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a b s t r a c t

BiVO4 is a non-titania inorganic photocatalyst recognized as an effective visible-light-driven semi-
conductor that has been shown to be effective for CO2 reduction. However, some characteristics, such as
a low separation rate of photogenerated electron-hole pairs and low mobility of electron-hole carriers,
are still challenges to the widespread use of this semiconductor. In this paper, the influence of metallic Bi
on the CO2 photoreduction activity was evaluated for the BiVO4 semiconductor. BieBiVO4 catalysts were
prepared by microwave heating at 240 �C, employing different reaction times and magnetic stirring
regimes. Metallic Bi improved the catalytic activity of BiVO4 for CO2 reduction, enhancing the absorption
of visible light and promoting internal photoemission of electrons in the metal-semiconductor interface,
which improves the electron density in the surface of the catalyst. This resulted in an astonishing
concentration of methanol; BieBiVO4 prepared at 240 �C, for 5 min, and without magnetic stirring,
produces around 5.0 mmol L�1 g�1

catalyst of methanol and 40 mmol L�1 g�1
catalyst of acetone after 240 min

of reaction. The mechanism of charge transfer between the BiVO4 and the metallic Bi is influenced by the
size of the microsphere crystallites, moreover, the production of methanol increased as the Bi grain size
decreased.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The photocatalysis technique has been applied in the conversion
of photon energy into chemical energy for the photosynthetic
reduction of CO2, mainly using simple and practical powder-based
photocatalysts [1e3]. Among several options of powder-based
photocatalysts, BiVO4 is a non-titania inorganic catalyst recog-
nized as an effective visible-light-driven semiconductor [4e6]. This
catalyst attracted considerable attention in the last decade due to
its non-toxic nature, high stability, low cost, and a visible-light
response with a band gap of 2.4 eV [7,8]. Due to those character-
istics, BiVO4 semiconductors are effective in many different appli-
cations, such as O2 production from water splitting [9e11],
degradation of organic compounds [12,13], and CO2 reduction
o).
ipt and should be considered
[5,14e16].
Although widely applied, BiVO4 suffers from deactivation with

time [16], low separation rate of photogenerated electron-hole
pairs [17], low mobility of electron-hole carriers, and poor charge
migration [18,19]. Those characteristics impact the efficiency and
result in reduced reaction yields. The rate of generation of the
electron-hole pair, its lifetime, dissociation, and recombination
provide some of the key factors for an efficient semiconductor
photocatalyst [20]. An alternative to improve the photoactivity of
BiVO4 is to modify the catalyst with metal species or with
heterojunctions.

The combination of metals and semiconductors can create in-
termediate energy levels inside the band gap of the semiconductor,
favoring the transport of the photogenerated electrons to the
conduction band (CB) [21]. For this purpose, three strategies to
modify the semiconductor with metals are commonly used, all of
which reduce the binding energy of the valence electrons: (i)
substitution of an anion by a less electronegative species, such as N
or S, to obtain p states with lower binding energy; (ii) addition of
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cations with occupied d states (e.g., Cu or Ag); and (iii) addition of
cations with occupied s states (e.g., Bi or Sn) [22].

Some reports in the literature described efforts to improve the
catalytic activity of several photocatalysts introducing hetero-
junctions [23e29], which is also applicable to BiVO4 photocatalysts,
especially by chemical modifications. Kim and co-workers [30]
developed a BiVO4/C/Cu2O photocatalyst for the photocatalytic
reduction of CO2 with formation of CO. The combination of both
semiconductors, BiVO4 and Cu2O, resulted in a significant
improvement in the charge separation and light-harvesting prop-
erties. Chen and co-workers [17] synthesized Cu/BiVO4 photo-
catalysts with visible-light response by microwave-assisted
hydrothermal methods. The presence of Cu increased the absorp-
tion of visible light by the semiconductor and induced a redshift in
the absorption band. Gromboni et al. [31] modified nanostructured
BiVO4 with a coating of microporous Al2O3 using a sol-gel method;
this modification led to a reduction in the pseudo-capacitance and
improved quantum efficiency. Wang et al. [32] developed AgI/
BiVO4 composites and observed that an appropriate wettability is
essential to improve the photocatalytic activity. Merupo et al. [18]
doped a BiVO4 powder with molybdenum (Mo) through a sol-gel
method, which promoted a slight change in the band gap,
thereby enhancing the rate of light absorption. Corradini et al. [5]
prepared a BiVO4eBi2O3 powdered catalyst through a microwave-
based technique, which improved the BiVO4 charge transfer for
CO2 reduction, promoting the synthesis of methanol and acetone.

