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The Effect of SnO2 Surface Properties on CO2
Photoreduction to Higher Hydrocarbons
Juliana A. Torres,[a] André E. Nogueira,[b] Gelson T. S. T. da Silva,[a] and Caue Ribeiro*[a]

Several photocatalysts have been developed for applications in
reduction reactions, including tin oxide-based semiconductors.
Although its band structure is unfavorable for CO2 reduction
reactions, strategies to modify its surface properties directly
impacted its activity and selectivity during these reactions.
Here, we analyze the influence of heat treatment and
decoration of SnO2 with gold nanoparticles on the gas phase
CO2 photoreduction process. In both cases, a deleterious effect
was observed during reactions under UV radiation (with a drop
of 59.81% and 51.45% in CH4 production for SnO2_150 °C and
SnO2/Au_cop, respectively, compared to SnO2_cop), which is

directly related to the availability of surface hydroxyl groups
that play a crucial role in CO2 adsorption. Under visible
radiation, the gold plasmonic resonance took place in the
production of methane (0.33 μmolg� 1 for SnO2/Au_cop and
0.29 μmolg� 1 for SnO2/Au_150 °C), with small amounts of
carbon monoxide (0.06 μmolg� 1 for SnO2/Au_cop and
0.03 μmolg� 1 for SnO2/Au_150 °C). These results demonstrate
that, though the SnO2 band structure does not indicate a good
semiconductor for CO2 reduction, its surface characteristics are
responsible for its catalytic activity.

Introduction

Several projections, such as in the COP26 final document
(Glasgow Climate Pact 2021), show that emissions in 2030 will
be almost 14% compared to 2010 unless new policies move
towards reducing the carbon dioxide (CO2) amount in the
atmosphere. In addition, the document shows that it will be
necessary to reduce CO2 emissions by 45% by 2030 at about
2010 levels to keep global warming at 1.5 °C above pre-
industrial levels.[1] For 2050–2070, the goals set out are even
more ambitious. The aim is to achieve an energy network with
a neutral carbon balance by implementing the principles of a
circular economy compatible with existing industrial
technologies.[2] In this way, there will be a continuous search for
new technologies to meet this global demand.

A more sustainable alternative to the capture and storage of
CO2 would be CO2 utilization for fuel or chemical production.
Converting CO2 into other products not only eliminates the
costs associated with transport and storage, which typically
represent between 35% and 40% of the total cost of
products,[3] but also transforms waste into sources of income
through the production of compounds of economic interest,

such as methane, ethylene, carbon monoxide, and ethane,
among others.

Different processes can carry out the CO2 conversion into
products with higher energy values, such as thermal,[4]

electrochemical,[5] photo-electrochemical,[6] and photocatalytic
processes,[7] in which they differ by the type of energy used to
reduce the CO2 molecule. The great interest in photocatalytic
processes is due to their simplicity. The reactions occur at room
temperature and pressure with a low energy cost due to the
possibility of using solar radiation and semiconductors as
catalysts.

CO2 photoreduction is based on the principles of photosyn-
thesis, in which, through the absorption of an external energy
source by a semiconductor, CO2 can be reduced to value-added
products or fuel-based products. In this process, the CO2

molecule is adsorbed on the catalyst surface, activated, and
transformed into different intermediates. At the end, CO2

reduction products are desorbed and released. It can be
described as a multi-electronic process, in which electrons and
holes (e� /h+) are produced on the photocatalyst surface from
energy absorption. In this way, photocatalysis is an environ-
mentally friendly alternative to convert CO2 into different
products of economic interest such as CO, HCOOH, CH3OH, CH4

and higher alkanes and alkenes.[8–11]

Due to some properties as good chemical stability, non-
toxicity, low cost, and high electron mobility (240 cm2/V·s), tin
dioxide (SnO2) has been identified as a promising semiconduc-
tor for photocatalytic process applications.[12] Sn-modified
materials are widely used in different applications, including
biomass conversion,[13,14] solar cells,[15–17] as solid-state chemical
sensors,[18–20] and in high-capacity lithium-storage devices.[21–23]

