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A B S T R A C T   

In general, CO2 photoreduction to produce alcohols has shown low conversion efficiency and low selectivity of 
the products. In this investigation, Co3O4/TiO2 photocatalysts were used for efficient alcohols production during 
CO2 photoreduction with H2O, using UV or visible light. Photocatalysts characterization by XPS, HTEM, and 
UV–vis spectroscopy suggested that the high activity of the photocatalysts for ethanol, propanol and iso-propanol 
production can be attributed to the presence of Ti3+, Co2+ and Co3+ which, decrease the TiO2 band-gap energy 
and the photogenerated electron-hole recombination probability. Ti3+, Co2+ and Co3+ improve adsorption of 
CO2 and of generated CO, on the photocatalyst surface, increasing the formyl-radical formation rate, which is the 
essential step for alcohols production. The effect of CO2 photoreduction factors, on alcohol production was 
evaluated, considering different cobalt concentrations and irradiance intensities, through a design experiment. 
Results revealed that cobalt concentration and irradiation intensity have a significant effect for the reaction.   

1. Introduction 

The constant increase of greenhouse gases (GHG) levels in the at
mosphere is the main cause of the increasing global warming. Carbon 
dioxide (CO2) is the most contributing gas to the GHG effect. Its con
centration is about 76% of the total GHG [1]. The GHG constant increase 
levels results from increasing energy consumption in the world. Nearly 
80% of the total energy demand is supplied by burning fossil fuels such 
as natural-gas, coal, and oil [2]. Fossil fuel burning produces about 87% 
of total CO2 emissions [3]. Consequently, atmospheric CO2 concentra
tion, increased from 280 ppm in the pre-industrial period (1850–1900) 
to 403 ppm in January 2016, reaching 415 ppm by November 2021 [4]. 
Moreover, it is estimated that it could reach 750 ppm by the end of the 
21st century [5], increasing the global temperature between 4.8 and 
8 ◦C [3,6] due to CO2 infrared sun-light absorption [7]. 

The continuous increase in CO2 concentration in the atmosphere, 
and the growth in fuel consumption have driven a series of in
vestigations around the world, to find a renewable, clean, abundant, and 
safe source of fuel, that would result in the reduction of CO2 global 

concentration and in the global warming mitigation. 
A viable solution for these problems may be the photocatalytic 

reduction of CO2 with water (H2O), through a process called “artificial 
photosynthesis”. Named like this, because it tries to mimic the natural 
photosynthesis process carried out by plants [8], as it uses the same 
reagents as natural photosynthesis: CO2, H2O, and light. However, in 
this process, the final products are not carbohydrates, but rather 
high-energy chemical substances such as hydrogen, hydrogen peroxide, 
formaldehyde, formic acid, methane, methanol, and, ethanol [9–12], 
among other light compounds. [13,14]. 

Among the different photocatalysts used for the photocatalytic 
reduction of CO2, titanium dioxide (TiO2) has been widely studied, 
mainly due to its wide availability, high chemical stability, high redox 
potential, corrosion resistance, low cost, and non-toxicity [15,16]. 
However, the photocatalytic activity of TiO2 for CO2 reduction is low, 
due to it fast rate of electronic recombination, low quantum efficiency, 
and forbidden band energy of 3.2 eV [17,18], which corresponds to UV 
radiation with a wavelength lower than 387 nm [8]. Although with 
limitations, this forbidden band feature allows sunlight to be used as a 
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radiation source to activate TiO2 since wavelengths in this range 
represent approximately 3–5% of the solar spectrum reaching the sur
face of the earth [8,15,18,19]. 

One way to exploit the solar visible light is using transition metals 
such as Cu [20], Fe [21] Pt, Ru [22], Ag [23], Au [24] to modify 
semiconductor crystal structures, lending to a displacement of energy 
band separation towards the visible light region, resulting in a decrease 
of electron-hole recombination rate and an increase of CO2 reduction 
rate. 

Within the group of transition metals, used to modify TiO2 crystal 
structure, noble metals such as Pt, Pd, Au, and Ag, have been studied as 
co-catalysts to help charge transfer, due to their specific work function 
values and low overpotential. However, the high cost of these metals, 
has limited their use as co-catalysts. Therefore, non-precious metals, 
such as Fe, Ni, Cu, and Co have been used to promote the photocatalytic 
reduction of CO2. [25–27]. 

Co is one of the cheapest metals (30.16 USD/g with a purity of 
99.99%) used to prepare photocatalysts [28]. Wang et al. [29] mention 
that cobalt-based photocatalytic materials (alloys, oxides, hydroxides, 
phosphides, sulfides, and molecular complexes) are highly stable and 
have demonstrated superior co-catalytic performance by increasing the 
photocatalytic activity of the host semiconductors through the 
improvement of their conductivity, narrowing their band gap and pre
senting abundant active sites. 

Selective production of alcohols from the CO2 photoreduction pro
cess represents an economically, sustainable alternative to use this gas, 
as it is possible to obtain a high-energy fuel with a high-octane number 
such as ethanol, isopropanol, and propanol. In Table 1, the chemical 
properties of gasoline and alcohols are reported. In this table, it can be 
seen that alcohols present an octane number similar to, or slightly higher 
as that of gasoline. Therefore, these alcohols can be used as a gasoline 
additive. However, CO2 photoreduction to produce alcohols is still 
questioned by the low conversion efficiency and the low selectivity of 
the products [30], which depend mainly on the type and concentration 
of the photocatalyst, as well as the performance of the reaction that 
involves the charges separation and charges transfer routes [9,31]. 

In this study, we investigated the possibility of improving CO2 
photoreduction with H2O for increasing alcohols production. It is 
assumed that CO2 adsorption on the photocatalyst surface is essential in 
the photocatalytic reduction process, and therefore, the increase in 
photocatalytic active adsorption sites may increase substantially the 
subsequent reaction steps of CO2 photoreduction with H2O. As CO2 can 
coordinate and bind to cobalt sites [36], we investigated the activity of 
cobalt deposited on TiO2 photocatalysts for the CO2 photoreduction 
with H2O. The photocatalytic process was studied using different Co 
concentrations and different photonic radiation sources. Alcohols pro
duction was determined analyzing the reaction products using FTIR 
gas-spectroscopy. 

2. Experimental 

2.1. Photocatalysts preparation 

The Co/TiO2 photocatalysts were synthesized by TiO2 incipient 
impregnation method, using the appropriate amount of Co(NO3)2•6 
H2O (Merck, 99.9%) solution to obtain nominal 1%Co/TiO2 and 10% 
Co/TiO2. The resulting mixture was stirred magnetically for 30 min at 
room temperature, after which the mixture was dried at 90 ◦C overnight. 
After the drying process, the catalyst was calcined at 900 ◦C for 4 h in 
air-flow (100 ml/min). The calcined samples were stocked in dry con
ditions and labeled as 1%Co3O4/TiO2 and 10% Co3O4/TiO2. A TiO2 
sample, without Co salt solution impregnation was prepared in the same 
conditions to be used as reference. 

2.2. Photocatalysts characterization 

2.2.1. High-resolution transmission electron microscopy (HR-TEM) 
The high-resolution transmission electron microscopic images of 1% 

Co3O4/TiO2 and 10% Co3O4/TiO2 were obtained in a JEM-ARM200CF, 
JEOL microscope (lattice resolution 78 pm, acceleration voltage 200 
kV). Before the microscopic analysis, the photocatalysts samples were 
dispersed in ethanol and drop casting on carbon coated copper grids. 

The size distribution histogram of cobalt nanoparticles was esti
mated by measuring the size of 100 Co particles for each photocatalyst 
sample. The mean size of cobalt nanoparticles dCo was calculated from 
Eq. (1): 

dCo =

∑
Vi

∑
Si

(nm) (1)  

where Vi and Si are the volume and surface area of the ith particle, 
respectively. 

The number of surface Co atoms per gram of photocatalyst was 
calculated considering the Co dispersion value DCo defined in Eq. (2): 

DCo =
Number of surface Co atoms

Number of Co atoms
(2) 

The number of surface Co atoms was estimated, assuming that the 
cobalt dispersion values DCo can be calculated from the cobalt surface 
area and the mean Co particle size data dCo (calculated from Eq. 1), 
according to Eq. 3 [37,38]. 