In the present paper, the CO2 photoreduction activity of BiVO4

was improved by the addition of a cocatalyst: metallic Bi. BieBiVO4
materials were prepared by a rapidmicrowave synthesis technique,
employing different reaction times, and stirring regimes. The as-
synthesized semiconductors were applied in the CO2 reduction in
aqueous medium using standard photocatalysis techniques with
photosynthetic fuel generation. Although the BieBiVO4 promoted
the same products as those reported using BiVO4, an improvement
in the photoexcited charge transfer mechanism was observed.

2. Materials and methods

2.1. Synthesis of Bi-based materials

The catalysts were prepared using a methodology adapted from
Gao et al. [33] and Corradini et al. [5]. The precursor was a solution
of 1.7 mmol BiCl3 (Sigma-Aldrich®, 98%) and 0.35 g of cetyl tri-
methyl ammonium bromide (CTAB, Sigma-Aldrich®, 98%) in 20 mL
of ethylene glycol, followed by addition of 2.3 mmol Na3VO4
(Sigma-Aldrich®, 90%) under magnetic stirring. The solution was
submitted to a microwave system (Anton-Paar®), at 240 �C for 5 or
15 min, under magnetic stirring at 0 or 1200 rpm in the course of
the microwave irradiation. After the system was cooled to room
temperature, the catalysts were centrifuged with ethanol and wa-
ter, filtered, and dried at 50 �C for 12 h.

2.2. Physical characterization

The BieBiVO4 catalysts were characterized by X-ray diffraction
(XRD), Raman spectroscopy, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), energy-dispersive X-ray
spectroscopy (EDS), and UVeVis Diffuse Reflectance Spectroscopy
(DRS). The XRD diffractograms were obtained on a Siemens AXS
Analyticas X-Ray D 5005 diffractometer with scans between 10�

and 80� at 2� min�1. SEM images were obtained using a microscope
FEI, model Inspect F50; while X-ray scatter spectra were also
determined on an SEM FEI, model Inspect EBSD. Raman measure-
ments were performed on a Micro Raman Horiba iHR 550 spec-
trophotometer with a 633 nm laser. Absorption spectra were
obtained on a Varian Model Cary 5G UVeviseNIR spectropho-
tometer coupled with an integrating sphere with a wavelength
range from 250 to 800 nm. The analysis of the DRS spectra was
performed by traditional methods, employing the Kubelka-Munk
function and Tauc equation [34], to relate the energy of the inci-
dent photons and the band gap (Eg) of the material. TEM analyses
were performed with a TECNAI G2F20 microscope with the
dispersed samples deposited on carbon-coated copper grids. EDS
analyses were performed with Zeiss equipment, model 35.

2.3. Photocatalytic reduction of CO2

The CO2 photoreduction experiments were described in our
previous study [5]. Briefly, 0.3 g of the catalyst was suspended in
220 mL of NaHCO3 (0.1 mol L�1, pH 8.0). The photoreduction pro-
ceeded in an internal illumination reactor, controlling the tem-
perature at 5 �C. The mixture was magnetically stirred in the dark
for 30 min before irradiation, to allow the system to reach an
adsorption/desorption equilibrium. The commercial Hg lamp
employed in the system was a Philips 125 W lamp, model HPL-N
1542, with UVeVis irradiation. At determined time intervals,
2.0 mL suspensions were collected and analyzed using gas chro-
matography with flame ionization detection (GC-FID).

