in the concen-
tration of the precursors during de synthesis, resulting in a denser 
packing of sheets, leads to a decrease on the photocatalytic activity. 
Contrary to the Ni series, calcination of the LDH results in mixed oxides 
with spinel structure that are more active than the corresponding LDH 
precursors. The Co:Ti:Al atomic ratio also exerts an influence in the 
photocatalytic activity, the most active material CoM210 obtained by 

calcination of CoL210 whose synthesis was performed using 10 times 
more concentrated precursors. For the calcined materials, the optimal 
Co:Ti:Al atomic ratio was 2:0.5:0.5. 

Since Ti is an element present in all the materials under study, the 
photocatalytic activity of LDH and the corresponding materials derived 
by calcination was compared with the performance of a commercial 
TiO2 sample under the same conditions. These results are also presented 
in Fig. 4. As it can be seen there, CO and H2 in similar amounts are the 
products formed when using TiO2. The efficiency however is about three 
times lower than that achieved under the same conditions with CoM210 
and similar to the amounts of products obtained using only Ru(bpy)3

2+

and TEOA without any cocatalyst. This comparison illustrates again the 
advantage of the use of LDHs and its derived products in this kind of 
photocatalytic systems. 

To confirm that CO2 is the source of CH4 or CO obtained as photo-
products in the case of NiL410 and CoM210 respectively, isotopic 13C 
labelled experiments were carried out. In the case of NiL410, the pres-
ence of a peak in mass spectra at m/z 17 with higher intensity than 
expected for fragmentation of the water was recorded. Fig. S11 in sup-
porting information presents the mass spectrum of 13CH4 formed upon 
irradiation of 13CO2 in the presence of NiL410. Analogously, formation 
of 13CO from 13CO2 under photocatalytic irradiation of CoM210 was also 
monitored by mass spectrometry. 

The stability of NiL410 and CoM210 was confirmed by performing a 
series of three consecutive uses of the same sample. Between each use, 
the catalyst was recovered by centrifugation, washed two times with 
fresh milliQ water and mixed with fresh solutions of Ru(bpy)3

2+ and 
TEOA. The results are presented in Fig. S12. As can be seen there, a 
gradual decrease in the production of methane upon reuse was observed. 
However, this decrease in activity could be due to the loss of some 
photocatalytic material during the workup between two consecutive 
reactions. A similar trend is observed in the case of CoM210. Fig. S12 
also presents SEM images of the photocatalysts recovered after three 
consecutive uses, showing no apparent changes in their morphology. 

To put the photocatalytic activity obtained by Ni-LDH and Co-MO 

Fig. 3. UV-Vis DRS spectra (a) and Tauc plots (b-c) including estimated optical band gaps of the best performing materials under study. Sample codes are NiL410 (1), 
CoL21 (2), NiM410 (3) and CoM210 (4). 
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Fig. 4. Photocatalytic production (a) and selectivity (b) for photocatalytic CO2 reduction over several Ni-based photocatalysts. Photocatalytic production (c) and 
selectivity (d) for photocatalytic CO2 reduction over several Co-based photocatalysts. Control experiments for NiL410 (e) and CoM210 (f), respectively. Products 
generated were CH4 (green), CO (purple) and H2 (yellow). Reaction conditions: 20 ml of CH3CN:H2O:TEOA 3:1:1 solution, 3 mg (NiL410) or 1 mg (CoM210) of 
photocatalyst, 6.6 mg Ru(bpy)3Cl2, T: 50 ºC, solar simulator light (AM 1.5 G filter, 100 mW/cm2). 

Fig. 5. Total apparent quantum yields obtained for NiL410 (a) and CoM210 (b) measured at different excitation wavelengths. Products generated were CH4 (green), 
CO (purple) and H2 (yellow). Reaction conditions: 20 ml of CH3CN:H2O:TEOA 3:1:1 solution, 3 mg (NiL410) or 1 mg (CoM210) of photocatalyst, 6.6 mg Ru 
(bpy)3Cl2, T: 50 ºC, Light source: PLS-SXE300E 300 W Xe lamp equipped with band-pass filters centered at 405, 450 and 500 nm (13.3, 38.3 and 52.8 mW/cm2, 
respectively). 
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into a broad context, Tables S1 and S2 provide a comparison of our 
results with those previously reported in the literature for the same re-
action. As it can be seen there, the results obtained for methane for-
mation using NiL410 are the best reported so far. Also, it should be noted 
that CO rather than methane is the product commonly observed using 
Ru(bpy)3

2+ as sensitizer and TEOA as electron donor [36,55]. In the case 
of the CoM210, for which CO is the main product, this material is ranked 
among the most efficient photocatalysts although its activity is far from 
that of hollow ZnCo-LDH [28]. However, there are many important 
experimental parameters that may influence the photocatalytic activity 
from one laboratory to another and could change the relative ranking of 
the photocatalysts. 