DCo =
6 • VCo

aCo
•

1
dCo

(3)  

where VCo is the cobalt atomic volume, and aCo is the average surface 
area occupied by one Co atom. The values of VCo and aCo were calculated 
as: 

VCo = MCo •
1021

ρ⋅NA

(
nm3) (4)  

aCo = πr2(nm2) (5)  

where MCo is cobalt molecular mass (58.93 g⋅mol− 1), ρ is the cobalt 
density (8.90 g⋅cm− 3), NA is de Avogadrós number (6.022 ×1023 

mol− 1), r is cobalt atomic ratio (0.152 nm). 
Using Eqs. (2) and (3), the number of surface Co atoms was 

estimated. 

2.2.2. X-ray photoelectron spectroscopy (XPS) 
The X-ray photoelectron spectra (XPS) of the photocatalysts were 

obtained using an Escalab 200 R electron spectrometer equipped with a 
hemispherical analyzer, operating in a constant pass energy mode. 
Monochromatic Mg Kα emission (hv = 1253.6 eV) from the X-ray tube 
operating at 10 mA and 12 kV was utilized for recording XPS spectra of 
the samples. To get good signal-to noise ratios, different energy regions 

Table 1 
Comparison of chemical properties of gasoline and alcohols [2,32–35].  

Properties Gasoline Ethanol Isopropanol propanol 

Molecular formula C4-C12 C2H5OH i-C3H7OH C3H7OH 
Molar mass (g/mol) 95–120 46 60 60 
Density (kg/m3) 710–770 789.4 809.0 809.7 
Oxygen content (%) 0 34.8 26.6 26.6 
Lower heating (MJ/kg) 43.5 26.77 30.44 30.63 
Latent heating (MJ/kg) 0.33 0.904 - 0.727 
Boiling point (◦C) 40–200 78.5 82 82.3 
Octane number 80–99 108 107 97 
Cetane number - 8 - 12–21  
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of the photoelectrons were scanned a number of times. 

2.2.3. Photoluminescence spectroscopy 
Room temperature photoluminescence spectra of the annealed cat

alysts were recorded in a FLS 1000 spectrofluorometer of Edinburgh 
Instruments, with 325 nm excitation from a Xenon-lamp. 

2.2.4. Diffuse reflectance spectroscopy UV-Vis (DRIFTS) 
Diffuse reflectance spectra were determined on dry-pressed disks 

(about 15 mm diameter) using a Shimadzu UV-2450 spectrophotometer, 
equipped with an integrating sphere. Blanks were run with a baseline 
correction, using BaSO4 as the reference standard. Spectra were ob
tained at room temperature in a wavelength range of 190–900 nm. 

2.3. Photocatalysts band-gap energy estimation 

Band-gap energy (Eg) indicates the energy difference between the top 
of the valence band and the bottom of the conduction band, i.e., it de
scribes the energy necessary to move an electron from the lower energy 
band (valence band) to a higher energy band (conduction band). 
Accordingly, band-gap energy value measures the photophysical and 
photochemical properties of the photocatalysts. 

The band-gap energy of the photocatalysts (Eg) was determined by 
intercepting a fitted straight line in the linear region of the UV–vis 
spectrum of the sample with the wavelength axis. This intercept value 
was used to calculate Eg from Plancḱs equation (Eq. 6). 

Eg =
hc
λ

=
1239.84(eV • nm)

λ(nm)
(6)  

where h is the Planck constant (4.135667 ×10− 15 eV•s), c is the light 
velocity constant in vacuum (2.997924 ×1017 nm•s− 1), and λ is the 
wavelength measured at the interception. 

The Tauc method was used to calculate Eg value and the type of 
transitions of the photocatalysts. In this method, it is established that the 
absorption coefficient α is energy dependent and can be expressed by Eq. 
7 [39]. 

(αhυ)n
= A∗

(
hυ − Eg

)
(7) 

α is defined by the Beer-Lambert́s law as α(λ) = (2.303⋅A)/Ɀ, where Ɀ 
and A are the thickness and absorbance of the analyzed photocatalyst, 
respectively, v is the photońs frequency, and A* is a constant. The n 
factor depends on the nature of electron transition and can be equal to ½ 

or 2 for the indirect or direct transition band-gaps respectively. To apply 
the Tauc method, the optical absorbance data of the photocatalysts were 
plotted as a function of the incident photon energy. 

2.4. Measurement of the irradiation intensity of the used photonic sources 

The radiant sources used to perform the photocatalytic CO2 reduc
tion using Co/TiO2 photocatalysts, were the following: (i): a short-wave 
Hach UV lamp (254 nm), (ii) 60-watts and 100-watts lamps (600 nm), 
and (iii) 14-watts led spotlight (600 nm). The UV radiation intensity of 
the photonic sources was measured using an UVX model UVP radiom
eter, equipped with three interchangeable sensors to determine different 
UV wavelengths: short wavelength (254 nm, UVc), medium wavelength 
(310 nm, UVb), and long wavelength (360 nm, UVa). The total irradi
ation of the visible photonic sources was determined using a MacSolar 
pyrheliometer, with an irradiant intensity detection between 0 and 
1500 W/m2. 

2.5. Photocatalytic CO2 reduction 

Photocatalytic CO2 reduction reactions were performed in a batch 
reactor, with an effective volume of 1 L, made of Pyrex-glass provided 
with a quartz-window, that allows light radiation to pass through. The 
CO2 photoreduction system is shown in Fig. 1. The reaction conditions 
were as follows: 100 ml of distilled water as electron donor agent and 
10 g of photocatalyst were deposited into the reaction system. A 100 ml/ 
min CO2 gas flow (99.98% INFRA) was bubbled in the water contained 
in the reactor for 15 min, to remove the air out of the reactor and to 
dissolve CO2 in the water. The reaction conditions were adjusted to at
mospheric pressure at 30 ± 2 ◦C. The reactor was illuminated using the 
different radiant sources for 1 h. 

After one hour of irradiation, a 10 ml gas sample was extracted by 
entrainment with CO2 bubbling in the liquid phase at flow rate of 10 ml/ 
min and analyzed by Fourier Transform Infrared (FTIR) spectroscopy 
using a Bruker Vertex 70 model spectrophotometer. The sample was 
analyzed using 150 scans in Attenuated Total Reflectance (ATR) mode 
with a resolution of 4 cm− 1. The reference gas used was Helium (INFRA 
99.99%). The quantitative determination of the products formed was 
estimated using the Grams/AI 7.02 Software. 

The stability tests of the photocatalysts, were performed by repeating 
the process 10 times using the same photocatalyst sample. 

The photoreduction quantum efficiency (Ф) (%) for alcohols pro

Fig. 1. Experimental setup for photoreduction of CO2 with H2O. 1) CO2 working tank, 2) CO2 feed flow, 3) Pyrex-glass reactor, 4) Photocatalyst and H2O 5) Quartz 
window, 6) Photonic radiation source, 7) Reaction gas outlet, 8) FTIR spectrophotometer, 9) Quantitative determinations. 
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duction was calculated from Eq. 8. 

Φ(%) =
re− ⋅Product formation rate

(
mol

h

)

incident photon rate
(

mol
h

) • 100% (8) 

where re
- is the number of moles of electrons required to reduce 1 mol 

of CO2 to 1 mol of a desired alcohol [40]. 
The incident photon rate can be calculated by Eq. 9 [41]. 

incident photon rate =
I(W/m2) • A(m2)

h(J • s) • c(m/s)/λ(m)
(9) 

where I is the incident light intensity, A is de area of light irradiation 
projected on the reactor, h is the Planck constant (6.626 ×10− 34 J⋅s), c 
(2.997 ×108 m⋅s− 1) is the speed light and λ is the wavelength of the light 
(600 nm). 