3. Results and discussion

3.1. Physical characterization of BieBiVO4 catalysts

Fig. 1a presents the XRD patterns for all BieBiVO4 catalysts
prepared using the microwave synthesis technique at 240 �C
employing different synthesis times and magnetic stirring regimes.
All samples presented the same diffraction peaks, which can be
indexed to the rhombohedral structure [space group: R3m (166)] of
elemental Bi (JCPDS no 85-1329 - Fig. 1a inset) [35,36]. The prom-
inent peak at 27.1� refers to the plane Bi (012). There was no dif-
ference in the plane intensity ratio between the samples and the
card reference, indicating that the structure is polycrystalline [37].
The presence of BiVO4 could not be confirmed by XRD, probably
because of the low crystallinity of lamellar BiVO4 structures, a
morphology commonly obtained from the employed synthesis
route [5,33]. However, analyzing the Raman spectra (Fig. 1b), it is
possible to identify bands at 817, 367, and 203 cm�1, which indicate
the vibrations of monoclinic BiVO4 [7,9]. The high-intensity band at
817 cm�1 is attributed to the symmetric and asymmetric stretching
of VeO bonds [38], while the band at 203 cm�1 is related to the
external mode of the VO4

3� tetrahedron [39]. The peaks around
510 cm�1 correspond to the Si substrate. Those results imply that
the as-synthetized materials are a composition of metallic Bi and
monoclinic BiVO4.

The atomic ratio of Bi to BiVO4 was estimated by EDS and is
shown in Table 1. For the synthesis without agitation, the ratio was
close to 1, while the agitation promoted a reduction of this per-
centage. Agitation makes it difficult to form germination points for
crystal growth, which could result in a decreased Bi/BiVO4 ratio
[40]. To observe the effect of agitation on the sizes of the Bi crystals,
the crystallite sizes were calculated for all as-prepared samples
using the XRD peak widths for peaks with greater intensity, relative
to the plane [012] (2q¼ 27.1�, Fig.1a), and the Scherrer equation (eq.
(1)):

DSch ¼ Kl=bhklcosðqÞ (1)

Here, DSch is the crystallite size, K is a constant equal to 0.9 for
the spherical morphology, l is the XRD incidencewavelength of Cu-
ka radiation (0.154 nm), bhkl is the half-width of the peak and q is



Fig. 1. a) XRD and b) Raman of the BieBiVO4 semiconductor prepared by microwave synthesis at 240 �C and (I) 5 min without magnetic stirring, (II) 15 min without magnetic
stirring, (III) 5 min under magnetic stirring at 1200 rpm, and (IV) 15 min under magnetic stirring at 1200 rpm.

Table 1
The atomic proportion of Bi/BiVO4 estimated by EDS, average crystallite lattice size for the (012) plane of metallic Bi, and band gap values obtained for the different BieBiVO4

catalysts.

Samples Time (min) Magnetic Stirring velocity (rpm) Bi/BiVO4 ratio Average crystallite lattice size (nm) Band gap value (eV)

I 5 0 1.1 52.7 3.0
II 15 0 1.0 53.5 2.9
III 5 1200 0.8 56.5 3.0
IV 15 1200 0.6 55.7 2.9
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the (hkl) peak position [41,42]. The average crystallite size for
metallic Bi is presented in Table 1; the results show that both
synthesis time and magnetic stirring can affect the size of the
metallic Bi crystallites. However, the magnetic stirring variable
presents a more intense effect than the time for the crystalline
lattice. The stirring effect can cause changes in nucleation and
growth processes, especially due to the presence of Taylor vortices
or turbulent flow in the solution [43]. The increase in temperature
makes the stirring effect even more significant for the growth of
crystal seeds inserted in the flowing solution, since the onset of
crystallization under extreme temperatures is only possible with a
significant flow [44]. In the present study, using the condition of
1200 rpm, it is possible to obtain a slightly larger crystal size,
compared to the crystals obtained without agitation.

SEM images for BieBiVO4 are presented in Fig. 2. For all as-
synthetized samples, it is possible to observe a mixture of smooth
and rough microspheres with different sizes. The literature reports
that, for microwave synthesis, the temperature drastically in-
fluences the morphology for BiVO4 semiconductors, resulting in
lamellar forms of BiVO4 at 160 �C [5,33]. Ke et al. [10] also reported a
significant temperature effect on the morphology via the hydro-
thermal route. The authors observed the formation of BiVO4 mi-
crospheres at 160 �C and lamellar BiVO4 at 200 �C. According toWu
et al. [39], the Bi3þ/V5þ molar ratio is the main factor that defines
the morphology. The authors obtained smooth microspheres
reaching the molar ratio of 0.56; however, lower Bi3þ/V5þ molar
ratios, such as 0.50, were already able to change the material into a
cake-likemorphology. Themolar ratios for the catalysts analyzed in
this study were calculated by TEM and are discussed below.