On the other hand, SnO2’s use as a photocatalyst in the CO2

photoreduction process is constrained by its high theoretical
reduction potential in the conduction band (E° = ~0.5 V, V vs.
NHE, pH 7). Since the photogenerated electrons in the reaction
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system should be transferred to the CO2 molecule, it won’t
happen if the reduction potential of the semiconductor
conduction band (CB) is less than the reduction potential, for
example, from the conversion of CO2 to methane (CH4=E°
(CO2/CH4)= � 0,24 V).[24,25]

However, Chowdhury et al. experimentally verified the
ability to convert CO2 to formic acid (HCOOH) using mesopo-
rous SnO2 nanoparticles in photocatalysis in aqueous media
under ultraviolet radiation (UV) and visible radiation.[26] In
addition, preliminary studies by our research group experimen-
tally verified the activity of SnO2 nanoparticles in the CO2

photoreduction process, converting CO2 into CH4, carbon
monoxide (CO), and ethylene, showing that surface hydroxyls
played a crucial role in the photocatalytic activity of the
semiconductor, in which these groups increased CO2 affinity
and possibly decreased its reduction potential.[27]

Several strategies are currently being adopted to modify the
SnO2 surface to increase the photocatalytic activity (both in
oxidation and reduction systems), such as forming heterostruc-
tures, decoration with metals, or doping.[28] In this way, we
propose a study of the physicochemical properties of pristine
SnO2, compared with SnO2 decorated with gold nanoparticles,
to correlate their properties with activity and selectivity in the
CO2 photoreduction process under UV and visible radiation.

Results and Discussion

Characterization

The X-ray diffraction pattern (XRD) of SnO2_cop, SnO2/Au_cop,
and the calcined samples at 150 °C are shown in Figure 1. The
tetragonal cassiterite phase profile (JCPDS N° 41–1445) is seen
for all patterns, with the characteristic planes highlighted.[29,30]

As predicted by Scherrer’s equation, low intensity and broad

diffraction peaks are peculiar to small particle sizes.[25,31] The
average crystallite size for SnO2_cop is 1.50 nm, while for SnO2_
150 °C, it is 1.73 nm (Table 1). The gold diffraction peaks were
not observed, probably due to the small amount.

Raman spectroscopy was used to understand the surface
characteristics of SnO2 that can directly influence its catalytic
activity. Figure 1b shows the spectra of pristine and calcined
SnO2, while the samples containing gold did not show Raman-
active modes.

The symmetric A1g and asymmetric B2g classical vibration
modes, respectively, correspond to bands in the rutile tetrago-
nal phase SnO2 at about 628 and 767 cm� 1.[32] A result of the
crystal‘s structural irregularity are bands at about 541 and
568 cm� 1.[33] Bridging, sub-bridging, and in-plane oxygen vacan-
cies are three different forms of oxygen vacancies that can be
studied using Raman spectroscopy. For example, the peak
identified around 570 cm� 1 is due to oxygen vacancies in the
plane.[29,34] Once more, the SnO2 surface vacancies are crucial to
the catalytic activity of these materials.

Additionally, the sizes of nanoparticles are directly related
to the classical modes of Raman vibration. As particle size
approaches the nanoscale range, there is a relaxation of
selection rules, causing the Raman bands broadening, turn
down the intensity, and red shifting. In this way, the environ-
ment around the surface atoms in nanometric crystals affects
them, changing the vibrational modes that may be seen in the
Raman spectrum.[33,35,36] A typical example is at 200–400 cm� 1 in
Figure 1b.

