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Strategies for CO2 reforming for hydrocarbon production using ultraviolet or visible radiation are promis-
ing to mitigate environmental impacts from other human activities. Semiconductors act as photocatalysts
for light-to-fuel conversion, but a rigorous control of their structure and morphology is crucial for high
efficiency and selectivity. Thus, CuBi2O4 semiconductors have been synthesized by the microwave-
assisted hydrothermal method and studied for the CO2 photoreduction process. This method produced
crystalline materials with controlled morphology using low temperatures and short processing time.
Moreover, the semiconductors showed excellent catalytic performance and selectivity, approximately
90% in the conversion of CO2 to CH4. Therefore, our new synthesis approach was adequate for CuBi2O4

preparation, providing an essential indication of activity in the CO2 photoreduction process.
� 2020 Elsevier B.V. All rights reserved.
1. Introduction

The increasing consumption of energy from fossil fuels and the
raise in atmospheric carbon dioxide levels has raised considerable
concerns about its effects on the climate and energy future. As a
result, research to minimize the pollutant loads and to replace fos-
sil fuels for cleaner sources has increased [1,2].

The ‘‘artificial photosynthesis,” i.e., photocatalytic processes to
convert greenhouse gases to hydrocarbons, is under intense inves-
tigation for these purposes [3]. In-depth studies toward catalysts
for these reactions are still needed to make them viable and ener-
getically favorable, e.g., by activating them through solar radiation
[4,5]. In this way, CuBi2O4 is a promising semiconductor with a
bandgap energy value of 1.8 eV, excellent response to visible light,
photostability, and the required band potential to reduce CO2 [6–
9].

Furthermore, the activity of the photocatalysts depends not
only on the intrinsic physical properties but also relates to the size,
morphology, and defects of the particles, as well as other surface
properties. These extrinsic properties can be modified by changing
the preparation and reaction conditions [10–13].

Microwave-assisted hydrothermal synthesis is efficient in con-
trolling morphology due to its advantages in facilitating crystal
growth with low processing time and temperature [14,15]. Thus,
we synthesized CuBi2O4 nanoparticles through microwave-
assisted hydrothermal synthesis using different times, aiming to
observe the growth mechanisms and their influence on the catalyst
activity for CO2 photoreduction.
2. Materials and methods

2.1. Microwave-assisted hydrothermal synthesis of CuBi2O4

The CuBi2O4 nanoparticles were synthesized by mixing 20 mL of
a 0.03 M solution of Bismuth (III) nitrate pentahydrate (98%,
Synth), 3 mL of HNO3 and 20 mL of 0.015 M solution of Copper
(II) nitrate trihydrate (98%, Synth) under constant magnetic stirring
until complete solubilization. After that, 60 mL of 1.25 M solution
of NaOH was added to the capsule which was then autoclaved. The
microwave treatment was performed at 100 �C for 8, 16 and
32 min. After the reaction, the autoclave was naturally cooled to
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room temperature. The product was recovered by centrifugation,
washed twice in water, and then dried in air at 60 �C for 12 h.

2.2. Characterization

The CuBi2O4 powder was characterized by X-ray diffraction
(XRD), using CuKa radiation with k = 0.15406 nm, employing a Shi-
madzu XRD 6000 diffractometer. Raman spectra were obtained
with a Horiba Jobin-Yvon Raman micro-spectrometer LabRAM at
room temperature using the 633 nm line of a 5.9 mW He–Ne laser
as the excitation source through an Olympus TM BX41 microscope.
The morphologies of the materials were characterized by field
emission scanning electron microscopy (FESEM), using a JSM
6701F microscope (JEOL) operated at 5 kV. Diffuse reflectance
spectra (DRS) at room temperature, using a Cary 5G instrument
(Varian) operated in diffuse reflectance mode.

2.3. CO2 photoreduction

The CO2 photoreduction reactions were carried in a 240 mL
capacity cylindrical steel reactor, covered with borosilicate glass
under UVC light (PHILIPS 5 W), with a maximum wavelength
intensity of 253.7 nm. Fig. S1 shows a demonstrative picture of
CO2 photoreactor. 100 mg of the catalysts were dispersed in
100 mL of distilled water and kept under constant stirring. Before
starting the reaction, high purity CO2 was bubbled for 20 min to
saturate the reactor, ensuring the elimination of all dissolved oxy-
gen. Experimental details concerning the CO2 photoreduction pro-
cess are available in the supplementary material.

3. Results and discussion

The X-ray diffraction (XRD) patterns and Raman spectra of the
CuBi2O4 synthesized at different times (8 min, 16 min, and
32 min) are shown in Fig. 1. All the diffraction peaks for CuBi2O4

can be indexed according to the standard diffraction pattern (JCPDS
File No. 72–0493), implying that the particles crystallize into single
CuBi2O4 tetragonal phase [16]. The patterns show that no struc-
tural change is perceptible at different times (Fig. 1a). However,
the precipitated precursor has an amorphous feature.