The alcohols selectivity was calculated using Eq. 10. 

selectivityi =
[especie]i

∑n

i
[especie]i

(10)  

3. Results and discussion 

3.1. Catalyst characterization 

3.1.1. HR-TEM study of the photocatalysts 
HR-TEM images of fresh 1%Co3O4/TiO2 and 10% Co3O4/TiO2 are 

shown in Fig. 2. Formation of spherical shaped cobalt nanoparticles of 
varying sizes over TiO2 surface can be observed. Fig. 3 shows the cobalt 
particle size distribution on TiO2 surface. From the images, it can be seen 
that the particles present a homogeneous size distribution, as most sizes 
are grouped in the center of the graph. The mean Co particles size (dCo) 
and the cobalt dispersion values (DCo), were calculated from HR-TEM 
images. The number of surface Co atoms in the photocatalysts was 
calculated from dispersion values. The estimated values are summarized 

Fig. 2. HR-TEM micrographs of photocatalysts: a) 1%Co3O4/TiO2, b) 10% 
Co3O4/TiO2. 

Fig. 3. Cobalt particle size distribution on TiO2 surface: a) 1%Co3O4/TiO2, b) 
10% Co3O4/TiO2. 

Table 2 
Photocatalysts characterization data.  

Photocatalyst dCo 

(nm) 
DCo 

(%) 
Number of total Co 
atoms⋅gcat

− 1 
Number of surface Co 
atoms⋅gcat

− 1 

1%Co3O4/ 
TiO2  

29.03  3.15 1.02 × 1020 3.22 × 1018 

10%Co3O4/ 
TiO2  

21.98  4.17 10.21 × 1020 42.50 × 1018  
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in Table 2. 

3.1.2. X-ray photoelectron spectroscopy characterization of the 
photocatalysts 

XPS analysis was performed on TiO2 and 1%Co3O4/TiO2 photo
catalysts. The survey analysis of pure TiO2 and 1%Co3O4/TiO2 are dis
played in Fig. 4. The estimated binding energy (BE) values of Ti 2p3/2 
and Co 2p3/2 levels and atomic percentages of Co and Ti species in 
different oxidation states are presented in Table 3. 

The high-resolution XPS spectrum of TiO2 sample, displayed in 
Fig. 5, revealed two peaks ascribed to Ti 2p3/2 and Ti 2p1/2 with single 
components located at the binding energies 458.32 eV and 464.05 eV, 
corresponding to the valence state of Ti4+ ions in TiO2 [42–45]. As can 
be seen, these emission bands revealed that Ti is present only as Ti4+. 

The high-resolution XPS spectrum of 1%Co3O4/TiO2 sample displayed 
in Fig. 6(a), shows two peaks at 458.57 eV and 464.57 eV ascribed to Ti 
2p3/2 and Ti 2p1/2 respectively. The Ti 2p components are well decon
voluted into four peaks. The peaks appearing at 458.4 eV and 464.27 eV 
correspond to Ti4+ and the peaks at 459.75 eV and 465.37 eV are 
assigned to Ti3+ electronic state [42–44, 46]. The results suggest that Co 
presence leads to the generation of the valence state of Ti3+ ions at TiO2 
surface. The XPS analysis indicated about 67% Ti4+ and 33% Ti3+ at the 
photocatalyst surface. 

Fig. 6(b) shows the high-resolution XPS spectrum of the Co 2p 
component in 1%Co3O4, which revealed two spin-orbit split lines at 
780.68 and 796.48 eV corresponding to Co 2p3/2 and Co 2p1/2, 
respectively, separated by 15.8 eV [47]. The peaks at 782.37 and 780.04 
in the Co 2p3/2 component, can be attributed to Co2+ and Co3+ oxidation 
states, respectively. Whereas the peaks at 798.88 eV and 796.08 eV in 
Co 2p1/2, can be attributed to Co2+ and Co3+ oxidation states, respec
tively [45, 48–50]. Additionally, both Co 2p3/2 and Co 2p1/2 compo
nents contain their corresponding satellite peaks. These results suggest 
the presence of oxidized Co, evidencing the interaction between Co 
atoms and O atoms [48]. The analysis revealed a higher % peak area of 
Co3+ (71%) related to that of Co2+ (29%). The XPS estimated Co/Ti ratio 
in the photocatalyst indicates that about 27% of the Ti surface atoms is 
covered by cobalt species (Table 3). 

Fig. 4. Survey analysis of photocatalysts.  

Table 3 
Binding Energy positions of the components and Co/Ti atomic ratio of the 
photocatalysts. The % peak area of Ti4+, Ti3+, Co3+ and Co2+ components are 
presented in parentheses.  

Photocatalyst Ti 2p3/2 

(eV) 
Ti 
oxidation 
state 

Co 2p3/ 

2 

(eV) 

Co 
oxidation 
state 

Co/Ti 
atomic 
ratio 

TiO2  458.08 (100) Ti4+ — —   
1%Co3O4/ 

TiO2  

459.75 (33) Ti3+ 780.04 
(71) 

Co3+ 0.27   

458.40 (67) Ti4+ 782.37 
(29) 

Co2+

Fig. 5. XPS spectrum of Ti on pure TiO2.  

Fig. 6. High-resolution XPS spectrum of a) Ti 2p and b) Co 2p in 1% 
Co3O4/TiO2. 
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3.1.3. Photoluminescence spectra of the photocatalysts 
Fig. 7 represents the photoluminescence spectra of the photo

catalysts. As can be seen in the figure, the pristine TiO2 sample revealed 
emissions in the 400–600 nm range, with the principal emission peak 
around 460 nm. However, the position of the principal emission band in 
the 1%Co/TiO2 sample, shifted to 465 nm and that in the 10%Co/TiO2 
sample, shifted to 477 nm. Apart from this principal emission band, the 
emission spectra of all the catalysts revealed one hump at the higher 
energy side (around 420 nm) and one low-intensity band at the lower 
energy side (around 538 nm). The characteristics of the emission bands 
of the photocatalysts are very similar to those of the emission bands in 
sol-gel Co-doped TiO2 nanoparticles reported by Choudhury et al. [51]. 
While the hump appeared around 420 nm has been associated with 
self-trapped excitons (STE), localized on TiO6 octahedra, the bands that 
appeared around 460 and 538 nm, have been associated with oxygen 
vacancies. 

As can be noticed, the emission bands in the Co-incorporated TiO2 
samples, clearly indicates a reduction of charge-carrier recombination 
due to the formation of trap-states at the band-gap of TiO2 or formation 
of heterostructure between TiO2 and Co3O4, reducing the rate of 
electron-hole recombination. A reduction of the recombination rate of 
the photogenerated charge carriers in the system, also enhances the 
carrier lifetime. As the intensity of emission in the 1%Co/TiO2 photo
catalyst is lower than that in the 10%Co/TiO2 photocatalyst, the carrier 
lifetime in the earlier sample is expected to be longer than in the latter 
(10%Co/TiO2) sample. 

3.1.4. Diffuse reflectance spectra of the photocatalysts 
To investigate the effect of cobalt addition on TiO2 photoactivity for 

CO2 photoreduction, 1%Co3O4/TiO2, and 10%Co3O4/TiO2 photo
catalysts were prepared and characterized by their UV-Vis diffuse 
reflectance spectra, measured in diffuse reflectance mode in the UV-Vis 
spectral range (Fig. 8). In these spectra, the following facts can be 
observed. 

TiO2 exhibited strong optical absorption in the UV range appearing 
between about 400–200 nm. This absorption band is attributed to the 
charge transfer from TiO2 valence band, formed mainly by the 2p or
bitals of the oxide anions (O2-) to the conduction band, formed by the 3d 
t2g orbitals of the Ti4+ cations [52]. 

It can be observed in Co/TiO2 spectra, a red-shift of the absorption 
band of TiO2. Therefore, a decrease in the TiO2 band-gap value was 
measured. This fact can be attributed to the presence of cobalt in the 
TiO2 surface, that modifies its band structure at the interface and forms 
additional absorption bands near the Fermi level of TiO2 [22,53]. It can 
also be observed that presence of Co in TiO2, generated new absorption 
bands in the visible region, between 415 and 850 nm. 

