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Partial Oxidation of Methane into hydrocarbons using photoelectrochemical routes is attractive from a sus-
tainability point of view owing to the possibility of using renewable energy (i.e., solar illumination) to activate
this stable molecule. However, the process demands the development of novel catalysts that can promote
methane activation and oxidation in a controlled manner to increase energy conversion efficiency. Herein, we
demonstrated that semiconductor heterostructures improved charge separation compared to the individual
materials alone. A more effortless transfer between bands favors the separation of the electron-hole (e /hh) pairs
generated by the photoelectrocatalytic system and prevents them from recombining. This process produces
reactive oxygens, essential to driving methane oxidation conversion of the C-H bond cleavage. TiO2:SnOy
semiconductor heterojunction catalysts in film shape were investigated for methane oxidation via a photo-
electrocatalytic process. The methane oxidation reactions were carried out in an inflow and sealed electro-
chemical system for 1 h. Liquid-state nuclear magnetic resonance revealed methanol and acetic acid as the main
liquid products, where the TiO5:SnO3 heterojunction exhibited better performance with values of 30 and 8 umol.
em 2h7, respectively. Compared to their materials alone, the superior performance of the TiO2:SnO, hetero-
junction is attributed to the formation of heterostructure type II that enables a more effortless transfer between
bands, facilitating the separation of the generated e /h" pairs under UV-Vis irradiation. The outcomes achieved
here will motivate further studies for developing semiconductor heterojunction structure catalysts in photo-
electrocatalysis to partially oxidize methane into valuable chemicals.

1. Introduction

Methane, widely available as natural gas, is a versatile feedstock for
chemical production [1]. However, due to its high stability and
considerable carbon footprint, more environmentally friendly and
economically efficient alternatives are required [2,3]. Partial methane
oxidation reactions driven by photoelectrochemical processes have
attracted interest as a promising alternative in this area of research.
These reactions stand out for their capacity to use solar energy as a
source of activation and external electrical energy to modulate the
reactivity of the reaction and the selectivity of the products [4].
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Currently, most of the research in the electrochemical activation of
methane has used metal and metal alloy catalysts, such as Au, Pt, and Pt-
Rh [3,5,6]; however, these catalysts tend to favour the complete
oxidation of methane to CO; as opposed to partial oxidation into
value-added chemicals/fuels. Metal oxide semiconducting materials are
being used as a more controlled method to solve this problem because
they may modify the reaction rate. The reactive species produced may
vary depending on factors like composition, shape, and bandgap, which
could alter the reaction’s route and product selectivity. The reaction
mechanism involving metal oxide semiconducting materials involves
the generated electron-hole (e /hM) pairs when excited from an
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illuminated light source. These generated e /h™ on the surface of the
semiconductor lead to the formation of reactive species, e.g., hydroxyl
radicals (¢OH) and superoxide anion radicals (O3 "), which can be more
selective in the formation of products, depending on the oxidation state
of the metal and the chemical interactions involved. Although the
thermodynamic barrier for C—H bond activation is high, oxidative sites
such as metal centers, the eOH, and O35 species can provide the
necessary energy to overcome it and form a new bond [7,8].

Among the metal oxide semiconducting materials, TiO; anatase has
been investigated as a photoelectrocatalyst for methane oxidation [2,9];
however, its relatively low surface area limits the availability of active
sites for the reaction, reducing its activity, and its relatively high
recombination rate; where photogenerated e /h™ pairs tendency to
recombine rather than participate in the desired reaction, limiting its
efficiency. In this sense, a semiconductor heterojunction can overcome
these issues since the interface formed between two different semi-
conductor materials with different electronic properties can improve
their properties, surface area (increasing), and recombination rate
(decreasing — when a heterojunction is formed, the e~ /h™ diffuse across
the junction, creating a depletion region with a built-in electric field that
aids in charge separation; by draining the photogenerated electrons
from one phase to the other phase in contact, it prevents the reverse
diffusion back across the junction) [10].