X-ray fluorescence (XRF) technique was used to determine
the gold content at the SnO2 surface. The results are within the
expected range (Table 1), indicating that the synthesis method
used was adequate to produce gold nanoparticles on the SnO2

surface.
The band structure of a photocatalyst is one of the crucial

parameters that determine its photocatalytic activity. It is
known that SnO2 has a high bandgap (~3.6 eV) and a
conduction band position that does not favor its application in
reduction reactions.[30,37–39] In this sense, the determination of
the bandgap is essentially important to understand the optical
properties of these materials, as well as to verify the influence
of gold nanoparticles in the energy absorption process. All
materials displayed absorption in the ultraviolet range of the
electromagnetic spectrum (below 400 nm), as predicted for
SnO2. The bandgap remained practically the same after SnO2

decoration with gold (Table 1) and calcination (Figure S4).
Figure 2 shows that while all samples exhibit substantial

ultraviolet absorption (up to 400 nm) due to surface plasmon
Figure 1. XRD pattern (a) and Raman spectra of the SnO2 pristine and SnO2/
Au calcined at 150 °C (b).

Table 1. Bandgap energy, gold content (by XRF), FHWM, and the samples’ average crystallite size (D-Scherrer).

Material Bandgap
[eV]

Au
[wt%]

2θ
[degree][a]

FWHM
[rad]

D-Scherrer
[nm])

SnO2_cop 4.06 – 52.06 0.0934 1.50
SnO2_150 °C 4.23 – 52.19 0.0811 1.73
SnO2/Au_cop 4.14 1.11 52.53 0.1190 1.18
SnO2/Au_150 °C 4.18 1.03 52.38 0.0990 1.42

[a] Bragg angles (2θ) were used to determine the FWHM and average crystallite size.
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resonance, which is a fundamental property of coinage metals
(Au, Ag, and Cu), samples containing gold nanoparticles have
an absorption peak at about 550 nm.[40–42]

SEM images show that pristine SnO2 and SnO2 with gold
nanoparticles before and after calcination form agglomerates of
irregular nanoparticles without significant variations in mor-
phology between samples (Figure S2). Elemental mapping of
SnO2/Au_150 °C was carried out to prove the presence of gold
on the SnO2 surface. The presence of gold nanoparticles can be
identified in the line scan profile (Figure S3a) and the delimited
region profile (Figure S3b). Through the HRTEM images (Fig-
ure 3), it was possible to determine the characteristic lattice
spacing of SnO2 and gold nanoparticles, and to prove the
presence of gold on the SnO2 surface, corroborating the other
results obtained. It is observed that the SnO2 nanoparticles form
quasi-spherical agglomerates of approximately 5 nm (Figure 3a
and 3b), with a lattice spacing of 0.34 nm, referring to the (110)
plane.[29,43] In the bright field image of SnO2/Au_cop (Figure 3c),
the scattered dark spots are the gold spherical nanoparticles,
which are easily identified, while in the dark field image of
SnO2/Au_150 °C (Figure 3e), the gold nanoparticles are identi-
fied by the scattered bright spots, mainly at the edge of the
SnO2. Since Au has a higher mass-thickness contrast than Sn
and O, its identification is easily performed in this image. The
HRTEM images (Figure 3d and 3f) indicate that the gold
spherical nanoparticles have a size of approximately 5 nm, with
a lattice spacing of 0.24 nm, referring to the (111) plane.[40,42,44,45]

Using the XPS technique, the surface chemical composition
and elemental valence state of SnO2 and SnO2/Au nano-
composite were examined (Figure 4). The benchmark for XPS
peak correction is the 284.6 eV binding energy for the C 1s
peak.[46] The XPS survey spectrum shows the presence of three
elements: oxygen (O), carbon (C), and tin (Sn) in all materials,
and no traces of impurities were observed. However, in the
survey scan XPS spectra of SnO2/Au_150 °C, we can notice a
small peak related to gold (Au).

In the Sn3d spectrum of SnO2_cop, the presence of two
peaks at 487.3 eV and 495.7 eV related to the oxidation state of
Sn4+ in SnO2 is observed (Figure 4b). After the incorporation of
gold nanoparticles, there is a slight shift of these peaks to less
binding energy, attributed to the electronic interaction between

Figure 2. UV-Vis DRS of the gold-impregnated samples. Inset graph: Tauc
plots.