According to Chen et al. [54] the absorption bands between 535 and 
700 nm over Co/TiO2 spectra, can be attributed to the 2E(G), 4T1(P), 
2A1(G)→ ground state 4A2(F) transition for high-spin Co2+ (3d7) in 
tetrahedral coordination. On the other hand, Qu et al. [55], suggested 
that the bands observed around 535 and 610 nm are owing to the crystal 
field splitting, the band 3d7 associated with Co2+ ions splitting into two 
sub-bands, which are called Co2+→Ti4+ charge-transfer bands. 

The absorption bands at 437 nm and 739 nm over Co/TiO2 can be 
assigned to 1A1 g → 1T2 g and 1A1 g → 1T1 g transitions of Co3+ ions in 
octahedral symmetry. These results show that both ions (Co2+ and Co3+) 
are present at the surface of Co/TiO2 photocatalysts [54]. 

The band gap energies of the photocatalysts were calculated by 
Plancḱs equation, determined by intercepting a straight line fitted in the 
linear region of the spectrum with the wavelength axis (Fig. S1, Sup
plementary Material). The estimated Eg values are reported in Table 4. It 
can be seen for Co/TiO2 catalysts, that addition of Co to TiO2 resulted in 
a lowering of its band gap energy. It can also be observed that the 
decrease in band gap energy was higher for 10% Co3O4/TiO2 than for 
1%Co3O4/TiO2. 

The Tauc method was used to calculated Eg values for direct (n = 2) 
(Fig. S2) and indirect transitions (n = 1/2) (Fig. S3), according to Eq. 7. 
In Table 5, the band-gap estimations using the Tauc method have been 
reported. In this table, TiO2 band gap energy values of 3.20 eV and 
2.98 eV, can be observed, corresponding to allowed direct and indirect 
transitions respectively. These values, suggest that TiO2, calcined at 

Fig. 7. Photoluminescence emission spectra of the photocatalysts annealed at 
900 ◦C for 4 h. 

Fig. 8. UV–vis spectra of photocatalysts.  

Table 4 
Band gap energy of the photocatalysts estimated according to Planck’s equation.  

Photocatalysts Eg (Plancḱs equation) 
(eV) 

Ti4+ Co2+ Co3+

TiO2  2.97     
1%Co3O4/TiO2  2.72  1.65  1.93 
10%Co3O4/TiO2  2.61  1.71  2.24  

Table 5 
Band gap energy of photocatalysts estimated according to Tauc method.  

Photocatalyst Eg (Tauc method) 
(eV) 

Direct transitions Indirect transitions 

Ti4+ Co2+ Co3+ Ti4+ Co2+ Co3+

TiO2  3.20      2.98     
1%Co3O4/TiO2  2.91  1.80  2.47  2.78  1.78  2.19 
10%Co3O4/TiO2  2.85  1.85  2.51  2.59  1.75  2.31  

D. Montalvo et al.                                                                                                                                                                                                                              



Applied Catalysis B: Environmental 330 (2023) 122652

7

900 ◦C, is composed mainly of rutile phase. The assumption is supported 
by Tobaldi et al. [56], who determined, (in a study of TiO2, calcined at 
800 ◦C, using the Tauc method), a band gap energy value of 3.07 eV for 
the direct allowed transition and 2.91 eV for indirect allowed transition. 

In Table 5, it can be seen, for 1%Co3O4 and 10%Co3O4/TiO2 pho
tocatalysts, that addition of Co to TiO2 resulted in a lowering of its band 
gap energy values, for direct and indirect transitions. It can also be 
observed that the decrease in the band gap energy was higher for 10% 
Co3O4/TiO2 than for 1%Co3O4/TiO2. The difference in band-gap energy 
decrease may be due to the higher number of Co surface atoms inter
acting with TiO2 in 10%Co/TiO2 than in 1%Co3O4/TiO2, as determined 
from HRTEM analysis (Table 2). These results, are in agreement with 
Song et al. [57] who reported for TiO2, in calcined Co/TiO2 photo
catalyst, a band gap energy of 2.72 eV, which is lower than that of 
pristine TiO2 (3.10 eV). The red-shift of the band, was explained, 
considering electronic transitions from the TiO2 valence band to the Co 
level or from the Co level to the TiO2 conduction band. 

In the Co/TiO2 photocatalysts spectra (Fig. 8), it can be seen, a band 
spanning 500–700 nm, which can be attributed to Co2+ transitions, as 
was suggested by G. et al. [58] and Xiuhua et al. [59], who studied a 
calcined Co/TiO2 photocatalyst. These authors report, for the catalyst 
UV-Vis spectrum, an absorption band in the visible region from 610 nm 
to 700 nm, corresponding to Co2+. In the spectra shown in Fig. 8, it can 
be seen for Co/TiO2 catalysts, a band spreading between 700 and 
900 nm, and a small shoulder appearing between about 425 and 
480 nm. Both bands can be associated to O2-→ Co3+ transition. 

3.2. Photonic intensities estimation 

In Table 6, the different UV radiation intensities estimated for the UV 
and visible light sources used to investigate the photocatalytic process 
are reported. As can be seen, 100-watt, 60-watt and 14-watt visible light 
lamps, also emitted UV radiation. In the table, it can also be observed, 
the values of the total irradiation intensity measured inside the photo
reactor, using the visible photonic sources. 

3.3. Photocatalytic CO2 reduction with H2O 

To evaluate the effect of radiation energy, on CO2 photoreduction 
accelerated by TiO2, 1%Co3O4/TiO2 and 10%Co3O4/TiO2, four different 
photonic radiation sources were used (Table 6). The effect of Co loading 
in Co/TiO2 photocatalysts for CO2 photocatalytic reduction was also 
investigated. The photocatalysts were prepared with two different co
balt concentrations: 1%Co3O4/TiO2 and 10%Co3O4/TiO2. After 1 h of 
irradiation, the gas samples were obtained by bubbling CO2 in the re
action liquid phase. These samples may contain the molecules of the 
products dissolved in the reaction medium and the molecules of the 
volatile products entrained by the CO2 flow. The gas samples were 
analyzed by FTIR spectroscopy. 

A blank reaction was performed, without the photocatalyst, under 
similar reaction conditions (2.5 Photocatalytic CO2 reduction). For this 
reaction, no product formation was detected under any of the radiation 
sources. 

In Table 7, the results of the quantitative analysis of the gas samples 
are presented for CO2 photoreduction during irradiation with UV light 
using TiO2, 1%Co3O4/TiO2 and 10%Co3O4/TiO2 as photocatalysts and 
Fig. 9 shows the distribution of the detected main products: ethanol, 
propanol and isopropanol. In the figure, it can be seen that during UV 
irradiation, 1%Co3O4/TiO2 and 10%Co3O4/TiO2 presented higher ac
tivities than that of TiO2 for isopropanol and propanol production, 
suggesting a promotional effect of Co on TiO2 photoactivity under UV 
irradiation. In the figure, it can be seen that a small activity of the three 
catalysts for ethanol production was measured. 

The photocatalytic activity of TiO2 irradiated with UV light for 
methanol production through CO2 photoreduction, has been studied by 
Wang et al. [60]. On the other hand, Olivo et al. [61] showed that the 
CO2 photoreduction catalyzed by TiO2, at high H2O/CO2 molar relation, 
generated peroxocarbonate species, which are further reduced to formic 
acid, formaldehyde and methanol. This reaction route is explained, 
assuming that the CO2 hydrogenation rate is higher than its deoxygen
ation rate, leading to the formation of oxygenated hydrocarbons. On the 
other hand, Spadaro et al. [20], using Cu/TiO2 as photocatalyst, for CO2 
photoreduction with H2O, detected formaldehyde, acetaldehyde and 
ethanol production. The authors suggested that the CO2 photoreduction 
process in water involved a variable reaction network, due to the large 
number of possible reactions and of electrons transferred between 
photogenerated carriers and species within the reaction system. 

The absorption spectra of 1%Co3O4/TiO2 and 10%Co3O4/TiO2 in the 
UV–vis spectral range, shown in Fig. 8, revealed strong absorption band 
spanning 400–800 nm corresponding to Co2+ and Co3+ absorption in 
the visible region. The increase of TiO2 photocatalytic activity in pres
ence of Co, can be explained, considering the increase in the recombi
nation time of the excited electrons in the conduction band of TiO2 as 

Table 6 
UV radiation intensity of photonic sources.  

