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A B S T R A C T   

The reduction of CO2 to produce useful carbon compounds offers a way to manage the emissions from various 
industrial sectors. However, selecting efficient systems remain a crucial issue, especially considering the low 
selectivity of the photocatalysts traditionally used in CO2 photoreduction processes. Here we demonstrate that 
the modification of MnWO4 with rare earth ions (Europium and Terbium) synthesized by the coprecipitation 
method can tune the activity and selectivity of the products formed in the process of CO2 photoreduction under 
UV irradiation. The CO2 photoreduction assays indicated that the photocatalysts presented good activity, 
resulting in acetate, acetone, acetic acid, ethanol, methane, and methanol products. Doping provided selectivity 
near 100% for CO2 conversion to methanol and increased the capacity of C2 (e.g., ethanol) production, opening 
the way for a better understanding of the activity and selectivity of tungstates in the CO2 photoreduction process.   

1. Introduction 

Carbon dioxide is one of the main greenhouse gases, and its largest 
source of emission is the burning of non-renewable fossils [1, 2, 3]. 
Consequently, there have been many studies concerning the conversion 
of CO2 to reduce the concentration of this gas in the atmosphere [4, 5, 
6]. CO2 reduction reactions can be used to produce compounds such as 
formic acid (HCOOH), methane (CH4), and methanol (CH3OH), 
considered renewable sources of energy [2]. The main techniques 
currently used for CO2 conversion are thermocatalysis [7], enzymatic 
processes [8], photocatalysis, photoelectrocatalysis, and electro-
catalysis. Photocatalytic CO2 reduction, especially, has attracted atten-
tion due to the possibility of sustainable use of solar energy and the fact 
that heterogeneous catalysts can be recycled [1]. Thus, many advances 
have been made recently in the area of artificial photosynthesis of CO2 in 
order to explore more efficient photocatalysts for CO2 reduction [9, 10, 
11, 12, 13, 14, 15, 16]. The literature reports applications of different 
classes of materials used as photocatalysts in the conversion of CO2 [17, 
18, 19, 20, 21], including tungstates such as Ag/AgWO4 [22], CuWO4 
[23], Ni0.85Co0.15WO4 [1], γ-C3N4/FeWO4 [24], and Bi2WO6 [25–26]. 

Manganese tungstate, known as Hubnerite [27], has excellent opti-
cal, electrical, and magnetic properties [28,29]. MnWO4 is suitable for 
photocatalytic applications since it presents an energy band gap of 
around 2.7 eV, so it can generate a photoresponse when exposed to 
visible light [28,30]. Furthermore, the valence band (VB) and the con-
duction band (CB) have suitable potentials (VB = +3.10 V, CB = +0.47 
V vs NHE) [31]. For the use of a semiconductor as a photocatalyst, the 
conduction band must have a sufficiently negative reduction potential to 
drive the photoreduction reaction. Likewise, the valence band must have 
a sufficiently positive reduction potential to carry out the 
photo-oxidation reaction. For example, in the photoreduction process, 
when the semiconductor VB position is more positive than the H2O/H+

potential (+2.32 V vs. NHE, pH 7.0) and the CB position is more nega-
tive than the H+/H2 potential (-0.41 V vs. NHE, pH 7.0) or CO2/CH4 
(-0.24 V vs. NHE, pH 7.0), CO2 reduction may occur [32]. Thus, elec-
trons in the conduction band of MnWO4 (+0.47 V NHE) cannot reduce 
O2, H+, or CO2 through a single electronic process, which limits the 
photocatalytic performance of MnWO4 [33], although experimental 
studies have demonstrated its activity in photoreduction processes [34]. 
Joaquín-Morales et al. [28] carried out a study on the effect of synthesis 
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conditions (coprecipitation) on the photocatalytic properties of MnWO4 
for the production of H2 by watersplliting under visible irradiation. The 
study revealed that MnWO4 (1%-UT) produced the highest amount of H2 
among all samples with a value of 72 mmolH2g− 1, which was much 
higher compared to WO3, used as a reference photocatalyst. They 
attributed this behavior to the greater surface area available about other 
synthesized materials, concluding that MnWO4 is a promising material 
for applications in photocatalysis aiming at the production of H2. 