In particular, the TiO2:SnO; heterostructure is worth studying
because (i) it presents sufficient oxidative potential to oxidize the water
molecules due to the valence band maximum of both TiO, and SnO,
being lower than the potential of «¢OH/OH™ (+2.59 V versus NHE) and
the conduction band minimum of TiO3 being higher than the potential of
0O,/005 (—0.16 V versus NHE)[11], (ii) SnOo-rutile possess higher sur-
face area than TiOg-anatase, making the TiO,:SnO heterojunction ac-
tivity higher, and (iii) the TiO2:SnO5 heterojunction is easily synthesized
since both are crystallized in the same crystallographic group, i.e.,
SnOy-rutile and TiOs-anatase phases share standard crystalline planes.
The self-organization of TiO2:SnO; heterostructures using preformed
particles via a hydrothermal method is possible through the Oriented
Attachment growth mechanism [12,13]. Although there is evidence
related to the effectiveness of TiO»:SnO5 to conduct advanced oxidation
processes (AOP), the literature focuses on complete oxidation of target
molecules (e.g., dyes, pesticides, etc) [14]. Studies about the perfor-
mance of these catalysts in the partial oxidation processes are incipient,
leading that the knowledge about how to control the extension of re-
actions is unclear. Especially on the case of methane partial oxidation,
the capacity of the catalysts to activate the molecule is the main unad-
dressed challenge. The understanding of the process as a whole is
complex, including the description of how the particles’ alignment in-
fluences the electronic levels positions (i.e., holes and electrons), and
how the oxidizing species are formed.

Therefore, in this study we produced TiO,:SnO, heterostructure
looking for the benefits of the charge migration promoted by photo-
electrocatalytic process for the partial methane oxidation. Using an
external potential can control the rate and extent of oxidation, pro-
moting desired intermediate products, such as methanol (CH3OH) and
acetic acid (CH3COOH). Thin films of TiO2:SnO, were prepared by
dispersing the catalysts in water suspensions and spray-coating them on
Fluorine-doped Tin Oxide (FTO) substrate. Since we suppose the elec-
trons will be concentrated in the SnO5 side of the heterostructure, the
choice of FTO attends to the energy-level alignment to promote fast and
easy electron capture (to the electrochemical circuit). The prepared
photoelectrodes (i.e., TiO2:SnOy heterojunction, TiOs-anatase, and
SnO,-rutile) were evaluated for their capability to oxidize methane
using an inflow and sealed electrochemical system, excited by three
different sources (i.e., electron, photon, and photoelectron). As a result,
as-synthesized TiO2:SnO, heterostructure electrodes excited by a
photoelectron source exhibited superior performance for methanol
(30 pmol.cm’z.h’l) and acetic acid (8 pmol.cm’z.h’l) production
when compared to their materials alone (i.e., TiOs-anatase and SnO,-
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rutile). These results motivate new photoelectrocatalyst experiments
using heterojunction catalysts to partially oxidize methane into value-
added chemicals.

2. Experimental
2.1. Chemicals

All chemicals, including anhydrous titanium(IV) oxide (TiOy >
99.99%), tin(II) chloride (SnCly), anhydrous sodium carbonate
(NayCOg3), and anhydrous alcohol (99.5%) were analytical grade and
used as received from Sigma Aldrich. Type I ultrapure water (Millipore
Milli-Q system, resistivity of 18.2 MQ cm at 25 °C) was used to prepare
all solutions. Nitrogen (N2) and methane (CH4) gas (99.99%, purity)
were purchased from White Martins Inc. (Brazil). D521 Nafion®
alcohol-based dispersion 5 wt% from Fuel Cell Store was employed as
binding for the electrode deposition. Fluorine doped tin oxide coated
glass (FTO - 2.2 mm) with surface resistivity ~7 Q sq~* were purchased
from Sigma Aldrich.