To further assess the efficiency of the photocatalytic activity of 
NiL410 and CoM210, quantum yields of product formation were 
measured using monochromatic visible light. The results are presented 
in Fig. 5. It can be seen there that the quantum yield increases towards 
the UV, decreasing for longer wavelengths. Values of about 2% and 1.1% 
were determined for the quantum efficiency at 405 nm for NiL410 and 
CoM210, respectively. Considering that Ru(bpy)3

2+ is the light harvest-
ing component of the photocatalytic system and its absorption spectrum 
does not vary from one experiment to another (see Fig. S13 in supporting 
information), a constant quantum efficiency should be observed for the 
three wavelengths under study, unless the efficiency of the electron 
transfer from Ru(bpy)3

2+ in its triplet excited state depends on the 
wavelength energy as it seems to be the case for both materials. In other 
words, since CO2 reduction occurs at the photocatalyst material, the 
overall efficiency would depend not only on excitation of Ru(bpy)3

2+, 
that could be optimal for 450 nm, but also on the transfer of these 
electrons from Ru triplets to the inorganic material that we propose to 
depend on the wavelength energy. 

To prove charge separation induced on the photocatalyst by light 
irradiation photocurrent measurements were carried out. A working 
electrode consisting of a thin film of the photocatalyst prepared by drop 
casting of an ethanol suspension of the materials under study deposited 
on top of a freshly clean FTO glass was irradiated with a Xe lamp, 
toggling on and off irradiation at regular time intervals. As can be seen in  
Fig. 6, changes in current intensity were recorded for NiL410 and 
CoM210 materials when irradiating with the full spectrum Xe lamp, and 
also exclusively in the visible region. It should be noted that the baseline 
current was not stable during the measurements, so only relative values 
for light-on and light-off onsets should be considered. 

Electrochemical measurements using impedance spectroscopy with 
electrodes prepared for the best performing materials under study were 
carried out to determine the ohmic resistance of the charge transfer from 
the material to the electrolyte. The Nyquist plots of the corresponding 
measurements are given in Fig. S14 of the supporting information. In 
these measurements it was determined that Ni-based materials possess 

lower resistance to charge transfer to the electrolyte solution than their 
Co counterparts. It was also observed that charge migration to the 
electrolyte for LDH (both Ni and Co) increases upon calcination and 
formation of the corresponding mixed oxides. The easier charge 
migration for the case of NiL410 compared to CoL21 is in line with the 
formation of methane in the case of NiL410 that requires the transfer of 
8 electrons as compared to CO formation observed for CoL21, which is a 
2-electron process. 

To provide some support to the role of Ni and Co materials as co-
catalysts accepting electrons from Ru(bpy)3

2+, transient absorption 
spectroscopy studies of the quenching of Ru(bpy)3

2+ triplet excited state 
by LDH or MO were carried out monitoring at 360 nm. Upon irradiation 
of a solution of Ru(bpy)3

2+ in acetonitrile the characteristic features 
corresponding to the intramolecular charge transfer triplet excited state 
of Ru(bpy)3

2+ were recorded with a strong absorption at 370 nm, a less 
intense absorption band at 580 nm and the bleaching of the ground state 
appearing as negative signal at 440 nm (Figure S15). Addition of TEOA 
as electron donor quencher decreases the intensity of the signals, but 
without resulting in the appearance of any new signal in the UV-Vis 
range at 1 µs delay after the laser flash. If now NiL410 or CoM210 is 
added, an additional quenching is observed. This quenching by NiL410 
or CoM210 is interpreted as supporting the occurrence of an electron 
transfer from Ru(bpy)3

2+ triplet to NiL410 or CoM210. Furthermore, if 
instead of a N2 atmosphere the cuvette is saturated with CO2, stronger 
quenching of the Ru(bpy)3

2+ triplet excited state is observed for both, in 
the presence of NiL410 and CoM210. These transient absorption mea-
surements therefore provide direct evidence for the quenching of Ru 
(bpy)3

2+ triplet state by the two most active materials in the present 
study, particularly in the presence of CO2. Fig. 7 shows illustrative 
transient signals of the best performing photocatalysts. 