One of the major challenges to CO2 photoreduction is the product 
selectivity, i.e., the ability of a given catalyst to produce a single product, 
avoiding further separation and maximizing the reaction efficiency. The 
complex structure of tungstates makes them adequate for doping, and 
that strategy could interfere with the CO2 bonding at the catalyst’s 
surface. Significantly, the large electronic shell of rare earth ions could 

be interesting to promote specific interactions that have not been 
investigated yet. Thus, here we synthesized Eu3+ and/or Tb3+ -doped 
MnWO4, using the coprecipitation method, evaluating their activity and 
selectivity in the CO2 photoreduction process. Our results revealed that 
doping increases the selectivity to methanol up to 100%, and in 
adequate conditions, leads to remarkable ethanol production, showing 
that the doping can do a “tuning” effect worth investigation. 

2. Materials and methods 

2.1. Synthesis procedures 

The photocatalysts were synthesized by coprecipitation, using the 
precursors sodium tungstate dihydrate (Na2WO4.2H2O, 99-101%, 

Fig. 1. Diffractograms of the synthesized photocatalysts: (1) MnWO4, (2) Eu0.5, (3) Eu1.0, (4) Tb0.5, (5) Tb1.0, (6) Eu/Tb0.5, and (7) Eu/Tb1.0. The ICSD #00-080- 
0152 standard, corresponding to MnWO4, is shown in red. 
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Synth) and manganese (II) chloride tetrahydrate (MnCl2.4H2O, 98- 
101%, Synth). The catalysts were modified with the rare earth ions 
europium (Eu3+) and/or terbium (Tb3+), in amounts of 0.5 and 1.0 mol 
%, employing terbium chloride hexahydrate (TbCl3.6H2O, 99.9%, 
Sigma-Aldrich) and europium chloride hexahydrate (EuCl3.6H2O, 
99.9%, Sigma-Aldrich) as the metal precursors. 

Stoichiometric amounts of the precursors were solubilized in 
distilled water, followed by pouring the rare earth ion solution into the 
MnCl2 solution, and then pouring into the Na2WO4 solution. The 
resulting solution was kept under agitation for several minutes, for 
complete homogenization of the solution and precipitation of the 
product. The material was then washed several times with distilled 
water, in order to remove the salts (reaction byproducts) by decantation. 
Finally, the material was dried in an oven at 100◦C and macerated for 
complete homogenization. The synthesized photocatalysts were named 
according to the rare earth ions present and the corresponding doping 
content (in mol%), as follows: MnWO4 for the pure photocatalyst, Eu0.5 
(Eu3+

0.5%:MnWO4), and Eu1.0 (Eu3+
1.0%:MnWO4) for the materials modified 

with europium ions, Tb0.5 (Tb3+
0.5%:MnWO4) and Tb1.0 (Tb3+

1.0%:MnWO4) 
for the materials modified with terbium ions, and Eu/Tb0.5 
(Eu3+

0.25%Tb3+
0.25%:MnWO4) and Eu/Tb1.0 (Eu3+

0.5%Tb3+
0.5%:MnWO4) for the 

photocatalysts modified with both rare earth ions. 

2.2. Characterization 

The crystalline structures of the photocatalysts were investigated by 
X-ray diffraction (XRD), using a PANalytical X’Pert3Powder instrument 
operated at 45 kV and 40 mA, with Cu Kα radiation (λ = 1.54059 Å) and 
scanning angle (2ϴ) from 10◦ to 60◦. The diffractograms were compared 
with reference standards from the Inorganic Crystal Structure Database 
(ICSD), using QualX software [35]. 

The vibrational modes of the photocatalysts were investigated by 
Raman spectroscopy, using a Horiba/Jobin-Yvon LABRAM-HR 

spectrometer coupled to an Olympus confocal microscope. The system 
included a He-Ne excitation laser (λ = 632.8 nm) with a nominal power 
of 18 mW, edge filters to remove Rayleigh scattering, and a charge- 
coupled device (CCD) with Peltier cooling. Spectra were acquired in 
the range from 60 to 1100 cm− 1, using a 100 × objective lens and a 
diffraction grating with 1800 lines/mm. 