2.2. Electrode preparation

Three different catalysts were prepared before spraying on the FTO
substrate: (i) containing commercial TiOs-anatase particles, (ii) con-
taining as-synthesized SnOs-rutile, which were synthesized at room
temperature and annealed via hydrothermal at 200 °C for 240 min,
according to Torres et al., 2020 [15], and (iii) containing a blend
(75-25 wt%) as-synthesized TiO2:SnO, heterojunction, which was syn-
thesized by adding commercial TiO»-anatase, SnO precursor, and type I
ultrapure water to the stainless steel vessel, kept under stirring at room
temperature (25 °C) for 20 min and taken it to the hydrothermal heating
at 200 °C for 240 min, as reported by Mendonca et at. 2014 [13]. The
films were prepared by spray-coating on FTO (dimensions 2.5 x2 cm)
substrates, which were cleaned before coating in multiple steps (i) using
type I ultrapure water and Extran® soap under sonicating for 5 min, (ii)
ethanol under sonicating for 5 min, (iii) acetone under sonicating for
5 min, (iv) type I ultrapure water under sonicating for 5 min to remove
impurities/contaminants, and (v) dried in N» flux. For all depositions, a
catalyst slurry was prepared by mixing 25 mg of catalyst in 25 mL of
isopropanol and 0.25 mL Nafion® for 20 min using a mortar and pestle,
and the slurry was then dispersed in 100 mL of isopropanol under son-
ication for 30 min. The semiconductor suspensions were sprayed on the
FTO over a heating plate at 60 °C to increase the solvent evaporation
rate.

2.3. Characterization

The crystalline structure of commercial TiOo-anatase, as-synthesized
Sn0,, and as-synthesized TiO2:SnO, powders were analyzed by X-Ray
Diffraction (XRD — Shimadzu XRD-6000 diffractometer model) using a
Cu Ka source (A = 1.5418 A) operated at 30 kV and 30 mA. The data
were acquired at diffraction angles ranging from 10° to 90° with a
scanning velocity of 2° min~!. Raman spectra were recorded (Raman -
Horiba LabRam HR Evolution) using a laser excitation wavelength of
532 nm from 100 to 1000 cm™ . A scanning transmission electron mi-
croscope (STEM — FEI Tecnai G2 F20) equipped with high-resolution
images (HRTEM) and Energy-dispersive X-rays (EDX) was used to
determine morphologies, crystalline plans, and chemical compositions
of the samples. A colloidal alcoholic suspension of each sample was
dispersed and directly dropped onto a carbon-coated copper grid and
allowed to dry before being taken to the microscope. The nitrogen
adsorption—desorption isotherms and the Brunauer—Emmett—Teller
(BET) specific surface areas were measured using a Micromeritics ASAP
2020 instrument operating at — 196 °C. The Tauc method [16] was
applied to calculate the indirect bandgap energy of each sample using
the diffuse reflection spectrum (DRS, Shimadzu UV-2600
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spectrophotometer). The photoluminescence (PL) was recorded using an
excitation laser source with a wavelength at 355 nm under a constant
power of 5 mW and concentrated upon a 200 pm spot. The luminescence
signal was dispersed by a 19.3 cm spectrometer (Andor/Kymera) and
detected by a Si charge-coupled device (Andor/Idus BU2). 1 H nuclear
magnetic resonance (NMR - Bruker, model Bruker Ascend™ 600 MHz)
operating at 25 °C was used to identify and quantify liquid products.
Aliquots of 540 pL of each sample were mixed into a solution with 60 pL
of D20, 50 mM of standard dimethyl sulfoxide (DMSO), and 0.21 mM of
reference 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt
(TSPd4). The WET procedure suppressed the water peak, and the raw
NMR data were investigated using the MestReNova software.

2.4. Flow cell configuration

The experimental setup for partial oxidation of methane was
designed using a customized filter-press photoelectrochemical reactor
with an inflow and sealed system (Fig. S1). The lab-scale system consists
of i) anolyte and catholyte jacketed glass tanks with a capacity of
100 mL coupled to a thermostatic bath; ii) peristaltic pumps to recir-
culate the fluid through the photoelectroreactor; iii) a 100 W halogen
lamp; and iv) a double compartment photoelectrochemical flow cell.
The cathode and anode chambers of the photoelectrochemical reactor
were made from Teflon and polyacetal, respectively. Both compartments
are separated by two rubber seals (thickness ca. 4.8 mm) and a cation
exchange membrane, Nafion 117. SAE 304 stainless steel was used as the
counter electrode, while the as-prepared electrodes were employed as
the working electrode. The electrodes have an effective active area of