Source UV radiation intensity 
(µW/cm2) 

Total visible radiation 
intensity 
(W/m2)  

360 nm 310 nm 250 nm  

100-watt light 
bulb  

17.3  3.5  3.2 364 

60-watt light bulb  14.2  3.5  3.0 328 
14-watt led 

spotlight  
2.1  1.5  1.6 122 

UV lamp  56.2  51  1070 —  

Table 7 
Products detected by FTIR spectroscopy, during photocatalytic CO2 reduction 
with H2O, catalyzed by TiO2, 1%Co3O4/TiO2 and 10%Co3O4/TiO2, using UV 
lamp as radiation source.  

Products 
(µmol/gcat⋅h) 

Photocatalyst 

TiO2 1%Co/ TiO2 10%Co/ TiO2 

Carbon monoxide  0.19  0.20  0.16 
Hydrogen peroxide  0.45  0.28  0.41 
Formic acid  0.01  0.01  0.01 
Acetone  0.17  0.16  0.14 
Acetaldehyde  0.01  0.09  0.09 
Formaldehyde  0.01  0.01  0.01 
Propionaldehyde  0.01  0.01  0.01 
Methanol  0.01  0.01  0.01 
Ethanol  3.16  1.83  2.44 
Isopropanol  5.32  9.76  8.07 
Propanol  2.49  5.27  8.87  

Fig. 9. Ethanol, isopropanol, and propanol production on TiO2-based photo
catalysts under UV irradiation. 

D. Montalvo et al.                                                                                                                                                                                                                              



Applied Catalysis B: Environmental 330 (2023) 122652

8

proposed by Kumar Singh et al. [62] and Usubharatana et al. [63]. The 
highest production of isopropanol under UV irradiation was detected 
from the photocatalyzed CO2 reduction with H2O, using 1%Co3O4/TiO2 
as photocatalyst, while the highest propanol production was detected 
when the reaction was photocatalyzed by 10%Co3O4/TiO2. 

In Table 8, the results of the quantitative analysis of the gas samples 
are presented for CO2 photoreduction during visible irradiation with a 
60-watts light bulb (328 W/m2), using TiO2, 1%Co3O4/TiO2 and 10% 
Co3O4/TiO2 as photocatalysts and Fig. 10 shows the distribution of the 
detected main products: ethanol, propanol and isopropanol. The figure 
shows that TiO2 presented lower activity related to that of 1%Co3O4/ 
TiO2 and 10%Co3O4/TiO2. However, 1%Co3O4/TiO2 manifested the 
highest photocatalytic activity, generating about 5, 22, and 12 µmol/ 
gcat⋅h for ethanol, isopropanol and propanol respectively. 

The results presented are in agreement with Ola et al. [64] who re
ported methanol and ethanol photocatalytic production, using V, Cr, 
and Co deposited on TiO2 as photocatalysts and visible light as radiation 
source. These authors reported that the optimum methanol and ethanol 
production was attained using 1%Co3O4/TiO2 as photocatalyst. The 
results shown in Figs. 9 and 10 demonstrate the crucial effect of photon 
energy in the photoreduction reaction of CO2 with H2O. 

The total alcohols production was higher when it was photocatalyzed 
by 1%Co3O4/TiO2 than by 10%Co3O4/TiO2. This result can be explained 
considering that increased electron-hole recombination rate may in
crease, with higher Co concentration, due to increased Co2+ and Co3+

species, which act as electron or hole traps, increasing the electron-hole 
recombination probability, as it has been reported in the literature [65, 
66]. 

On the other hand, a probable cause of the reduced photoactivity of 
10%Co3O4/TiO2 related to that of 1%Co3O4/TiO2 can be attributed to 

the higher coverage of TiO2 surface with increased Co ions in 10% 
Co3O4/TiO2, which can strongly reduce interfacial charge transfer be
tween Co species and TiO2. This suggestion is supported by the number 
of surface Co atoms/g photocatalyst values estimated for the photo
catalysts. As can be seen in Tables 2, 1%Co3O4/TiO2 presented a 
strongly lower number of surface Co atoms/g photocatalyst 
(3.22 ×1018) than 10%Co3O4/TiO2 (42.50 ×1018). 

In Tables S1 and S2 (Supplementary Material), the results of the 
quantitative analysis of the gas samples are presented for photocatalytic 
CO2 reduction during visible irradiation with a 14-watt light bulb 
(122 W/m2), and with a 100-watt light bulb (364 W/m2) respectively. 
The tables show that using these radiation sources resulted in lower 
amounts of all the products for photocatalytic CO2 reduction compared 
to those generated using a 60-watt light bulb (328 W/m2). 

In order to determine the stability of the photocatalysts, recycling 
tests over TiO2, 1%Co3O4/TiO2 and 10%Co3O4/TiO2 were performed. 
The ethanol, propanol and isopropanol yield as a function of the number 
of photocatalytic CO2 reduction cycles under UV and visible (60-watts 
light bulb) irradiation are presented in Figs. S4, and S5 (Supplementary 
Material) respectively. In these figures, it can be seen that even after 10 
cycles, the activity of the photocatalysts remained almost unaltered, 
indicating a strong stability during the photocatalytic CO2 reduction 
under UV and visible irradiations. 

3.4. CO2 photoreduction test on visible irradiance function and cobalt 
concentration via design of experiments (DOE) 

To deepen the investigation on the photocatalytic CO2 reduction 
with H2O using TiO2, 1%Co3O4/TiO2 and 10%Co3O4/TiO2 photo
catalysts, we evaluated the combined effects of cobalt concentration and 
the intensity of the luminous irradiance generated by the different 
visible-light sources used in this study, on the evolution of total alcohols 
production. The evaluation was performed following a 32-factorial 
design of experiments (DOE). The factorial design independent variables 
considered for the evaluation are: Factor A, which is the concentration of 
cobalt deposited on the TiO2 surface (0 wt%, 1 wt%, and 10 wt%) in the 
low, medium, and high levels. The codified variables of the concentra
tions are − 1, 0, and + 1 respectively; Factor B is the intensity of irra
diance on the illuminated surface, inside the reactor: 122, 328, and 
364 W/m2 corresponding to 14-watt led spotlight, 60-watt light bulb 
and 100-watt light bulb respectively, in the low, medium, and high 
levels. The codified variables of the intensities are − 1, 0, and + 1 
respectively. 

As a response variable, the total µmoles of the produced alcohols 
during 1 h of reaction was calculated. Table 9 presents the experimental 
design matrix with the coded factors and the response variables. 

The data obtained from the development of the design of experi
ments were applied to calculate the yield, the quantum efficiency and 
the selectivity, for each of the main products (ethanol, isopropanol and 

Table 8 
Products detected by FTIR spectroscopy, during photocatalytic CO2 reduction 
with H2O, catalyzed by TiO2, 1%Co3O4/TiO2 and 10%Co3O4/TiO2, under 
328 W/m2, using visible lamp as radiation source (60-watt light bulb).  

Products 
(µmol/gcat⋅h) 

Photocatalyst 

TiO2 1%Co/ TiO2 10%Co/ TiO2 

Carbon monoxide  0.41  0.30  0.13 
Hydrogen peroxide  0.65  0.61  0.39 
Formic acid  0.01  0.01  0.01 
Acetone  0.04  0.15  0.09 
Acetaldehyde  0.12  0.49  0.02 
Formaldehyde  0.01  0.01  0.03 
Propionaldehyde  0.01  0.05  0.05 
Methanol  0.03  0.01  0.03 
Ethanol  2.22  4.63  2.71 
Isopropanol  13.26  22.05  11.70 
Propanol  3.80  12.12  12.67  

Fig. 10. Ethanol, isopropanol, and propanol production on TiO2-based photo
catalysts under visible radiation (60-watts light bulb, 328 W/m2). 

Table 9 
Factorial design matrix for CO2 photoreduction with H2O.  