Morphological analysis of the photocatalysts was performed by 
scanning electron microscopy (SEM), using a Quanta 200 FEG micro-
scope (FEI) with an applied voltage of 15 kV. The micrographs were 
processed using GNU Image Manipulation Program v. 2.6.11 software 
(Free Software Foundation, Boston, MA, USA). Determination of the gap 
energy (Egap) of the photocatalysts and investigation of their absorption 
bands employed diffuse reflectance spectroscopy (DRS), using a Shi-
madzu UV-2600 instrument operated in the ultraviolet-visible region 
between 200 and 800 nm, in average scan mode. 

2.3. CO2 photoreduction 

The CO2 photoreduction assays were performed using 100 mg of 
sample in 100 mL of distilled water, for a period of 6 h, under UV-C 
irradiation from six Osram lamps (15 W, 254 nm). Saturation of the 
reaction system was achieved by providing a flow of high purity CO2 for 
10 min. The samples were dispersed in 150 mL quartz tubes fitted with 
septa to allow entry of CO2 and collection of gaseous products. The re-
action was kept under constant stirring, at 15◦C, using a thermostatic 
bath. After the reaction, the liquid products were identified and quan-
tified by 1H nuclear magnetic resonance (NMR) (600 MHz, Ascend™ 
600, Bruker), at 25◦C. For this, a 540 µL volume of the sample was mixed 
with 60 µL of D2O solution containing 5 mmol L− 1 dimethyl sulfoxide 
(DMSO) as an internal standard and 0.21 mmol L− 1 TSPd4 as a refer-
ence. The WET procedure was used to suppress the water peak and the 
NMR data were processed using MestReNova software [36]. The 
gas-phase products generated were analyzed by gas chromatography 

Fig. 2. Raman spectra of the pure MnWO4 and the photocatalysts modified by doping with europium and terbium at 0.5 and 1.0 mol%.  
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(Trace 1310, Thermo), using molecular sieve 13X and Porapack N col-
umns. The carrier gas was argon, and flame ionization (FID) and thermal 
conductivity (TCD) detectors were kept at 150◦C and 200◦C, respec-
tively. Three control experiments were performed: i) without catalyst, 
under irradiation; ii) with catalyst, in the dark; and iii) using a flow of 
N2, rather than CO2. 

3. Results and discussion 

3.1. Characterization of the manganese tungstates 

Fig. 1 shows all the diffractograms for the pure and modified man-
ganese tungstate, which were indexed using the ICSD #00-080-0152 
standard, corresponding to the MnWO4 phase. All the photocatalysts 
crystallized in a monoclinic arrangement, of the wolframite type, 
belonging to the P2/c (#13) space group with two units per unit cell. All 
the diffractograms obtained were similar, indicating that there was no 
presence of secondary phases and/or impurities, confirming the success 
of the synthesis. The similarity among the diffractograms could be 
explained by the low doping contents used to modify the photocatalysts 
(0.5 or 1.0 mol%), which did not significantly affect the organization of 
the atoms or the positions of the crystallographic planes. 

The crystallite sizes of the materials were estimated using the 
Scherrer equation: 

D =
K.λ

βCosθ
(1)  

where K is the Scherrer constant (0.9), λ is the wavelength of the CuKα 
radiation (0.154 nm), β is the peak width (in radians) at half height, and 
θ is the Bragg angle (in radians) [37]. Calculation of the crystallite sizes 
employed the (100), (-111), and (002) planes, obtaining an average 
value of approximately 19 nm. All the values for the photocatalysts are 
provided in Table S1 (Supplementary Material). The sizes for the 
different samples were very similar and agreed with the literature values 
for MnWO4 synthesized by coprecipitation [37,38]. 