3.3. Band energy diagram 

The energies of the conduction and valence band of the various 
materials under study were experimentally determined by a combina-
tion of UPS data on the valence band maximum energy and the optical 
band gap of the materials measured by optical absorption spectroscopy. 
Details on the calculations to obtain the valence band energy values 
from the experimental UPS data are also provided in supporting infor-
mation. Considering the presence of defects in the materials, interpo-
lation of the onset of electron emission in the UPS measurements (Fig. 8) 
was used to determine the energy of the valence band maximum, whose 
energy was about 2 eV vs NHE. Optical band gap was calculated by 
plotting the Kubelka-Munk function, (F(R)hν)1/n, vs the incident photon 
energy, and considering the materials as indirect band gap semi-
conductors (n = 2). Table 3 summarizes the band gap and band energy 
values for the most active samples in the present study. Several trends 

Fig. 6. Photocurrent measurements of NiL410 (a) and CoM210 (b) under irradiation with 300 W Xe lamp full spectrum (1) and in the visible region (2). Electrolyte: 
0.1 M Na2SO4 in water. Electrochemical cell: LDH/FTO working electrode, Ag/AgCl reference electrode and Pt counter electrode. Light source: 300 W Xe lamp (with 
and without 380 cut-off filter, 100 mW/cm2). Atmosphere: N2. 

M. Molina-Muriel et al.                                                                                                                                                                                                                        



Journal of CO2 Utilization 83 (2024) 102810

10

can be extracted from band energies, for instance, the valence band 
energy is higher for LDH materials compared to the mixed oxides with 
the same composition. Regarding conduction band potentials, they are 
lower (more negative) for Ni-containing samples compared to Co-based 
ones and lower for LDH compared to mixed oxides. Note that in the case 
of the black CoM210 sample, and due to its remarkably low bandgap, the 

conduction band potential has a positive value, while the Ni samples can 
reach a highly negative value. 

As summary, Scheme 3 presents the experimental band energies for 
the most efficient samples also including the energy of the HOMO and 
LUMO states of Ru(bpy)3

2+ and the oxidation potential of TEOA. Ac-
cording to this band diagram, upon excitation of Ru(bpy)3

2+ and gen-
eration of the triplet excited states, TEOA could be the only species able 
to donate one electron to triplet excited state of Ru(bpy)3

2+. On the other 
hand, the excited electron of Ru(bpy)3

2+ can migrate to the conduction 
band of any of the solids under study. In the case of the Ni-based ma-
terials electron transfer from Ru(bpy)3

2+ in its triplet excited state to the 
conduction band minimum will have enough energy to promote CO2 
reduction, both to form CO and CH4. This mechanistic proposal based on 
thermodynamic potentials is in agreement with reported literature data 
for similar systems, in which Ni(OH)2 has been used as cocatalyst for 
CO2 reduction and photoinduced electron transfer from Ru(bpy)3

2+

Fig. 7. Transient absorption spectra (a, b) upon excitation at 450 nm monitored at 0.5 µs and signal decay (c, d) monitored at 360 nm for NiL410 (a, c) and CoM210 
(b, d). 

Fig. 8. (a) Work function (φ) and (b) energy of the HOMO (EHOMO) of NiL410 (gray), NiM410 (yellow), CoL21 (blue), and CoM210 (green) extrapolated from the 
UPS measurements. The inset in (b) shows the onset energy of each material, with respect to the Fermi level (EF). (c) Schematic illustrating the positions of the EF 
with respect to the vacuum (Evac), and positions of EHOMO with respect to the EF. 

Table 3 
Band energy parameters for some of the most active samples under study, ob-
tained from Tauc plots and UPS spectra.  