A
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5 cm?. The catalyst loading was 3.0 & 2 mg.cm™2. An Ag/AgCl 3.0 M
KCl reference electrode was used and placed near the working electrode
in the cathodic compartment. All the fluid connections were located at
the side plate of the reactor. Lastly, 1 mm thick Viton® sheets and
gaskets were used to ensure a leak-free operation. The photo-
electrochemical reactor was sealed by hand using M6 bolts at 4 Nm.
Each experiment was conducted on fresh film and electrolyte, and
different types of excitations were applied on the electrodes (i.e., electro
reactions were done only over the applied potential, photon reactions
were done only over the UV-Vis irradiation, and photoelectron reactions
were done with the applied potential and UV-Vis irradiation). The
experimental preparation process was the same for all reactions, except
for the previously mentioned excitation source. The cathodic and anodic
chambers contain 3.2 mL each, but the reactional volume of the reser-
voirs was 100 mL of 0.5 M NayCOg electrolyte of pH 12. The catholyte
was purged with a constant flow (30 mL min ') of Ny for 20 min, fol-
lowed by saturation with methane gas (30 mL min~1) for 30 min.
Chronoamperometric measurements at 1.3 V, controlled with an Auto-
lab potentiostat (Multi Autolab/M204), for electron reactions, a 100 W
halogen lamp source for photon reactions, and both chronoampero-
metric measurements at 1.3 V and a 100 W halogen lamp source were
applied for photoelectron reactions. Essays were performed in a
discontinuous mode, and the recirculation through the reservoir and the
photoelectrochemical reactor was kept at a 14 mL min~! flow rate.

3. Results and discussion

X-ray diffraction (XRD) was carried out to investigate the
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Fig. 1. (A) XRD patterns, (B) Raman spectra, and (C) Nitrogen adsorption-desorption isotherm and surface area (inset) for the as-synthesized TiO2:SnO, hetero-

structure, commercial TiO,-anatase, and as-synthesized SnO,-rutile samples.
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crystallographic structure of the as-synthesized TiO2:SnOs hetero-
structure, commercial TiOs-anatase, and as-synthesized SnOs-rutile
samples, as shown in Fig. 1(A). Regarding commercial TiO,, all
diffraction peaks are indexed to the anatase phase of TiOy with a
tetragonal crystal structure and a lattice constant of a = 0.3784 nm and
¢ = 0.9515 nm, according to the Joint Committee on Powder Diffraction
Standards (JCPDS) card No. 21-1272. For the as-synthesized SnO,, the
main diffraction peaks can be indexed to the rutile phase of SnO, with a
tetragonal crystal structure (JCPDS card No. 41-1445), which corre-
sponds to the (hkl) planes of (110), (101), (200), and (211) with a lattice
constant of a = 0.473 nm and ¢ = 0.3185 nm. For the as-synthesized
TiO2:SnO; heterostructure, diffraction peaks characteristic of both
anatase TiO5 and rutile SnO5 phases were identified, indicating inte-
gration of the different phases and a potentially successful synthesis.
Raman spectroscopy was performed to investigate the short-range
order of the different samples, as shown in Fig. 1(B). Regarding com-
mercial TiOy, the Raman bands located at 142, 196, 396, 516, and
637 cm ! are attributed to the anatase phase of TiO2. The bands at 142,
196, and 637 cm ™! are assigned to the E; mode, the band at 396 em!
corresponds to the B; ; mode, and the band at 516 em ™! is assigned to
the A; g mode [17]. To the as-synthesized SnOa, the peak at 560 em!
can be assigned to the Sn—O surface vibrations, and the peak at
629 cm™ ! can be assigned to the A; ¢ mode of SnOy [18]. To the
as-synthesized TiO2:SnO3 heterostructure, there was no signature for the
SnO- vibration modes; however, the band intensities have decreased
when compared to the pure TiOg, indicating that introducing SnO, on
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the TiO, surface will not change the crystal phase of TiO, [19]. It was
not possible to identify the Raman shifts referring to the rutile phase of
the SnO, due to the peaks overlapping since the peak at 629 cm™! is
close to the anatase phase of the TiO, peak at 637 cm ™! which is more
intense.