As noted above, all the synthesized photocatalysts crystallized in a 
monoclinic structure, belonging to the P2/c (#13) space group and the 
C2h point group. In this configuration, the Mn and W ions with C2 
symmetry occupy the Wyckoff positions 2f and 2e, respectively, while 
the oxygen ions with C1 symmetry occupy the 4g site. Hence, by using 
the group theory [39], it was possible to obtain the following distribu-
tion of modes: Γ = 8Ag + 10Bg + 8Au + 10Bu, with 18 Raman-active 
modes (8Ag + 10Bg), 15 infrared-active modes (7Au + 8Bu), and 3 
acoustic modes (Au + 2Bu) [40,41]. Fig. 2 shows the Raman spectra at 
ambient temperature for the photocatalysts, revealing the presence of all 
the 18 predicted modes. A band centered at around 885 cm− 1 (Ag) 
corresponded to the symmetric stretching vibration of the short terminal 
W− O bond, while a band at 774 cm− 1 (Bg) represented the asymmetric 
stretching vibration of the short W− O bond [42]. The two bands at 674 
cm− 1 (Bg) and 698 cm− 1 (Ag) could be attributed to asymmetric 

Fig. 3. SEM micrographs of the synthesized photocatalysts: a) MnWO4, b) Eu0.5 (with Eu1.0 in the inset), c) Tb0.5 (with Tb1.0 in the inset), and d) Eu/Tb0.5 (with 
Eu/Tb1.0 in the inset). 
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stretching vibration modes of the longer W− O bonds in the (W2O4)n 
groups [42,43]. A band at 512 cm− 1 (Bg) corresponds to the symmetric 
stretching vibration of the longer W− O bonds, while the band at 397 
cm− 1 (Ag) corresponds to the bending vibration of the short W− O bonds. 
The vibrational modes of the Mn− O bonds were represented by three 
bands at 294, 327, and 356 cm− 1. The remaining six bands at 129, 166, 
177, 206, 258, and 272 cm− 1 are related to the between-chain defor-
mation modes and lattice modes [42]. 

Table S2 provides the wavenumbers of the vibrational modes for all 
the synthesized materials, together with their respective assignments, 
based on data reported by Ruiz-Fuertes et al. [44] and Siqueira et al. 
[45] for pure MnWO4. In general, the vibrational modes tend to shift to 
higher wavenumbers after the insertion of the rare earth ions into the 
structures [46,47]. These shifts are expected, since the presence of the 
dopants sharing the manganese ion sites caused short-range perturba-
tion of the crystalline lattice, due to the difference in the ionic radii. In 
this case, the rare earth ions Eu3+ (0.947 Å) [41] and Tb3+ (0.923 Å) 
[48] presented greater ionic radii, compared to the Mn2+ ion (0.83 Å) 
[49]. 

Fig. 3 shows the SEM micrographs obtained for all the synthesized 
photocatalysts. It can be seen that the pure and modified materials had 
similar morphologies, with irregular surfaces and variable particle sizes, 
characteristic of the synthesis process employed. The coprecipitation 
process involves steps of nucleation, agglomeration, and particle 
growth, which consequently influence the final particle morphology and 
size [50]. In the case of the photocatalysts doped at 1.0 mol% (Eu1.0 and 
Tb1.0), there was the formation of some agglomerations with a spherical 
appearance on the surfaces of the materials, highlighted (in pink) in the 
insets of Fig. 3b and Fig. 3c. We suggest that the presence of these 
particles could have been related to the method used in the preparation 
of the samples and the random choice of the analysis region. 

The influence of doping on the band gap energy of MnWO4 was 
investigated using diffuse reflectance analysis (Fig. 4). It was possible to 

identify four regions of electronic transitions. A region of higher ab-
sorption at around 300 nm was related to the transition 2p (O) → 5d (W) 
[51], while absorption near 400 nm corresponds to the transition 2p (O) 
→ 3d (Mn). A lower intensity region near 550 nm corresponds to the 
spin-forbidden transition of an electron from the eg orbital to the T2g 
orbital, commonly known as d-d electronic transitions of Mn2+ (3d5) 
[42,52]. Transitions associated with the rare earth ions could be seen at 
around 230 nm, which were more pronounced in the spectra of samples 
with higher doping contents (1.0 mol%). As proposed by Hammer et al. 
[53], the O → Eu transition could occur for the samples doped with 
europium ions, while those doped with terbium could present the 4f → 
5d transition of the terbium ion itself. 