Figure 3. HRTEM images (a) SnO2_cop, (b) SnO2_150 °C, (d) SnO2/Au_cop,
and (f) SnO2/Au_150 °C, and TEM images (c) SnO2/Au_cop and (e) SnO2/Au_
150 °C.

Figure 4. XPS survey spectra (a), and Sn3d (b), O1s (c), and Au4f (d) high-
resolution XPS spectra of the materials SnO2_cop, SnO2/Au_cop, and SnO2/
Au_150 °C.
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Au nanoparticles and SnO2. However, in accordance with the
literature,[47] the distance between the Sn 3d3/2 and Sn 3d5/2
peaks, that is, the spin-orbit division, remains constant (8.4 eV).
The high-resolution O1s XPS spectra of materials (Figure 4c)
show an asymmetric peak with a shoulder, and the deconvolu-
tion of this peak reveals the presence of two different binding
energies (531.3 eV e 532.7 eV) related to the oxygen present in
SnO2 and OH� groups adsorbed on the surface, respectively.[48,49]

SnO2/Au_150 °C showed two Au peaks, 4f5/2 and 4f7/2, with
binding energy at 83.6 and 87.0 eV, respectively (Figure 4d).

CO2 photoreduction (CO2PR)

A semiconductor‘s ability to catalyze reactions is highly depend-
ent to the presence and type of functional groups that are
present on its surface. Among these, hydroxyls play a crucial
role. In this sense, these groups were identified using the NIR
analysis (Figure 5). Two main bands are associated with the
adsorption of OH and H2O groups, located at 5170 cm� 1 and
6890 cm� 1, respectively. Specifically, the band at approximately
5170 cm� 1 is related to the combination (δ+ν3) of the bending
(δ) and asymmetric stretching (ν3) vibrational modes of water
molecules physisorbed on the solid surface. The band at
6890 cm� 1 is related to the combination (ν1+ν3) of the
symmetrical (ν1) and asymmetric (ν3) stretching vibrational
modes of OH bonds in H2O molecules.[39,50,51]

The band attributed to crystalline water contains contribu-
tions from a variety of water molecule vibration modes,
including those linked to an active hydrogen bond (S1), two
active hydrogen bonds (S2), and finally, the polymeric chain of
water molecules that are connected (Sn) (Figure S5). Since there
is a visible difference between these groups among the
samples, it is possible to confirm the tendency of decreasing
the content of hydroxyl groups with calcination and with the
addition of gold on the SnO2 surface, respectively, through the
total area corresponding to the stretching vibrational modes of
OH bonds (6890 cm� 1) (Table 2).

The proportion of surface hydroxyl groups has a slight drop
with calcination, while this drop is intensely accentuated with
the impregnation of gold nanoparticles on the SnO2 surface.
The crystalline water content is practically the same for all
samples since the same coprecipitation process obtains them.
As these groups are directly associated with photoactivity, as
observed in previous works,[39] the decrease in these surface
hydroxyl groups resulted in a lower photocatalytic response
(Figure 5).

A complementary analysis in the quantification of surface
water groups was performed through the normalization of the
band referring to the O� Sn� O stretching mode (~581 cm� 1)[36,37]

of the infrared spectrum (Figure 6). In this sense, the relation-
ship between the bands of H2O (1630–1640 cm� 1) and OH
(2500–3500 cm� 1)[52] will vary depending on the amount of
water molecules, which can be easily verified through the
quotient between the H2O/O� Sn� O and OH/O� Sn� O areas,
respectively (Table 3).

According to the results obtained, the contribution of OH
groups to SnO2_cop is about 8 times higher than samples
calcined at 150 °C and SnO2/Au_cop, respectively. The calcina-
tion process eliminates weakly bind water molecules, corrobo-
rating the observations obtained. Decoration of SnO2 with gold
nanoparticles also led to a decrease in these surface groups.
Thus, the gold amount at SnO2 surface may have reduced the
number of active sites for CO2 adsorption, consequently causing
a deleterious effect on CO2 photoreduction. All these data
corroborate the NIR spectrum observations.