To analyze the Physical adsorption behavior and the specific surface
areas, the BET technique was applied, and the results are displayed in
Fig. 1(C). According to the IUPAC Technical Report [20], pure TiOs
presents reversible Type I(a) isotherms, possibly due to their pore size
width of ~8nm and relatively small external surface. The
as-synthesized SnO; presents the Type IV isotherms given by its meso-
porous adsorbents with pores wider than ~4 nm and a surface area of
199.2 m2.g~ 1. The as-synthesized TiO,:SnO, heterostructure shows the
reversible Type II isotherms given by the physisorption macroporous
adsorbents. An increased specific surface area of TiO2:SnO5 (69.09 m?.
¢~ 1) was achieved when compared to the commercial TiOy-anatase
(3.77 m2g™h.

The structure and morphology of the as-synthesized TiO2:SnO5 het-
erostructure (Fig. 2), commercial TiOs-anatase (Fig. S2A), and as-
synthesized SnOo-rutile (Fig. S2B) were imaged via electron micro-
scopy. Fig. 2A represents the SEM micrographs of as-synthesized TiOs:
SnO; heterostructure, showing particles with a nearly-spherical shape
and an average size of 139 nm (particle size distribution Fig. S2D)
covered with small particles, attributed to SnO,. Commercial TiOs-
anatase particles remained with their structure intact, and there were no
changes of shape or phase even after the heat treatment during SnO»

Fig. 2. Electron micrographs of the as-synthesized TiO,:SnO, heterostructure, (A) SEM image, (B) TEM image, (C) TEM-EDX, (D) HRTEM image (zoom of the SnO,

nanoparticles over the TiO, showed in Fig. 2B).
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nanoparticle growth, indicating good structural stability and a tight
interfacial contact, which can benefit in enhancing the reaction kinetics
[19]. Fig. 2B shows a TEM image of the as-synthesized TiO2:SnO- het-
erostructure and Fig. 2D (zoom of the SnO5 nanoparticles over the TiO3)
that reveals small crystalline SnO, nanoparticles located on the smooth
surface of the TiO; particle. Fig. 2C shows the TEM-EDX analysis that
identifies the presence of uniformly distributed Sn on the Ti particles.
Fig. 2D shows the high-resolution TEM image of the as-synthesized TiOa:
SnO, heterostructure, revealing the presence of partially facetted and
chained crystalline nanoparticles, forming three-dimensional aggre-
gates. The crystallographic plane of SnO, shows the adjacent interplanar
distance of 0.28 nm in relation to plane 110. Moreover, the coalescence
between SnO- nanoparticles is highlighted. These results indicated that
the as-synthesized TiO2:SnO» heterostructure had been successful. It is
important to state that despite observed interfaces between the particles,
heterojunction formation cannot be confirmed only by TEM analysis
since a heterojunction is elucidated by the possibility of charge migra-
tion between the different semiconductors forming, thus a
heterostructure.

Ultraviolet-visible (UV-vis) spectroscopy of the as-synthesized TiOa:
SnO, heterostructure, commercial TiOs-anatase, and as-synthesized
SnO,-rutile are shown in Fig. 3(A). The Tauc equation applied to the
UV-vis diffuse reflectance was used to measure the bandgap energy of
each sample. The experimental results indicated that the commercial
TiOs-anatase and as-synthesized SnO,-rutile exhibited strong photo-
absorption below 400 nm (i.e., in the UV range) from the indirect
transitions. However, the energy band of as-synthesized SnOs-rutile
(3.74 eV) is higher than commercial TiOj-anatase (3.2 eV). The lower
bandgap value presented by the commercial TiOz-anatase suggests an
easier electron transition between the valence and conduction bands,
which qualifies its use as a support for a photocatalytic process [21]. The
addition of Sn did not shift the bandgap energy of TiOs; that is, there was
no doping of Sn into the TiO4 structure. Instead, the SnO;, particles were
effectively grown onto the TiO, surface, producing a particle with single
electron levels that allow sharing of photogenerated electrons and holes
in catalytic processes [22].