Run Natural factors Coded 
factors 

Total response  

Co concentration 
(%) 

Irradiance intensity 
(W/m2) 

A B Total alcohols 
production 
(μmol/gcat⋅h)  

1  0  122  -1  -1  7.657  7.823  
2  1  122  0  -1  19.530  19.030  
3  10  122  1  -1  26.576  27.131  
4  0  328  -1  0  25.189  26.243  
5  1  328  0  0  37.062  40.557  
6  10  328  1  0  22.137  21.804  
7  0  364  -1  1  22.637  24.190  
8  1  364  0  1  23.580  30.626  
9  10  364  1  1  26.465  21.693  
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propanol). 
Table 10 shows the results of the calculated yields. In the table, it can 

be seen that the cobalt concentration has a significant effect on the 
obtained amounts of the main products. When 1%Co3O4/TiO2 photo
catalyst is used, the yields of ethanol and isopropanol were highest. 
However, 10%Co3O4/TiO2 generated the highest yield of propanol, in 
the same photoreaction conditions. 

Table 11 shows the results of the quantum efficiency and selectivity 
in the photoreduction of CO2. It can be seen that, the quantum efficiency 
(calculated using Eq. 8) of the main products, deceased as the irradiation 
intensity increased. The selectivity calculated using Eq. 10 for the main 
products, evolved similarly as the measured yield, i.e., the selectivity of 
ethanol and isopropanol decreased with the increase in the concentra
tion of cobalt in the photocatalyst. The selectivity estimations revealed 

that the medium level of irradiation intensity (328 W/m2) is the optimal 
level for the highest selectivity of these photoreduction products. On the 
other hand, the selectivity of propanol increased with increasing cobalt 
concentration and with irradiation intensity. 

The total concentration of produced alcohols was the sum of the 
concentrations of ethanol, isopropanol and propanol measured during 
each run carried out in the design of experiments. The data obtained of 
the total concentration of alcohols in the photoreduction of CO2 was 
statistically analyzed using the statistical Minitab® software 21.1 
version. The results reported in the Pareto Charts (Fig. 11) show stan
dardized effects for both variables. Both factors (Co concentration and 
irradiation intensity) have a statistically significant effect on total al
cohols production. In Fig. 11, it can be observed an AB interaction effect, 
indicating that both variables are dependent on each other. 

The main effects plot (Fig. 12) showed the strong effect of cobalt 
concentration and total intensity of irradiance on the total alcohols 
production, being the medium point of each analyzed factor, the optimal 
values in the studied interval proposed for the highest alcohols pro
duction from the CO2 photoreduction with H2O. 

The combined-effects plot (Fig. 13) showed that the highest pro
duction of total alcohols is found in the intermediate levels of both 
factors, and then decreases in the high levels, i.e., there is a curvature 
effect on the alcohols production from CO2 photoreduction with H2O 
process, as a function of cobalt concentration and irradiance intensity. 
This effect can be explained considering the interaction of two 

Table 10 
CO2 photoreduction yields over different reaction conditions.  

Run Product yield (µmol⋅gcat
− 1⋅h− 1) 

C2H5OH iC3H7OH C3H7OH  

1  1.997  3.551  2.192  
2  3.107  9.931  12.678  
3  1.970  8.239  13.205  
4  2.219  13.260  3.801  
5  4.633  22.054  12.123  
6  2.719  11.707  12.678  
7  4.494  10.930  11.429  
8  2.108  6.380  13.482  
9  2.580  6.713  14.786  

Table 11 
CO2 photoreduction activities over different reaction conditions.  

Run Quantum efficiency 
(%) 

Selectivities 
(%) 

C2H5OH iC3H7OH C3H7OH C2H5OH iC3H7OH C3H7OH  

1  0.041  0.109  0.068  28.80  45.88  28.32  
2  0.064  0.306  0.390  12.08  38.62  49.30  
3  0.040  0.254  0.407  8.41  35.19  56.40  
4  0.017  0.152  0.044  11.51  68.78  19.71  
5  0.035  0.253  0.139  11.94  56.83  31.240  
6  0.021  0.134  0.145  10.03  43.19  46.78  
7  0.031  0.113  0.118  16.74  40.70  42.56  
8  0.015  0.066  0.139  9.59  29.04  61.37  
9  0.018  0.069  0.153  10.71  27.88  61.41  

Fig. 11. Pareto Charts for cobalt concentration and irradiance on total alcohols 
production from DOE tests. 

Fig. 12. Main effects plot of cobalt concentration and total intensity irradiance 
on total alcohols production. 

Fig. 13. Combined-effects plot of cobalt concentration and total intensity of 
irradiance on total alcohols production. 
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phenomena: 1) the formation of additional recombination sites, and 2) 
the increase in the rate of charge recombination. This assumption was 
mentioned by Ola et al. [64], who concluded that a too strong doping, 
induces additional formation of charges recombination centers. On the 
other hand, Olivo et al. [67] mention that only a fraction of the radiant 
flux is necessary to activate all the available photocatalytic sites, 
therefore, an increase in this flux does not provide an increase in the 
formation of products. Herrmann [68] mentioned that the formation of 
products at low irradiances is proportional to the input photon flux, 
while high irradiance values could increase the recombination rate. In 
other words, there are optimal Co surface concentrations combined with 
optimal irradiation intensity for the desired alcohols generation. 

With the purpose of modelling the process for obtaining alcohols 
from CO2 photoreduction with H2O, a regression analysis was performed 
to describe the evolution of the total alcohols concentration through a 
mathematical model based on the factors evaluated. 

Fig. 14 shows the response surface in the obtention of total alcohols 
and the fit of the second-order model to the experimental data (Eq. 11). 

T.A. = 33.45+ 3.45x+ 2.67y − 7.42x2 − 4.61xy − 6.77y2 (11)  

where T.A. is the total alcohols production in µmol/gcat⋅h, x is cobalt 
concentration and y is the total intensity of irradiance, The goodness of 
fitting, of the model was calculated from the coefficient of determination 
(R2 = 0.72) and, the root mean square error (RMSE), calculated from Eq. 
12, which shows the difference between the predicted values and the 
observed values of the model. 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N

∑N

i=1
(predicted − observed)2

√
√
√
√ = 4.11 (12) 

In regression analysis of variance, the f statistic allows to decide if 
there is a significant relationship between the dependent variable and 
the independent variables. Since our statistical value F is greater than 
the critical value F (prob>F), we can conclude that there is a significant 
relationship between the dependent variable and the independent var
iables, as can be seen in Table S3 (Supplementary Material). 

3.5. Mechanistic considerations 

The XPS and UV–vis spectroscopic analysis of the Co/TiO2 photo
catalysts revealed that cobalt is in the Co2+ and Co3+ oxidation states. 
These oxidation states might indicate the presence of CoO and Co3O4. 
Now, it is well known that the Co3O4 stoichiometric molecular compo
sition is (Co2+)(Co3+)2O4 [69], which indicates a cobalt species ratio of:  

Co2+ /Co3+ = 0⋅5                                                                                  

The XPS analysis results presented in Table 4, revealed for Co/TiO2 
photocatalyst, a ratio of cobalt species % peak-area of:  

Co2+/Co3+ = 29/71 = 0⋅4                                                                      

which is close to that of cobalt species in Co3O4 molecule. This result 
suggests the presence of mainly Co3O4 at the photocatalysts surface. 

This assumption is supported by the standard Gibbs’ energy of for
mation (ΔGf

0) of Co3O4 estimated by M. Kale et al. The value is calcu
lated according to the Reaction (1), for a temperature (T) range between 
1130 and 1230 K [70]. 

Fig. 14. Response surface on total alcohols production.  

Fig. 15. Schematic presentation of the energy transfer during photocatalytic CO2 reduction with H2O, under UV light irradiation, using Co/TiO2 photocatalysts.  
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3CoO(s)+ 1/2O2(g)→Co3O4(s) (R1)  

ΔG0
f = − 157, 235Jmol− 1 +(127.53T)Jmol− 1K− 1 (13) 

As our photocatalysts were calcined at 900 ◦C (1173 K), the esti
mated value for ΔGf

0 is: 

ΔG0
f = − 42, 458Jmol− 1 (14) 

This value indicates that Co3O4 formation is spontaneous at 900 ◦C. 
Therefore, it is probable that mainly Co3O4 may be present at the Co/ 
TiO2 photocatalysts surface. 