Figure 5. Near-infrared spectrum (NIR) of the SnO2_cop and SnO2/Au and
calcined at 150 °C.

Table 2. The total area of bands related to water adsorption on the SnO2

surface.

Material Vibration mode of the water molecules in the NIR
spectrum

Physisorbed H2O molecule
[~5170 cm� 1]

Surface hydroxyl groups
[~6980 cm� 1]

SnO2_cop 305.36 443.45
SnO2_150 °C 283.01 390.43
SnO2/Au_cop 332.59 140.03
SnO2/Au_150 °C 328.18 134.88 Figure 6. FTIR spectra of the SnO2 cop, SnO2/Au, and calcined at 150 °C.
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As highlighted earlier, it is known that SnO2 has some
intrinsic characteristics that do not make it a good candidate for
photocatalytic applications. On the other hand, the experimen-
tal findings corroborate earlier findings and show that SnO2 is a
photocatalytic material and that its activity and selectivity in
the gas phase CO2 photoreduction process are determined by
the OH groups present in the semiconductor structure.

The results demonstrate the formation of four products in
the CO2 photoreduction process in the gas phase, including
ethane (C2H6), ethylene (C2H4), carbon monoxide (CO), and
methane (CH4), after 6 hours of reaction (Figure 7). It is worth
mentioning that only CH4 and CO were detected in our
experimental system without a catalyst (blank test), and these
values were taken out of the data that were presented. The
products formed are obtained by the CO2 photocatalytic
reduction instead of decomposing some precursor or contami-
nant, as no gaseous products could be seen without CO2 under
a N2 atmosphere.

The amount of CH4 generated after 6 h of reaction was 31.1,
12.5, 15.1, and 7.93 μmolg� 1 for the materials SnO2-cop, SnO2_
150 °C, SnO2/Au_cop and SnO2/Au_cop_150 °C respectively,
with a production of about 2 to 4 times greater than SnO2_cop
compared to gold-impregnated and heat-treated materials
(Figure 7a). Regarding the production of CO and C2H4, the SnO2-
cop showed similar activity to the annealed material at 150 °C,
and superior to materials with gold nanoparticles (Figure 7b

and c). However, SnO2/Au_150 °C presented higher C2H6

production, approximately 0.71 μmol/g (Figure 7d).
These findings demonstrate that the heat treatment and

gold nanoparticles on the SnO2 surface were deleterious to the
CO2 photoreduction process, reducing the quantity of electrons
transported by half (Table S1). These findings support the
theory that the availability of surface hydroxyl groups on SnO2,
which are necessary for CO2 photoreduction, is influenced by
the heating process and the impregnation of SnO2 with gold.
Therefore, we can observe that even with a decrease in the
electron-hole pair recombination rate and good absorption of
ultraviolet radiation after the composite formation, the affinity
of the CO2 molecules with the catalyst’s surface may have been
the factor that exerted more significant influence on photo-
catalytic activity.

It is indisputable that photoactivity is dependent not only
on the catalyst’s structural, morphological, and optical charac-
teristics but also on the reaction conditions to which the
material will be subjected. During the CO2 photoreduction,
while the photogenerated electrons will drive reduction reac-
tions, the holes will drive oxidation reactions. Therefore, CO2

will be reduced by electrons, giving rise to *CO2
� radicals, and

water will be oxidized, producing hydrogen ions (H+) and
hydroxyl radicals (*OH), according to the equation below (Eq. 1):

H2Oþ hþ ! .OHþ Hþ (1)

These radicals, in turn, can undergo further oxidation,
leading to the formation of oxygen (O2) and hydrogen ions (H+)
(Eq. 2):

H2Oþ hþ ! .OHþ Hþ þ e� þ H2O! O2 þ Hþ (2)

The *H radicals can originate from the proton reduction of
carbon radicals attached to the catalyst surface. These *H
radicals can lead to the formation of different intermediates,
such as *CH2 and

*CH3, which lead to the production of CH4 and
other hydrocarbons like C2H6, C3H6 and C2H4.