Transmission electron microscopy (TEM) images are shown in
Fig. 3 for different magnifications and different regions for the
BieBiVO4 semiconductor powder prepared using microwave
synthesis at 240 �C for 5 min without magnetic stirring (sample I).
TEM images of the other as-prepared catalyst samples were very
similar. Through TEM, it is possible to observe that the powdered
catalyst is composed of microspheres with different sizes and that
there is a lamellar form close to the microspheres. This distribution
is observed for all samples. It is known that the lamellar form is
related to the BiVO4 semiconductor, based on other reports from
the literature [5,10,33]. Therefore, the microspheres are probably
metallic Bi.

To confirm the composition of each morphology, Fig. 4 presents
the TEM image and the localized EDS data obtained for the
BieBiVO4 semiconductor prepared using the microwave synthesis
technique at 240 �C for 5 min without magnetic stirring. Fig. 4a
highlights two different regions labeled as 1 and 2, which are
represented in Fig. 4b and c, respectively. The presence of bismuth
(Bi) was confirmed in the microspheres, but vanadium (V) or oxy-
gen (O) were not detected in the microspheres, indicating that the
microspheres observed in the SEM and TEM images are related to
metallic Bi. On the other hand, Fig. 4c presents all three compo-
nents of the material, Bi, V, and O, indicating that the lamellar form
is related to the BiVO4 semiconductor. The Bi3þ/V5þ molar ratio
obtained from Fig. 4c is of 0.75, drastically different from the value
of 0.56 expected for BiVO4 microspheres [39]. Furthermore, the
temperature induces the formation of lamellar BiVO4, corrobo-
rating the idea that themicrospheres are composed of only metallic
Bi. The presence of copper (Cu) in both EDS is related to the copper
grid used in the analysis.

The absorption of light in the UVeVis region was evaluated by
DRS analysis for the BieBiVO4 catalysts. Fig. 5a shows the absor-
bance spectra for BieBiVO4 prepared at 240 �C, 15 min, and
1200 rpm as an example compared to the pure BiVO4 prepared by
the microwave method at 140 �C for 10 min [5]. Generally, the wide



Fig. 2. SEM images of BieBiVO4 catalysts obtained by microwave synthesis at 240 �C and (I) 5 min without magnetic stirring, (II) 15 min without magnetic stirring, (III) 5 min under
magnetic stirring at 1200 rpm, and (IV) 15 min under magnetic stirring at 1200 rpm.
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optical absorption of all different materials in this study was very
similar. The catalysts presented a greater response in the UV region,
although there is also a significant absorption in the visible part of
the spectrum up to 800 nm. Comparing the BieBiVO4 absorbance
with the result for the pure BiVO4 semiconductor, it is possible to
observe that, despite a higher absorbance value in the analyzed
region for BieBiVO4, both systems have similar profiles that are also
similar to the ones reported in the literature for BiVO4 [10,15,33].

In Fig. 5b, the Tauc plot is represented to illustrate the deter-
mination of the band gap for the BieBiVO4 catalyst, compared to
the band gap of the pure BiVO4 catalyst. A value of 2.90 eV was
obtained for the band gap of BieBiVO4through extrapolation of the
direct permissible electronic transition curve. Almost the same
valuewas obtained for all of the prepared catalyst materials, as seen
in Table 1. The band gap calculated by the samemethod for the pure
BiVO4, also prepared by microwave synthesis, was of 3.05 eV.
Normally, the band gap reported for the monoclinic BiVO4 semi-
conductor is around 2.4 eV [10,16]. However, wider ranges of band
gap energies have been reported in the literature for similar ma-
terials [8]. According to Walsh et al. [22], the inclusion of cations,
which reduce the binding energy of valence electrons for occupied s
states (ns2), such as Bi3þ, should raise the valence band level and
consequently reduce the band gap of the metal oxides. Thus, Bi
insertionmay have caused a slight reduction of the BiVO4 band gap.