The band gap energy for each synthesized photocatalyst was calcu-
lated based on the method proposed by Wood and Tauc [54] and the 
Kubelka-Munk function [38,55], as described in the Supplementary 
Material. Fig. 5 shows the corresponding Egap values for the materials. 
The band gap energy values obtained were close to those reported in the 
literature, which ranged from 2.4 to 3.0 eV [38,56]. The modified 
photocatalysts generally presented values slightly lower than for the 
pure MnWO4, except for Tb0.5 and Eu/Tb0.5, for which the Egap values 
were the same as for the pure photocatalyst. As shown in Fig. 5, for the 
materials doped with europium ions, the Egap value remained almost 
unchanged with an increase in the doping content. For the materials 
doped with terbium and europium/terbium ions, the Egap values showed 
a slightly decreasing trend as the doping content increased. It is sug-
gested that the slight change in band gap values may be correlated with 
the doping process of the material. 

3.2. Photocatalytic performance evaluation 

The reduction of CO2 under UV irradiation was used to evaluate the 
performances of the pure MnWO4 and the materials modified with Eu3+

and Tb3+ ions (Fig. 6). Three control experiments were previously 

Fig. 4. Spectra of absorbance, as a function of wavelength, for the pure MnWO4 and the modified photocatalysts.  
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Fig. 5. (a) Band gap energies for MnWO4 and the photocatalysts modified with 0.5 mol% of the rare earth ions. (b) Band gap energies for the photocatalysts modified 
with 1.0 mol% of the rare earth ions. 
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performed: i) without catalyst, under irradiation; ii) with catalyst, in the 
dark; and iii) using N2 instead of CO2, under the same reaction condi-
tions as the CO2 photoreduction. Only experiment i) showed the gen-
eration of a minimal amount of methane in the gaseous part of the 
reactor after 6 h of reaction, which was deducted from the activities of 
the materials, while there was no presence of liquid phase products. It is 

important to emphasize that all investigated materials showed good 
light exposure capacity and can be considered photostable. 

Fig. 6a shows the photocatalytic performances of the synthesized 
materials in the reduction of CO2 to CH4. Despite the low concentrations 
produced, there was a preference for the formation of this gas-phase 
product, with no presence of other gaseous products such as CO and 

Fig. 6. Products were obtained in a) the gas phase and b) the liquid phase, from the photoreduction of CO2 under UV irradiation, employing the materials syn-
thesized in this work: MnWO4, Eu0.5, Eu1.0, Tb0.5, Tb1.0, Eu/Tb0.5, and Eu/Tb1.0. 
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H2, which are commonly found in CO2 photoreduction processes. As 
shown in Fig. 6b, there was a greater conversion of CO2 to soluble 
products, rather than those in the gas phase, with the generation of 
compounds including acetone, acetic acid/acetate, ethanol, and meth-
anol, as shown in the NMR spectra (Fig. S1). The results revealed that the 
incorporation of rare earth ions into the MnWO4 structure altered both 
the selectivity and the efficiency of the material (see the calculation 
quantum yield in the Supplementary Material). 

The selectivity of the synthesized materials in the conversion of CO2 
was calculated as described in the Supplementary Material, based on 
previous studies [57, 58, 59, 60, 61]. Table 1 shows the selectivities of 
the materials for different products (acetone, acetic acid, ethanol, 
methanol, and methane). The doped photocatalysts Eu0.5, Eu1.0, and 
Tb0.5 were highly selective (~99%) towards methanol production. On 
the other hand, the photocatalysts doped with both rare earth ions 
(Eu/Tb0.5 and Eu/Tb1.0) exhibited lower selectivity towards methanol, 
with the formation of other products such as ethanol and acetic acid. 