[10,53,54]

Reactions conducted in the liquid phase favor the rapid
hydrogenation of the reaction intermediates due to the high
availability of hydrogen. In contrast, in the gas phase, deoxyge-
nation is preferred, leading to carbon species that will later be
reduced.[55] Thus, the synthesized materials’ properties and the
CO2 photoreduction in the gas phase resulted in better
selectivity for CH4 (Figure S6). The formation of this product
passes through the intermediate CO, and after consecutive
reactions, it produces the CH3

* radical, which, when combined

Table 3. Absolute areas (A) for O� Sn� O, H2O, and OH bands of the FTIR spectrum.

Material AO� Sn� O

(581 cm� 1)
AH2O

(1630–1640 cm� 1)
AOH

(2500–3500 cm� 1)
AH2O/
AO� Sn� O

AOH/
AO� Sn� O

SnO2_cop 191.58 13.78 122.31 0.07 0.64
SnO2_150 °C 194.04 7.99 16.13 0.04 0.08
SnO2/Au_cop 195.02 6.82 17.81 0.03 0.09
SnO2/Au_150 °C 193.14 11.07 24.78 0.06 0.13

Figure 7. Products (a) methane, (b) carbon monoxide, (c) ethylene, and (d)
ethane obtained during the CO2 photoreduction in the gas phase (CO2+H2O
steam) after 6 h of reaction using UV light at 15 °C. Reaction conditions:
batch reactor (14 mL working volume) and 10 mg of catalyst.
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with the H+ from the water splitting, results in the formation of
CH4 (Eq. 3).

[54,56]

CO2 ! CO! C.

! CH.

! CH3
.

! CH4 (3)

In gas-phase CO2 photoreduction, C2 products, such as C2H4

and C2H6, have also been identified in addition to C1 products
(CH4 and CO). Surface hydroxyls played a significant role in the
C� C coupling capacity, contributing to the formation of higher
hydrocarbons through the dimerization process.[57] The basic
Lewis characteristics of hydroxyls favor the adsorption of the
CO2 molecule, which in turn, has an acidic character. Dimeriza-
tion results from successive reactions with different intermedi-
ates, forming longer hydrocarbons such as C2H4 and C2H6, as
suggested by Figure 8. Gold nanoparticles formation at the
SnO2 surface replaces the hydroxyl groups; therefore, the
photocatalytic activity is impaired.

The results obtained should be highlighted compared to
other reports in the literature on CO2 photoreduction using gas-
phase systems, even for classical systems employing TiO2. From
the results presented in the Table 4, we can suggest that the
materials used are promising photocatalytic agents for CO2

conversion into hydrocarbons. Although not exhibiting the
highest efficiency in some cases, as in the production of CO and
CH4, the prepared materials were more efficient in the
production of higher hydrocarbons (C2+). Moreover, it is

important to note the simplicity and effectiveness of the system
in this work compared to others, given the absence of sacrificial
agents and the low power used by the irradiation source (only
18 W). Since the employed semiconductor does not exhibit
characteristics that are conducive to CO2 reduction, the results
obtained must be highlighted because they demonstrated an
important photocatalytic performance.

Given that gold nanoparticles are known to exhibit surface
plasmonic resonance at wavelengths of about 550 nm, the
identical gas-phase CO2 photoreduction reaction was carried
out using visible light (white LED). While the charge mediators
responsible for photoactivity in UV radiation are the Sn(OH)4
groups, in visible radiation, the surface plasmons of gold
nanoparticles create a strong local electric field, resulting in
selective photoactivity towards methane.[41,42,45] As seen in
Figure 9, the yields are significantly lower under visible
radiation than UV radiation, but the influence of gold on
photoactivity is evident. While for the sample without heat
treatment, the addition of gold nanoparticles, the selectivity for
methane almost doubles. For samples calcined at 150 °C, this
difference is nearly 10 times. This behavior demonstrates that
the incident photons’ energy matches the gold‘s surface
plasmonic resonance, being excited electrons transferred to the
CO2 molecule, consequently increasing its photoreduction
capacity (Figure 10).