3.2. Reduction of CO2 using BieBiVO4 catalysts

The characterized catalysts were evaluated regarding the
photosynthetic CO2 reduction under aqueous conditions using the
photocatalysis technique in a cooling system. The product fuels
obtained throughout 240 min of photoreaction using BieBiVO4 as
semiconductors are presented in Fig. 6. It was possible to quantify
methanol (Fig. 6a) and acetone (Fig. 6b) as products generated from
the CO2 reduction for all catalysts studied. Other alcohols, alde-
hydes, and organic acids were investigated but not detected within
the confidence limit of quantification (0.2 mmol L�1).

The highest rate of formation for both products (methanol and
acetone) was obtained with the semiconductor prepared at 240 �C,
5 min, and without magnetic stirring. In the case of methanol
production, this catalyst was able to generate around 5.0 mmol L�1

g�1
catalyst after 120 min of photocatalysis, while the other catalysts

did not reach a production greater than 1.0 mmol L�1 g�1
catalyst for

methanol. For acetone production, the BieBiVO4 prepared at
240 �C, 5 min and without magnetic stirring, reached 40 mmol L�1

g�1
catalyst after 240 min of reaction, while the catalyst prepared

with a synthesis time of 15 min and magnetic stirring of 1200 rpm
was able to generate around 20 mmol L�1 g�1

catalyst of acetone
during the same reaction time. The other catalysts maintained the
production around 5.0 mmol L�1 g�1

catalyst of acetone after 240 min.
In our previous study [5], we reported the formation of methanol
and acetone by photocatalytic reduction of CO2 using BiVO4 syn-
thesized through a microwave route. A high methanol production
was obtained with BiVO4 prepared at 160 �C, reaching
1.50 mmol L�1 g�1

catalyst of methanol after 120 min of reaction.
However, this is three times less than the methanol production
obtained with the BieBiVO4 catalyst. In both cases, the formation of
acetone reached similar values, with an increase around 30% in the
concentration of acetone after the insertion of metallic Bi.

It is easily observed that methanol was not appreciably formed
during the first 60 min of CO2 reduction and that it is only after
120 min that it was possible to quantify this product. The first and
main step in the photosynthesis of this product is the reaction



Fig. 3. TEM images from different regions of the BieBiVO4 semiconductor prepared using microwave synthesis at 240 �C for 5 min without magnetic stirring (sample I).
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between the CO2 and the photogenerated e� at the surface of the
catalyst, forming the intermediate �CO2

� [45,46]. This is the rate-
limiting step owing to the large reorganizational energy that ex-
ists between the radical �CO2

� formed and the original linear CO2
molecule [47]. The following steps involve reactions of protons and
electrons with �CO2

� and, at this point, there is a high kinetic
dependence on the concentration of protons available in the sup-
porting electrolyte and on the electron density in the semi-
conductor surface [48]. The time necessary to identify the
formation of the first products probably is related to these inter-
mediate stages of the reaction. The formation and accumulation of
�CO2

� and other radicals must be required for the formation of
methanol and other products. As soon as a minimum concentration
is reached, the reaction probably becomes auto-catalytic and the
reaction kinetics changes dramatically [49].

The formation of acetone by photocatalysis with BiVO4 was re-
ported for the first time in our previous study [5]. The present
modification of the BiVO4 surface with metallic Bi did not change
the products obtained from the CO2 reduction, since methanol and
acetone were the only quantified products in both cases. However,
the methanol production increased threefold by the addition of Bi
in the BiVO4 powdered catalyst compared to pure BiVO4 [5]. Similar
quantities of methanol have been obtained only through bias po-
tential assistance [45,50,51] and through different methods that do
not use light as the only energy source.
Comparing those previous results with the present study, it is
possible to observe the influence of metallic Bi on the catalytic
activity for CO2 reduction. For the samples studied herein, the
catalyst with the most expressive formation of products from CO2
reduction has the smallest average crystallite lattice size for
metallic Bi (012) (Table 1) and highest Bi/BiVO4 ratio, which leads to
a possible conclusion that the mechanism of charge transfer be-
tween the BiVO4 and the metallic Bi is influenced by the size of the
microsphere crystallites. The architecture of the catalyst can
improve the results for photosynthetic CO2 reduction, due to the
surface area and velocity of charge carrier transport, which are pre-
requisites for an attractive semiconductor regarding this subject
[52]. In this case, the smaller crystallite sizes for metallic Bi may
provide greater surface area and charge carrier transportation,
contributing to a more effective reduction of CO2.