Fig. 7 shows the rates of transfer of electrons involved in the pho-
tocatalytic reduction of CO2 under UV irradiation, for 6 h. Although 
Tb0.5 presented high selectivity (~99.4%) for the conversion of CO2 to 
methanol, this material exhibited the lowest electron transfer rate (132 
e-/h). This rate followed the order Eu/Tb0.5 > Eu/Tb1.0 > MnWO4 >

Eu1.0 > Tb1.0 > Eu0.5 > Tb0.5. The Eu/Tb0.5 material exhibited the 
best activity, with an electron transfer rate of approximately 1290 e-/h, 
which was approximately 3 times higher than for the pure MnWO4. 

The doping of MnWO4 with Eu3+ and Tb3+ ions led to a decrease in 
the electron transfer rate in the CO2 photoreduction process, compared 
to the pure material, while these materials were more selective towards 
the production of methanol. This decrease could be attributed to the 
presence of defects in the structure of the materials that created 
recombination centers, resulting in rapid electron-hole pair recombi-
nation and, consequently, low photoactivity. However, the simulta-
neous incorporation of the two rare earth ions in the MnWO4 structure 
may have suppressed these recombination centers, consequently 
increasing the electron transfer rate, as observed for the Eu/Tb0.5 ma-
terial [62,63]. The presence of the combined dopants in the MnWO4 
structure resulted in the formation of higher hydrocarbons such as 
ethanol, which can be attributed to the generation of different adsorp-
tion sites on the surface of the material. 

The CO2 molecule has a linear structure (O=C=O), in which each of 
the oxygen atoms has a single pair of electrons that can be donated to 
Lewis acid sites present on the surface of the material. On the other 
hand, if the materials have Lewis acidic sites, the carbon atom of CO2 
can receive these electrons forming carbonate-like species [64]. In 
addition, if the material has basic and acidic sites, acting simultaneously 
as a donor and electron acceptor, mixed coordination with the CO2 
molecule can be formed, generating partially charged species on the 
surface of the material considered as key intermediates to produce a C2 
product such as ethanol through the dimerization process of the adsor-
bed species [65]. Hence, it was clear that the type and amount of dopant 
were crucial in determining the activity and selectivity of the MnWO4 
since these factors affected the photogenerated charge recombination 
rate and the structure of the manganese tungstate band. 

Conclusions 

In this work, we synthesized several MnWO4 materials doped and 
undoped with rare earth ions Eu3+ and/or Tb3+ by the coprecipitation 
method, to improve activity and selectivity in the CO2 photoreduction 
process. All the materials were characterized using XRD, Raman, SEM, 
and DRS techniques, which confirmed the incorporation of the doping 
ions and no formation of heterostructures or secondary phases. The 

Table 1 
Selectivities towards the products generated in the CO2 photoreduction.  

Selectivity (%) 
Samples Acetone Acetic acid Ethanol Methane Methanol 

MnWO4 11.8 18.9 0 0.114 69.2 
Eu0.5 0 0 0 0.092 99.9 
Eu1.0 0 0 0 0.110 99.9 
Tb0.5 0 0 0 0.560 99.4 
Tb1.0 12.1 17.6 0 0.141 70.2 
Eu/Tb0.5 0 10.0 50.1 0.032 39.9 
Eu/Tb1.0 0 0 60.3 0.155 39.5  

Fig. 7. Numbers of electrons involved in the process of photoreduction of CO2 under UV irradiation.  
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results showed that the doping led to greater selectivity towards the 
formation of certain liquid products, while the materials doped with 
both rare earth ions (Eu/Tb0.5 and Eu/Tb1.0) were the only ones that 
showed selectivity towards the formation of ethanol. Furthermore, Eu/ 
Tb0.5 presented the highest efficiency in the photoreduction of CO2, 
which could be attributed to decreased recombination of photo-
generated electron-hole pairs, due to the incorporation of the rare earth 
ion into the MnWO4 structure. However, Eu/Tb0.5 presented low 
selectivity for products generated in the reaction medium, compared to 
the materials modified only with Eu (Eu0.5 and Eu1.0). Thus, these 
experimental results provide new insights into the behavior of tung-
states used for CO2 photoreduction. 
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