Figure 8. Schematic of the CO2 reduction mechanism to C2H4 and C2H6. The oxygen atoms are shown in red, the hydrogen atoms in gray, and the carbon
atoms in black.
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It is important to note that for SnO2/Au system, the
plasmonic effect is not significant when compared to the water
bonding state effect, showing that this assumption (e.g., the
role of plasmonic metals) could not be assumed as universal for
different photocatalysts. In other words, it shows that the
semiconductor acts as a photocatalyst rather than a simple
support of plasmonic particles, which would be regarded as the
active sites in these other mentioned systems.

Conclusion

The SnO2 nanoparticles obtained by coprecipitation showed
high performance during CO2 photoreduction in the gas phase,
with high selectivity to methane (~90% for SnO2_cop).
Although this semiconductor is recognized as having an
unfavorable band structure for photocatalytic applications, the
surface hydroxyl groups play a crucial role in the adsorption of
the CO2 molecule and, consequently, in its reduction process.
Heat treatment and gold impregnation on the surface of this
catalyst were deleterious during the reaction under UV
irradiation since they decreased the availability of surface
hydroxyls (starting from ~30 μmolg� 1 in SnO2_cop, with a drop
of 59.81% and 51.45% in CH4 production for SnO2_150 °C and
SnO2/Au_cop, respectively). Under visible radiation (white LED),

Table 4. Comparison of the product formation rate during CO2 photoreduction in gas-phase systems.

Catalyst Light source Reaction medium Reactor type Product formation rate [μmolg� 1cat h
� 1] Ref.

CH4 CO C2H4 C2H6

TiO2/Au 100 W
Xe lamp (>320 nm)

CO2+H2O(vapor) Gas phase 3.10 1.50 – – [58]

MgO� Pt� TiO2 100 W
Xe lamp (>320 nm)

CO2+H2O(vapor) Gas phase 6.30 0.02 – – [58]

TiO2/NrGO 400 W
Xe lamp (>400 nm)

CO2+H2O(vapor) Gas phase – 50.0 – – [59]

In2O3 300 W
Xe lamp (>420 nm)

CO2+H2O(vapor) Gas phase 27.19 8.25 – – [60]

Ce� TiO2/SBA 450 W
Xe lamp

CO2+H2O(vapor) Gas phase 2.00 1.88 – – [61]

TiO2/Ag3PO4 300 W
Xe lamp

CO2+H2O(vapor) Gas phase – 24.94 – – [62]

(Au, Cu)/TiO2 1000 W
Xe lamp

CO2+H2O(vapor) Gas phase 44.00 – – – [63]

Cu3SnS4 100 W
Xe lamp

CO2+H2O(vapor) Gas phase 14.20 8.40 – – [64]

RT-Cu 100 W
Xe lamp

CO2+H2O(vapor) Gas phase 0.01 – – – [65]

TiO2/SBA 120 W
Hg lamp

CO2+H2O(vapor) Gas phase 49.75 – 28.93 42.81 [66]

CuOX@p-ZnO 300 W
Xe lamp (>320 nm)

CO2+H2O(vapor)

+TEA*
Gas phase 17.90 27.30 22.30 – [67]

SnO2_cop 18 W – UVC CO2+H2O(vapor) Gas phase 5.18 1.04 0.27 0.07 This work
SnO2/Au_cop 18 W – UVC CO2+H2O(vapor) Gas phase 2.52 0.78 0.15 0.07 This work

*TEA= triethylamine

Figure 9. CO2 photoreduction in the gas phase (CO2+H2O steam) after 6 h
of reaction under visible radiation at 15 °C. Reaction conditions: batch
reactor (14 mL working volume) and 10 mg of catalyst.

Figure 10. Scheme of surface plasmon resonance of gold nanoparticles on
the surface of SnO2 and its influence on CO2 photoreduction.