In the literature, the improvement due to the presence of the
metal is explained by the formation of a Schottky barrier at the
metal-semiconductor interface, leading to a reduced recombina-
tion rate between the photogenerated electrons and holes, which
improves the photosynthetic activity of the material [53e55]. Bis-
muth has an interesting behavior since it can also be photo-excited.
In this BieBiVO4 catalyst, metallic Bi is the key to enhance the
photocatalytic capabilities of the BiVO4 semiconductor. According
to Castillo and Peter [56], metallic Bi can generate internal photo-
emission of electrons, which improves the electron density in the



Fig. 4. a) TEM image of BieBiVO4 highlighting regions 1 and 2, b) EDS from region 1 and c) EDS from region 2 of the BieBiVO4 semiconductor. The sample was prepared using
microwave synthesis at 240 �C for 5 min without magnetic stirring.

Fig. 5. a) DRS analysis in the UVeVis region for BieBiVO4 (red curve) and BiVO4 (black curve) semiconductors prepared using microwave synthesis and b) Tauc plot for deter-
mination of the band gap, considering the direct electronic transition. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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catalyst surface. Dong and coworkers [57] affirm that the incor-
poration of Bi into other catalysts brings more than one benefit: (i)
it improves the light-harvesting ability ranging from UV to near-
infrared light, favoring the active production of electrons and
holes, (ii) it can induce a built-in electric field that accelerates the
separation of photo-excited electrons and holes, and (iii) the Bi
nanoparticles could act as electron traps facilitating the separation
of electron-hole pairs. Those characteristics proved to be inter-
esting for application in CO2 reduction, considering that they
favored the formation of methanol and acetone, something not
previously reported in the literature.

Basically, the mechanism of charge transfer of the BieBiVO4
catalyst occurs through the photoactivation of the BiVO4 semi-
conductor by the incidence of light, with energy higher than its



Fig. 6. a) Methanol and b) acetone yields from the photoreduction of CO2 using BieBiVO4 catalysts obtained by microwave synthesis at 240 �C and (I) 5 min without magnetic
stirring, (II) 15 min without magnetic stirring, (III) 5 min under magnetic stirring at 1200 rpm, and (IV) 15 min under magnetic stirring at 1200 rpm.
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band gap [58], as well as the photoexcitation of metallic Bi. The
absorption of this energy transfers the electrons (e�) from the
valence band (VB) to the conduction band (CB). The absence of
electrons in the VB generates the holes (hþ) and the charges are
naturally driven to lower energy regions. Since the BiVO4 CB is
at �0.48 eV [5] and the Fermi level of Bi is at �0.17 eV [59], the
photoexcited electrons in the BiVO4 surface are injected to the
metallic Bi nearby. The photogenerated hþ is responsible for the
oxidation of water with the formation of protons (Hþ), while the
photogenerated e� can reduce the CO2 to eCO2

�. After this first step,
consecutive reactions with e� and Hþ are responsible for the gen-
eration of products via different pathways [60]. Methanol forma-
tion requires 6 e� and 6 Hþ, while acetone is a highly complex
product, requiring 16 e� and 16 Hþ to be formed [61,62]. In this way,
metallic Bi functions as a cocatalyst in the CO2 reduction. A sum-
mary of the charge transfer mechanism for the BieBiVO4 catalyst is
presented in Fig. 7. A complete mechanism presenting all steps for
the reduction of CO2 by photocatalysis with the formation of
methanol and acetone, using BiVO4 as a photocatalyst, was pre-
sented in our previous study [5].

Additionally, comparing the results obtained from the best
conditions of the present study with other studies reported in the
literature about the photocatalytic (PC) reduction of CO2, using
Fig. 7. Mechanism of charge transfer from the photoexcited lamellar BieBiVO
powdered photocatalysts under similar experimental conditions, it
is easy to observe the improvement of the methanol production by
the addition of the Bi cocatalyst, mainly related to the formation of
acetone, which was not identified or did not achieve similar values
in other studies, as shown in Table 2.