The photoluminescence (PL) emission of the as-synthesized TiOo:
SnO;, heterostructure, commercial TiOs-anatase, and as-synthesized
SnO,-rutile was recorded in the 360-1000 nm range with an excita-
tion wavelength of 355 nm, as displayed in Fig. 3(B). PL spectra for all
materials showed a weak UV light emission peak at ~365 nm, which
corresponds to the internal transition of the electrons from the con-
duction band to the valence band [23]. In addition, the as-prepared
polycrystalline oxides exhibited blue emission (460-480 nm) attrib-
uted to electronic transition mediated by defect levels (oxygen va-
cancies) in the bandgap. Commercial TiOy-anatase exhibited a strong
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emission of ~477 nm attributed to charge transfer from Ti>* to an ox-
ygen anion in a TiOe octahedron [24]. Similarly, as-synthesized
SnO,-rutile exhibited an emission at ~473 nm associated with elec-
tronic transitions from the Sn** ion to oxygen. However, it also showed
a broad band with a maximum of ~621 nm, which can be attributed to
surface hydroxyl groups [15,25]. Regarding the as-synthesized TiOj:
SnO;, heterostructure, the main emission is found in the same region of
the commercial TiOs-anatase (~477 nm), indicating exceptional
contribution of the electronic transition from the oxygen vacancies in
the TiO4 structure. However, the emission intensity of the as-synthesized
Ti02:Sn0, heterostructure is shown to be lower than that of commercial
TiOg-anatase suggesting that the anchoring of SnO nanoparticles on the
surface of TiOs particles facilitates electronic transitions, making it more
effective in controlling and reducing the recombination of e /h™ pair
carriers [25], indicating that heterojunction between TiO3 and SnO5 was
successfully achieved.

Production of liquid chemicals from partial oxidation of methane of
different electrodes (i.e., as-synthesized SnOs-rutile, commercial TiO»-
anatase, and as-synthesized TiO2:SnO5 heterostructure) after 1 h of re-
action are shown in Fig. 4. All electrodes were subjected to the same
experimental conditions, with the exception of the different sources of
excitement (i.e., photon, electron, and photoelectron). The as-
synthesized TiO2:SnO; heterostructure samples under photoelectron
excitation showed superior performance among the studied catalysts.
Liquid-state NMR revealed methanol and acetic acid were the main
liquid products for all reaction configurations (photon, electron, and
photoelectron sources), indicating good selectivity. A pre-reaction was
made under the same experimental reaction standards; that is, the
photoelectrochemical reactor was assembled with all apparatus, gas
flow, and fresh electrolyte (details in flow cell configuration section),
but with no electrode or employment of potential and light irradiation. A
minor amount of methanol was identified in this pre-reaction, and this
amount was subtracted from the values of all reactions.

All studied catalysts showed distinct behavior when induced by the
different sources of excitement and, therefore, different total pro-
ductions. When just photoexcited, the as-synthesized SnO,-rutile elec-
trodes presented no methanol or acetic acid production. On the other
hand, commercial TiOj-anatase and as-synthesized TiO2:SnO9 hetero-
junction electrodes exhibited similar production, indicating that the
presence of SnOa-rutile did not influence the behavior of the as-
synthesized TiO2:SnO, heterojunction. This finding suggests that the
observed behavior aligns with the TiOs-anatase attributes as a catalyst
since it possesses a lower bandgap and higher energy positions of the
conduction band (—0.5V vs. NHE) than SnO-rutile (0.5 V vs. NHE),
which is adequate to water splitting — it is essential to form a hydroxyl
radical (eOH) that reacts with methane (CH4) to produce a methyl

B

15000 —TiO,
—TiO,:Sn0O,
12500 $10,

10000 1
@
Z 7500
=]
=
S 5000+
2500 1
0-
T T T T T T T T T T T T
400 500 600 700 800 900 1000
Wavelength (nm)