Fig. 1b shows the evolution of CuBi2O4 Raman spectra with the
synthesis time at 100 �C. The Raman spectra showed six bands cen-
tered at 128, 186, 258, 404, 464 and 586 cm�1 related to the CuBi2-
O4 tetragonal structure. The present Raman analysis is consistent
with the recent work reported by Yuvaraj et al., in which CuBi2O4

has been synthesized by the hydrothermal route [17]. The peak at
Fig. 1. XRD patterns (a) and Raman spectra (b)
128 cm�1 refers to the A1g mode, from translational vibrations of
the CuO4 planes along the z axis. The band at 186 cm�1 is attribu-
ted to the Eg mode related to the vibration of Cu-Cu. The mode A1g

centered at 258 cm�1 corresponds to the rotation of two stacked
CuO4 squares in opposite directions. The bands at 404 and
586 cm�1 are ascribed to the A1g mode of the Bi–O stretching vibra-
tion and breathing of CuO4 squares respectively.

The optical properties were studied by diffuse reflectance spec-
troscopy and the bandgap energy was calculated using the Tauc
model (See supplementary material Fig.S2) [18]. Bandgap values
show that the energies required to excite CBO-8 min and CBO-
16 min are quite similar. The values for the CBO-8 min, CBO-
16 min and CBO-32 min were approximately 1.68, 1.71 and
1.80 eV, respectively. Therefore, the differences are minimal,
denoting similar electronic property among materials.

In order to explore the morphological evolution of CuBi2O4, we
conducted three experiments varying the synthesis time and keep-
ing other conditions constant. The SEM images of CuBi2O4

nanoparticles hydrothermally treated at 100 �C are shown in
Fig. 2a. The FESEM images show that the morphological transfor-
mation is not associated with phase change after microwave-
assisted hydrothermal treatment at different times, as shown in
the X-ray diffractogram. The material treated for 8 min presents
a predominance of coral-shaped particles, and with longer treat-
ment time, these particles become spheres composed of nanorods.
The particle size of the material was modified with the synthesis
time, presenting an average size of 0.55 lm, 0.95 lm and 5.5 lm
for the materials CBO-8 min, CBO-16 min and CBO-32 min respec-
tively (Fig. S3). However, the hydrothermal treatment for 16 and
32 min does not result in a significant change in morphology.

Fig. 2b shows a schematic representation of the proposed self-
assembly mechanism of CBO formation and growth. The initial
stage of its synthesis occurs with the dissolution of Cu(NO3)2�3H2-
O and Bi(NO3)3�5H2O, which undergoes a hydrolysis process with
NaOH, forming an amorphous green precipitate of Cu(OH)2 and
Bi(OH)3. The microwave radiation used in the system promotes
vibrations in the charged particles accelerating the dehydration
process and the consequent CBO formation. Moreover, the increase
in effective collisions between CBO particles caused by microwave
radiation promotes rapid growth in high atomic density and ther-
modynamically favorable crystallographic planes.

The activity of the materials was verified in the CO2 photore-
duction process in aqueous medium (Fig. 3). The semiconductors
synthesized showed higher selectivity for CH4 production (Table 1
However, CO production is favored in longer synthesis time, i.e.,
CBO-32 min yielded approximately 13.5 lmol.g�1 CO after 24 h,
of CuBi2O4 synthesized at different times.



Fig 2. FESEM micrographs of CBO at different times of synthesis (a) and Schematic representation of the nucleation and growth of nanoparticles (b).

Fig. 3. Kinetics of CH4 (a) and CO (b) generation from the CO2 photoreduction under UV irradiation at 25 ± 3 �C.

Table 1
Parameters of the activity of the materials in the CO2 photoreduction process after 24 h of reaction.

Materials CO (mmol.g�1) CH4 (mmol.g�1) *ne- (mmol.g�1) CH4 selectivity CO selectivity

CBO-8 min 4.2 11.0 96.4 91.3% 8.7%
CBO-16 min 3.1 13.6 115.0 94.6% 5.4%
CBO-32 min 8.6 10.8 103.6 83.4% 13.6%

* number of electrons involved in CO2 photoreduction (see supplementary material) into CO and CH4.
**selectivity was calculated based on electron transfer number involved in CO2 photoreduction
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twice of CBO-8 min and CBO-16 min. Analysis of the liquid phase
by NMR indicated acetone and isopropanol in all reactions, which
have higher economic values and energy densities than C1 com-
pounds (see supplementary material) [19]. Compared to C1,
obtaining C2 and C3 is more challenging due to the high stability
of CO2 molecule, and the high energy barrier for C–C bond forma-
tion. Further experiments about the quantification and optimiza-
tion of the semiconductor (CuBi2O4) to obtain these products are
under discussion.
4. Conclusion

A fast and straightforward microwave-assisted hydrothermal
route has been reported for the synthesis of CuBi2O4 with strict
control of semiconductor structure and morphology. The materials
exhibited excellent activities in the CO2 photoreduction process,
with a selectivity of approximately 90% in the conversion of CO2

to CH4. The results demonstrate a new strategy for quick and easy
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synthesis to obtain CuBi2O4, providing an essential indication of
activity in the CO2 photoreduction process.
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