4. Conclusion

Here, new BieBiVO4 catalysts were prepared using microwave
synthesis at 240 �C, employing different reaction times and mag-
netic stirring regimes. The catalysts were applied in the photo-
synthetic CO2 reduction in an aqueous medium, using
photocatalysis techniques, fromwhich methanol and acetone were
produced. BieBiVO4 prepared at 240 �C, for 5 min, and without
magnetic stirring, produces around 5.0 mmol L�1 g�1

catalyst of
methanol after 240 min of reaction, a threefold improvement
compared to previous reports for the pure BiVO4 catalyst. The
acetone yield reached 40 mmol L�1 g�1

catalyst after 240 min for the
same catalyst. In this case, metallic Bi works as a cocatalyst
improving the activity of BiVO4 for CO2 reduction, enhancing the
absorption of visible light by the catalyst, inducing a built-in elec-
tric field, and acting as electron traps; moreover, a Schottky barrier
is formed, which improves the density of photogenerated electrons
4 semiconductor to CO2 showing the formation of methanol and acetone.



Table 2
CO2 reduction by photocatalysis using powdered catalysts and its products reported in the literature.

Powdered photocatalyst Experimental Conditions Concentration of
Products

Ref.

Cu(II) nanocluster-grafted Nb3O8
�

nanosheets
0.5 mol L�1 KHCO3 pH 12, saturated with CO2 (100 mL min�1), HgeXe lamp (240e300 nm) 1.4 mmol CO [2]

Cu2O octahedrons/WO3 nanoflakes Water vapor, 300 W Xe lamp 3.84 mmol CO
2.22 mmol CH4

[63]

NiFe layered double hydroxides/Cu2O Gas-phase reactor, 300 W Xe lamp coupled with 420 nm cut-off filter 3.33 mmol g�1 CH4 [64]
Cu(II)porphyrin 100 mL H2O containing 1 mL triethylamine, at 5 �C, 300 W Xe arc lamp 262.6 ppm g�1 h�1

CH3OH
[65]

Co(II)porphyrin/Carbon nitride 1 mL Triethanolamine and 4 mL MeCN, 80 kPa of pure CO2 gas, visible light from 300 W Xe
arc lamp

17 mmol g�1 h�1 CO [66]

CreCe mixed oxides Gas-phase reactor, 300 W Xe lamp coupled with 420 nm cut-off filter 60 mmol g�1 CH4

15 mmol g�1 CH3OH
[67]

Si/Ti Water saturated with CO2 (50 mL min�1), UV lamp 300 W 4.14 mmol g�1 h�1 CH4

1.45 mmol g�1 h�1 CO
0.03 mmol g�1 h�1

CH3OH

[68]

o-BiVO4 layer Water with pure CO2 gas (0.5 mL min�1), 300 W Xe lamp (100 mW cm�2), 0 �C 398.3 mmol g�1 h�1

CH3OH
[33]

BiVO4-lamellar 0.1 mol L�1 NaHCO3, 125 W Hg lamp, 5 �C, 240 min 1.25 mmol L�1 g�1

CH3OH
15 mmol L�1 g�1

CH3COCH3

[5]

g-C3N4/Bi/BiVO4 Water vapor, NaHCO3 powder and H2SO4 solution, 300 W Xe lamp (l � 420 nm) 1.25 mmol g�1 h�1 CO
0.10 mmol g�1 h�1

CH3OH
0.10 mmol g�1 h�1 CH4

[69]

BieBiVO4 0.1 mol L�1 NaHCO3, 125 W Hg lamp, 5 �C, 240 min 5.0 mmol L�1 g�1 CH3OH
40 mmol L�1 g�1

CH3COCH3

This
study
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and holes in the surface of the catalyst. The mechanism of charge
transfer between BiVO4 and the metallic Bi is also influenced by the
size of the microsphere crystallites, since smaller crystallite sizes
produce better methanol yields. The catalyst architecture improves
the results of CO2 reduction due to the increase of the surface area,
minimization of the charge recombination, and improvement of
the velocity of charge carrier transportation, making BieBiVO4 an
attractive semiconductor for the photocatalytic reduction of CO2.
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