3.5.1. Activity of TiO2 for photocatalytic CO2 reduction with H2O 
To explain the effect of energy irradiation and of Co presence, on the 

activity of TiO2 for the photocatalytic CO2 reduction with H2O, it is 
convenient to analyze first the results obtained for TiO2 photocatalyst. 
As shown in Figs. 9 and 10, the photoactivity of TiO2 for alcohols pro
duction is higher with visible light irradiation using a visible 60-watt 
light-bulb, than using UV light as radiation source. This fact can be 
explained, on one hand, considering that UV irradiation leads to higher 
electron-hole recombination rate than visible light irradiation, leading 
to lower electron injection to adsorbed CO2 and to reaction in
termediates, thus, resulting in lower photocatalytic reduction rate, as it 
was demonstrated by Vieira et al. [71]. On the other hand, the fact that 
TiO2 manifested photoactivity for CO2 photoreduction with H2O under 
visible light irradiation, with a visible 60-watt light bulb, can be 
explained, considering the band-gap energy of TiO2 determined by the 
Tauc method (for allowed indirect transitions with n = 1/2) which 
revealed a value of 2.98 eV. This energy corresponds to a wavelength of 
about 416 nm in the visible region, indicating that TiO2 electronic 
transitions can take place during visible light irradiation. Additionally, 
as can be seen in Table 6, the visible 60-watt light bulb used to irradiate 
the reaction, emits a small photon flux between 360 nm and 250 nm, 
corresponding to the UV region. Therefore, this radiation source can 
additionally activate the absorption bands of TiO2, in the UV region. 

3.5.2. Activity of 1%Co3O4/TiO2 and 10%Co3O4/TiO2 under UV 
irradiation 

Fig. 9 shows that using 1%Co3O4/TiO2 and 10%Co3O4/TiO2 as 
photocatalysts for CO2 reduction, during one hour, under UV irradia
tion, resulted in higher alcohols production than using TiO2. This result 
indicates that presence of Co at TiO2 surface resulted in an increase of 
TiO2 photoactivity. This result can be explained in basis of the XPS 
analysis results, which revealed the presence of Ti3+, at the TiO2 surface 
in 1%Co3O4/TiO2 and 10%Co3O4/TiO2. The presence of Ti3+ may have 
enhanced the charge transfer across TiO2/reactants interface [72], 
resulting in an increase in the charge transfer to CO2, H2O and to the 
reaction intermediates. 

Fig. 16. Schematic presentation of the energy transfer diagram during photocatalytic CO2 reduction with H2O photocatalyzed by Co/TiO2, under visible light.  

Fig. 17. Isopropanol production on TiO2-based photocatalysts as a function of 
visible irradiation intensity. 
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The effect of UV irradiation on photocatalytic CO2 reduction with 
H2O, photocatalyzed by 1%Co/TiO2, and 10%Co/TiO2 can be under
stood from the schematic energy transfer diagram presented in Fig. 15. 

Under UV irradiation, electron-hole pairs are generated in TiO2. The 
photogenerated electrons will reach the energy state of its conduction 
band. These electrons can fall down to TiO2 valence band and recombine 
with the photogenerated holes, or move to the acceptor levels of the 
conduction band of Co3O4. 

This movement would be easily performed by the free electrons of 
the TiO2 conduction band, as the Co3O4 conduction band lies only about 
0.15 eV above the conduction band of TiO2 [73]. The transferred elec
trons in the Co3O4 conduction band may easily move back to TiO2 
conduction band, and an equilibrated electron movement between TiO2 
and Co3O4 would be created. The different transitions of the photo
generated electrons between TiO2 and Co3O4, in Co/TiO2 photo
catalysts, may lower the electron-hole recombination probability, 
resulting in an improvement of the electron transfer to CO2 adsorbed 
molecules at the photocatalyst surface. 

3.5.3. Activity of 1%Co3O4/TiO2 and 10%Co3O4/TiO2 under visible 
irradiation 

As can be seen in Fig. 10, under visible irradiation, 1%Co3O4/TiO2 
and 10%Co3O4/TiO2 presented higher CO2 photoreduction with H2O 
activity than TiO2. The increased photoactivity of 1%Co/TiO2 and 10% 
Co/TiO2 under these conditions, can be explained, considering the 
following facts. TiO2 is photoactive for the reaction, under visible light 
irradiation, and Co3O4 not only decreases the electron-hole pair 

recombination rate, but also presents activity for CO2 photoreduction 
with water, leading to the alcohols production. Indeed, the UV–vis 
spectra of 1%Co3O4/TiO2 and 10%Co3O4/TiO2 shown in Fig. 8, in
dicates that these catalysts can absorb photons in the electromagnetic 
visible region, due to Co2+ and Co3+ present at the photocatalyst sur
face. Therefore, the photoactivity of 1%Co3O4/TiO2 and 10%Co3O4/ 
TiO2 under visible light, can be considered as the contribution of the 
photoactivity of both TiO2 and of Co3O4. The schematic energy transfer 
diagram of photocatalytic CO2 reduction with H2O photocatalyzed by 
1%Co3O4/TiO2 and 10%Co3O4/TiO2 under visible light, can be seen in 
Fig. 16. 

The effect of visible irradiation on photocatalytic CO2 reduction with 
water, photocatalyzed by Co3O4/TiO2, photocatalysts is presented in 
Fig. 16, showing the generation of electron-hole pairs on TiO2 and on 
Co3O4. Illuminating with visible radiation, electron-hole pairs are 
formed over both TiO2 and Co3O4. While the electron-hole pairs 
generated over both semiconductors can also recombine, a constant 
supply of free electrons from H2O oxidation would keep the valence 
band of TiO2 and of Co3O4 filled. Therefore, there would be a constant 
production of energetic electrons over the conduction band of TiO2 and 
Co3O4, available for the reduction of CO2. 

Based on the proposed energy transfer diagrams presented in Figs. 15 
and 16, a reaction mechanism, following the Langmuir-Hinshelwood 

reaction paths is proposed and described as follow.  

1. Transfer of CO2 and H2O to the surface of Co/TiO2 photocatalysts.  
2. Adsorption of CO2 and H2O on the photocatalyst surface. CO2 

adsorption on the photocatalyst surface would take place by the 
interaction of the d orbitals present in Ti3+, Co2+ and Co3+ with the 
π * orbitals of CO2. The interaction may debilitate the C––O bond, 
facilitating its bending and cleavage, and the addition of an electron, 
according to Figs. 15 and 16⋅H2O adsorption may take place through 
the interaction with TiO2 and Co3O4, as represented Figs. 15 and 16.  

3. Photo-absorption by Co/TiO2 photocatalysts and generation of 
electrons (e-) and holes (h+) at TiO2 and Co3O4.  

4. Photo-generated h+ react with H2O adsorbed at the photocatalyst 
surface, producing hydrogen ions (H+) and (⋅OH) radicals.  

5. The CO2⋅radical is generated by the reduction of adsorbed CO2 
reacting with photogenerated e-.  

6. The generated H+, CO2⋅radical and e- react to form intermediates and 
final products.  

7. Desorption of the final products.  
8. Transfer of the final products from the photocatalyst surface to the 

reacting medium. 

Based on the products distribution detected during the photo
catalytic CO2 reduction with water over the Co/TiO2 photocatalysts, 
reported in Tables 7 and 8, the following reaction steps are proposed. 

Step 1. Carbon monoxide (CO), formic acid (CHOOH) and formal
dehyde (CH2O) formation. 

. 
Step 2. Methanol (CH3OH) formation.  

. 

Step 3. Acetaldehyde (C2H4O) formation.  

. 
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Step 4. Ethanol (C2H5OH) formation.  

. 

Step 5. Propionaldehyde (C3H6O) formation. 

. 
Step 6. Propanol (C3H7OH) formation. 

. 
Step 7. Isopropanol (i-C3H7OH) formation. 