ChemCatChem
Research Article
doi.org/10.1002/cctc.202201534

ChemCatChem 2023, e202201534 (7 of 9) © 2023 Wiley-VCH GmbH

Wiley VCH Freitag, 03.03.2023

2399 / 291400 [S. 7/10] 1

 18673899, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202201534 by E
M

B
R

A
PA

 - E
m

presa B
rasileira de Pesquisa A

gropecuaria, W
iley O

nline L
ibrary on [03/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



the collective oscillation of electrons during the plasmonic
resonance of the gold nanoparticles may have favored the
adsorption of CO2 molecules, leading to their reduction to CH4

(0.33 μmolg� 1 for SnO2/Au_cop and 0.29 μmolg� 1 for SnO2/Au_
150 °C) and CO (0.06 μmolg� 1 for SnO2/Au_cop and
0.03 μmolg� 1 for SnO2/Au_150 °C). These values evidenced that
the plasmonic effect attributed to Au nanoparticles can not be
considered the responsible for the photoactivity, and that SnO2

is not acting as a catalyst support but the actual photocatalyst.
Thus, under UV radiation, CO2 photoreduction occurs by the
charge mediators Sn(OH)4, while under visible radiation, photo-
reduction results from the surface plasmonic resonance of gold
on the SnO2 surface. Therefore, these results demonstrate that
SnO2 is valuable for CO2 photoreduction reactions, being its
surface characteristics critical for the activity.

Experimental Section

Catalysts preparation

SnO2 nanoparticles were synthesized according to Torres et al.
(2020) with some modifications.[39] Typically, 100 mL of anhydrous
ethanol (99.5% purity, Dynamics) was used as the dispersing
medium for 0.5 g of SnCl2.2H2O (Sigma-Aldrich). The suspension
was stirred overnight after the addition of 22 mL of distilled water
at room temperature. The resulting suspension was washed by
centrifugation (8000×g, 10 min, 25 °C) with MiliQ water and
ethanol to remove excess chlorine and dried at 50 °C overnight.
This material was named SnO2_cop. Finally, the co-prepared
samples were calcined at 150 °C for 3 h.Gold nanoparticles on the
SnO2 surface were obtained by reducing a solution of chloroauric
acid (HAuCl4, Exodo) with a concentrated solution of sodium
borohydride (NaBH4, Aldrich,�96%). For this, in the suspension of
SnCl2.2H2O in water and ethanol, a solution of 1% HAuCl4 was
added to obtain a proportion of SnO2/Au 1% (wt%), which was
kept under stirring for 30 min for complete homogenization. The
sodium borohydride solution was added dropwise to the previously
prepared suspension under constant stirring. The obtained material
was washed by centrifugation (8000×g, 10 min, 25 °C) with MiliQ
water and ethanol and then lyophilized. This sample was denoted
SnO2/Au_cop, while the calcined (for 3 h) was called SnO2/Au_
150 °C.

Characterization

Elemental analysis, diffuse reflectance, Raman, and X-ray photo-
electron spectroscopy, together with X-ray diffractometry, scanning
and high-resolution transmission electron microscopy, were used to
determine the characteristics of the synthesized materials. X-ray
fluorescence was used to calculate the quantity of gold on the
SnO2 surface. In the Supplementary Material, the procedures are
described in further detail.

CO2 photoreduction reaction (CO2PR)

Using a technique that has been previously reported, the CO2

photoreduction was carried out using 10 mg of catalyst that was
placed as a film on a glass substrate.[39] The catalysts were exposed
to UV light (18 W/mercury lamp) in a gas-solid system for 6 hours at
15 °C and air pressure. Gas chromatography was used to identify
the products that were collected. The Supplementary Material

contains more information about the CO2 photoreduction that was
done.
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CO2 photoreduction using SnO2

under UV radiation lead to CO, C2H4,
and C2H6, with higher selectivity for
CH4. The same reaction under visible
light using Au-decorated SnO2

produces CH4 and a smaller amount
of CO but in much lower yields.

Although the SnO2 band structure
does not indicate a good semiconduc-
tor for CO2 reduction, its surface char-
acteristics are responsible for its
catalytic activity, and it does not act
as a simple support for other
catalysts, as plasmonic metals.
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