SAMPLE Eg (eV) VBM vs. NHE (eV) CBM vs. NHE (eV) 

NiL410  3.21  2.38  -0.83 
NiM410  2.36  2.08  -0.28 
CoL21  2.51  2.32  -0.19 
CoM210  1.37  2.06  0.69  

M. Molina-Muriel et al.                                                                                                                                                                                                                        



Journal of CO2 Utilization 83 (2024) 102810

11

triplet excited state to Ni(OH)2 was similarly claimed [36]. 
On the contrary, due to the very narrow band gap of CoM210, the 

conduction band minimum of this material does not have negative 
enough potential to reduce CO2 to CO. Therefore, according to the 
measurements, CoM210 should not be able to reduce CO2. To find an 
explanation of the experimental evidence of photocatalytic CO evolution 
from CO2 reduction using CoM210 as mediator, steady state photo-
luminescence measurements were carried out. The rationale is that 
although the conduction band minimum of CoM210 cannot reduce CO2, 
there could be other upper states with higher reduction potential above 
the conduction band that could be responsible of this reduction. This 
could be possible on the case of CoM210 considering that its composi-
tion contains Ti and Al that could trap electrons in the material effec-
tively, therefore, allowing the occurrence of reactions from upper 
electronic states. Experimental evidence for the existence of these states 
would be observation of defined emission bands at wavelengths shorter 
than the absorption edge of CoM210 around 800 nm. To confirm the 
existence of these upper states with higher reduction potential, a suit of 

photoluminescence spectra was recorded upon excitation of the solid at 
wavelengths in the range from 300 to 500 nm. It was observed that upon 
excitation at wavelengths shorter than 340 nm, an intense photo-
luminescence band at 340 nm was recorded, accompanied by a second, 
broader emission peak with a maximum intensity at 445 nm. A summary 
of these photoluminescence measurements is provided in Fig. 9. 

Observation of a 340 nm emission from CoM210 can be interpreted 
as derived as electron-hole recombination with electrons in electronic 
states with higher energy than the conduction band minimum resulting 
in a photoemission at wavelengths shorter than the corresponding band 
gap. Similarly, the origin of the 445 nm emission peak is proposed to 
arise from photogenerated charge recombination for electronic states 
above the conduction band minimum. If this were the case, then these 
two electronic states responsible for the emission at 340 and 445 nm 
should have enough reduction potential to convert CO2 into CO. An 
interesting point is that the first and most intense of these emissive states 
at λem 340 nm, that we propose to be involved on the photocatalytic 
reaction is totally absent in commercial Co3O4. In fact, in an analogous 

Scheme 3. Band energy diagram for NiL410 (a) and CoM210 (b).  

Fig. 9. Steady state fluorescence emission spectra of CoM210 upon excitation at 290 (a) and 360 nm (b) and comparison with commercial Co3O4 upon excitation at 
290 (c) and 360 nm (d). 
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study on cobaltite only a weak emission peak at 445 nm could be 
observed. Therefore, it is proposed that the presence of Ti and Al metals 
in the composition of the trimetallic metal oxide is responsible for the 
implementation of some trapping states with higher energy in the con-
duction band that can participate in the photocatalytic generation of CO 
from CO2. The present results illustrate the importance of doping and 
preparation of mixed oxides introducing other elements in the compo-
sition of an oxide semiconductor to improve or generate photocatalytic 
activity. 

3.4. In-situ spectroscopic measurements 

To try to explain the different product distribution for CO2 photo-
reduction over NiL410 and CoM210, in-situ absorption measurements of 
CO2 on NiL410 or CoM210 monitored by infrared spectroscopy were 
performed. The aim of the study was to detect different reaction in-
termediates that would indicate that CO2 was being reducing following 
different mechanistic paths in these two materials. First, absorption of 
CO2 in dark conditions was studied. In the case of CoM210, an increase 
in the intensity of the broad absorption bands centered at 1375 and 
1512 cm-1 attributable to bi- and monodentate carbonates, respectively, 
was observed [56]. The band at 1636 cm-1 corresponds to an intrinsic 
absorption of the material, and its relative intensity decrease respect to 
the carbonate bands can be observed at longer CO2 exposure times. 
Analogous studies on NiL410 could not be performed due to the strong 
intrinsic absorption of this material in this region. It should be noted that 
NiL410 exposed to the ambient for a long time should already contain 
carbonate species that originate a very strong absorption, making 
impossible to monitor minor changes in this region. 

Upon irradiation of CoM210 exposed to moist CO2 appearance of 
new weak absorptions assigned to *HCO3

- (1228 and 1427 cm-1) and 

*COOH (1457 cm-1) intermediates, in addition to the previously 
observed m-CO3

2- (1540 cm-1) and b-CO3
2- (1373 cm-1) bands was recor-

ded [56,57]. Fig. 10 illustrates the main relevant IR regions of the in-situ 
study. 