. 
It is interesting to note in Tables 6 and 7, the high concentrations of 

propanol and isopropanol detected as reaction products. These alcohols 
are hardly reported in the literature as products, related to the photo
catalytic CO2 reduction with H2O. This result can be explained, 
considering, the production of formyl-radical as it is indicated in Step 1, 
in which this radical is generated from photocatalytic CO reduction with 
water. For this step, CO must be adsorbed on the photocatalyst surface. 
CO adsorption may be strongly enhanced, (as for CO2 adsorption), by the 
interaction of the multiple electrons of the d orbitals of Ti3+, Co2+ and 
Co3+ in the π * orbitals of CO. The described interaction may improve 
the C–––O bond cleavage, and the addition of photogenerated electrons 
(e-) and hydrogen-ions (H+). 

It can be observed (Step 1), that formyl-radical can also be generated, 
from formic acid photoreduction. However, Ji et al. in a theoretical 
study of the mechanism of photoreduction of CO2 to CH4 on TiO2, 
determined for this reaction, an energy barrier of 2.08 eV, which is 
much higher than the energy barrier of 1.19 eV determined for CO 
photoreduction [74]. The result suggests that formyl-radical may have 
been mainly produced by CO photoreduction. These authors proposed a 
mechanism in which the rate determining step becomes the photore
duction of CO2 to CO. Accordingly, as our Co/TiO2 photocatalysts may 

improve CO2 and CO adsorption rates, its use for photocatalytic CO2 
reduction may have improved, first, the CO2 photoreduction to CO (rate 
determining step), second, the CO photoreduction to formyl-radical, 
resulting in high generation of the final products (alcohols). 

Formyl-radical may have reacted with a methyl-radical to produce 
acetaldehyde, which may have generated ethanol, through the addition 
of photogenerated electrons (e-) and hydrogen-ions (H+). Further 
interaction of ethanol with another formyl-radical may have generated 
propionaldehyde, which may have produced propanol through the 

Fig. 18. Ethanol production on TiO2-based photocatalysts as a function of 
visible irradiation intensity. 
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addition of photogenerated electrons (e-) and hydrogen ions (H+). The 
interaction of acetaldehyde with a methyl-radical may have generated 
isopropanol. 

3.5.4. Effect of visible irradiation intensity on alcohols generation 
The results of the quantitative analysis of the gas samples obtained 

during photocatalytic CO2 reduction irradiated with 60-watt light bulb 
(328 W/m2) are presented in Table 8. In Tables S1 and S2, we reported 
the results of the quantitative analysis of the gas samples obtained 
during photocatalyzed CO2 reduction irradiated with 14-watt led spot
light (122 W/m2) and with 100-watt light bulb (364 W/m2) respec
tively. In these tables, it can be seen that for the different visible light 
irradiation intensities, the main products detected were ethanol, prop
anol and isopropanol. However, the amounts of each generated alcohol, 
depended on the visible irradiation intensity. 

Fig. 17 shows isopropanol evolution during the process as a function 
of visible irradiation intensity. In the figure, it can be observed, that for 
the three photocatalysts, isopropanol production increases with irradi
ation intensity reaching a maximum value at 328 W/m2. However, 
higher irradiation intensity (364 W/m2) resulted in a decrease in iso
propanol concentration. The result is in agreement with previous in
vestigations that demonstrated that too high irradiation intensity 
increases the identical concentrations in electrons-holes, increasing the 
recombination rate, resulting in a decrease of the generated products 
[68]. 

Figs. 18 and 19 show respectively, ethanol and propanol production, 
generated during the photocatalytic process as a function of visible 
irradiation intensity. The figures show, slight variations of ethanol and 
propanol production with irradiation intensity. These alcohols pro
ductions should have shown a similar behavior to that of isopropanol, 
manifesting a maximum production at a given value of irradiation in
tensity. However, this was not the case. 

These results may not imply that the ethanol and propanol genera
tions are independent of irradiation intensity or only depend slightly on 
it. This observation can be explained, considering that produced ethanol 
and propanol molecules, dissolved in the reacting aqueous medium, 
being in close proximity to the photocatalyst surface, might have reacted 
as electron donors, through photocatalytic oxidation, according to the 
following reactions: 

. 

. 
The generated e- and H+ through alcohols oxidation, might have 

further produced other alcohols molecules through the direct photo
catalytic CO2 reduction. The ethanol and propanol photocatalytic 

generation rates might have been similar to their photocatalytic oxida
tion rates. As these photocatalytic reactions are directly dependent on 
the irradiation intensity, their rates might have been similar at the three 
visible irradiation intensities studied, resulting in the observed slight 
variations on ethanol and propanol concentrations with irradiation 
intensity. 

Since isopropanol is also an alcohol, its photocatalytic oxidation 
might have also taken place, thus its production evolution with irradi
ation intensity should have been similar to that of ethanol and propanol. 
This fact cannot be ruled out. However, isopropanol being a secondary 
alcohol, may present a lower adsorption rate at the photocatalyst sur
face, than that of ethanol and propanol (primary alcohols), resulting in a 
lower photocatalytic oxidation probability. On the other hand, as can be 
seen in Table S4 (Supplementary Information), the isopropanol oxida
tion potential is higher than ethanol and propanol oxidation potentials. 
This fact indicates that isopropanol photocatalytic oxidation probability 
is lower than that of ethanol and propanol. 

The results of the quantitative analysis for hydrogen peroxide (H2O2) 
yield are presented in Table 7, for photocatalytic CO2 reduction during 

irradiation with UV light using TiO2, 1%Co3O4/TiO2 and 10%Co3O4/ 
TiO2 as photocatalysts. In Fig. S6, it can be observed a linear corre
spondence between H2O2 and ethanol yields. Hydrogen peroxide, being 
an oxidation product, may have enhanced the photocatalytic CO2 

Fig. 19. Propanol production on TiO2-based photocatalysts as a function of 
visible irradiation intensity. 
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reduction, resulting in an increase in ethanol production. However, the 
propanol and isopropanol yield values observed in Table 7, do not 
indicate any relation at all with hydrogen peroxide yield. The result 
suggests that the reductant effect of H2O2 for alcohols production takes 
place mainly at the first stages of the photocatalytic process, increasing 
mainly ethanol production, which is produced during the first stages of 
the process. As the photocatalytic process further proceeded, photo
catalytic hydrogen peroxide oxidation could have been hindered by the 
completive adsorption, not only of the reactants and the reaction in
termediaries, but also by the adsorption of the produced ethanol and 
propanol molecules at the photocatalysts surface-active sites. Moreover, 
as can be seen in Table S4 (Supplementary Information), the hydrogen 
peroxide oxidation potential is much higher than that of ethanol, 
propanol, isopropanol and water, therefore, photocatalytic H2O2 
oxidation, would be less probable than that of the other molecules 
present during the photocatalytic CO2 reduction. 

4. Conclusions 

The results presented in this investigation, demonstrated the use of 
Co3O4/TiO2 photocatalyst for efficient alcohols production during CO2 
photoreduction with H2O, using UV or visible light as radiation sources. 
Co/TiO2 calcined at 900 ◦C resulted in Co3O4 nanoparticles formation 
on the TiO2 surface. The high activity of the photocatalysts for alcohols 
production is attributed to the presence of Ti3+, Co2+ and Co3+ which, 
on one hand decrease the TiO2 band-gap energy and the photogenerated 
electron-hole recombination process. On the other hand, Ti3+, Co2+ and 
Co3+ improve adsorption of CO2 and of generated CO on the photo
catalyst surface, increasing the formyl-radical formation rate, which is 
the essential step for the production of ethanol and propanol during CO2 
photoreduction with H2O. 

The design experiments results revealed that the cobalt concentra
tion has a significant effect on alcohol total production at optimal metal 
concentration in 1%Co3O4/TiO2. The high metal concentration in 10% 
Co3O4/TiO2 is detrimental to CO2 photoreduction, due to the higher 
metal ion species concentration, which increases the electron-hole 
recombination probability. The irradiation intensity parameter 
showed that the photocatalysts studied have a photoexcitation limit, i.e. 
the increase of intensity irradiance does not increase the total alcohol 
production from CO2 photoreduction with H2O. 
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