Two interesting features regarding the evolution of band intensity 
with exposure time to moist CO2 and light irradiation should be com-
mented. First, an increase in intensity of the bands assigned to *HCO3

- 

and *COOH (1457 cm-1) reaction intermediates between the beginning 
of the experiment and 30 min irradiation can be observed. These species 
have been reported in the literature to be reaction intermediates for the 
CO2 reduction to CO [56,58,59]. However, these bands disappear after 
60 min of irradiation. A possible explanation for this disappearance at 
longer irradiation times could be that photocatalytic CO2 reduction has 
an initial induction period, where reaction rate is not very high, and the 
intermediates have enough lifetime to accumulate, being easily 
observed. Once this induction period is overcome, reaction rate in-
creases, and the conditions do not allow the accumulation of reaction 
intermediates over the surface of the photocatalyst. 

The other distinct feature is that, when the study is performed under 
visible light irradiation, relative intensity of the intrinsic material band 
at 1636 cm-1 respect to the carbonate bands is more or less constant. A 
possible explanation for this behavior, is that CO2 molecules are being 
consumed in the photocatalytic process and transformed to CO, so they 
cannot accumulate in the form of carbonate over the surface of the 
material as much as in dark conditions. 

Considering the detection of *COOH, a plausible mechanism of CO 
formation according to the literature is proposed in Scheme 4. 

4. Conclusions 

In the present study a series of trimetallic LDH materials containing 

Fig. 10. In-situ infrared absorption spectra recorded in the region 2000–1000 cm-1 for CoM210 in dark (a) and under visible light irradiation (b). In-situ infrared 
absorption spectrum for NiL410 in the same region (c). It should be noted that the plateau between 1300 and 1700 cm-1, due to saturation of the detector because the 
strong intrinsic absorption of the material in this region, does not allow a proper analysis of CO2 reduction intermediates. Measurement conditions: water saturated 
CO2 flow (30 ml/min), T: 50 ºC. Light source: 300 W Xe lamp equipped with a 380 nm cut-off filter. 
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Ti in their chemical composition have been successfully synthesized 
showing the flexibility that the synthesis of LDHs offers to prepare 
multimetallic photocatalysts. Utilization of Ti(IV) bis(ammonium- 
lactate)dihydroxide complex as Ti source and methanol as solvent for 
the synthesis drives the particle growth into a morphology composed of 
spherical aggregates of LDH nanosheets. Modulating several synthesis 
parameters, such as chemical composition, cation ratio or precursor 
concentration, allows to study the influence of these parameters on the 
photocatalytic activity for CO2 reduction. 

Of all characterized materials, NiL410 and CoM210 stand out as the 
best performing photocatalysts for CO2 photoreduction. In the case of 
NiL410, CH4 was evolved from CO2, with a production rate of 
4.59 µmol/h and a selectivity above 86%, which ranks it as the best 
performing material in the literature for CH4 production from CO2 when 
H2O is employed as the proton source. On the other hand, CoM210 
generates similar amounts of CO and H2, with a production comparable 
to the state of the art. 

The analysis of the materials by spectroscopic characterization 
techniques (UV-Vis DRS, UPS, TAS, fluorescence and in situ FTIR) gave 
the necessary data to construct the band energy diagram to explain the 
selectivity of the generated products and the relationship with the 
chemical composition of the materials, and the photocatalytic activity. 
Experimental evidence of the proposed mechanism, in which the Ru 
(bpy)3

2+ complex acts as the light harvester and then transfers the pho-
togenerated electrons to the LDH or mixed oxide material, which in turn 
reduces the CO2 molecule, are provided. One important finding was the 
operation in the photocatalytic activity of upper electronic states in 
mixed oxides with stronger reduction potential due to the combination 
of metals. Further evidence of the presence of these upper states would 
require ultrafast transient absorption studies to detect them and follow 
their reactivity. 

This study constitutes an example of design of materials with specific 
properties that allow to modulate the selectivity to different products in 
CO2 photocatalytic reduction. Further research on this field could 
improve the performance of these materials, for example by including 
additional cations in the structure or tuning the composition and 
structure to achieve high selectivity to other valuable products, such as 
alcohols or C2+ hydrocarbons. 
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