Fig. 3. (A) UV-vis diffuse reflectance spectra and Tauc plot (indirect bandgap value) and (B) photoluminescence (PL) spectra of the as-synthesized TiO2:SnOy
heterostructure, commercial TiO,-anatase, and as-synthesized SnO,-rutile samples.
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tocatalysis (P), electrocatalysis (E), and photoelectrocatalysis (PE) sources. The
reactions were made in 0.5M Na;COj3; at pH 12 for 1 hour. Priorly to the re-
actions, Ny and methane gas were purged. Chronoamperometric measurements
at 1.3 V for electron reactions, a 100 W halogen lamp source for photon re-
actions, and both chronoamperometric measurements at 1.3 V and a 100 W
halogen lamp source were applied for photoelectron reactions. All trials were
made in a discontinuous mode under reservoir recirculation. More details are
found in the flow cell configuration section.

radical (eCHj3), which reacts with an additional water molecule (H;0),
forming methanol (CH3OH) [11]. When just excited by an electron
source, as-synthesized SnOy-rutile electrodes exhibited a better perfor-
mance in comparison to the commercial TiOz-anatase and a slightly
better performance than as-synthesized TiO2:SnO heterojunction elec-
trodes. This finding can be addressed with the strong SnO, electro-
catalytic activity since it possesses good electrical conductivity, which
helps in facilitating the flow of electrons during electrochemical re-
actions, and the catalytic activation through photoactivation is not
significant. Under an electron source, commercial TiO,-anatase exhibi-
ted better performance when compared to its production under just
photon irradiation, indicating a possible limitation of efficiency by the
recombination rate of the e”/h™ pairs. When excited by a photoelectron
source, as-synthesized TiO2:SnO, heterojunction electrodes exhibited
superior performance compared to the as-synthesized SnO»-rutile and
commercial TiOs-anatase. As-synthesized TiO2:SnO, heterojunction
electrodes under photoelectron excitation source exhibited higher
methanol and acid acetic production of 30 and 8 pmol.cm™2h7},
respectively, among all catalysts and conditions studied. This finding
may be attributed to the heterojunction that enables a more effortless
transfer between bands, facilitating the separation of the generated
e /h' pairs when under UV-Vis irradiation. Ultimately, the photo-
electrocatalytic experiments denote the importance of electron drainage
(i.e., the transfer of electrons from the photocathode to the oxidant),
improved by the TiO2:SnO, heterojunction catalyst when compared to
their individual material alone. The electrons accumulated in SnOy-r-
utile could be transferred to TiOs-anatase in the circuit, increasing of
oxidative potential and therefore the total catalytic activity. Commercial
TiOy-anatase and the as-synthesized TiO,:SnO; heterojunction showed
equivalent behavior when excited by the different sources, demon-
strating that the effects are related to the TiOz-anatase photocatalytic
properties since its surface area is ~50 times lower than SnOs-rutile. In
addition, the formed products did not alter among all catalysts studied,
suggesting that the methane activation is taking place over the TiO,-a-
natase surface, where we believe the oxidative sites are concentrated.
Acetic acid production followed the behavior of methanol production
because the accumulation of intermediates and products formed during
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the reaction may promote the dimerization of methane molecules, thus
enabling the formation of both C1 and C2 compounds; the reactions are
performed in an inflow and sealed system to stimulate acetic acid for-
mation following methanol production. This is because the chemical
pathway to form acetic acid goes through a methanol intermediate step,
so a sealed system helps by maintaining a constant environment around
the electrodes.

4. Conclusion

In this study, we synthesized and characterized an as-synthesized
TiO2:SnO5 heterojunction as a model catalyst for controlled photo-
electrochemical methane oxidation, prepared from pre-formed nano-
particles via a hydrothermal method. As-synthesized TiO2:SnO;
heterostructure electrodes excited by a photoelectron source exhibited
superior performance for methanol (30 pmol.cm~2.h™?) and acetic acid
(8 pmol.cm’z.h’l) production when compared to their individual ma-
terials alone (i.e., TiOz-anatase and SnOo-rutile). The superior produc-
tion could be attributed to the heterojunction mechanism between TiO»-
anatase and SnO-rutile materials that enables a more effortless transfer
between bands, facilitating the separation of the generated electron-hole
(e~/h™), liable for producing reactive oxygens (e.g., «OH), which are
essential to driving methane oxidation conversion by the C-H bond
cleavage. Our insights show that the e /h™ separation process, probed
by this model catalyst, can increase methane conversion; however, it
depends on proper electron drainage (to a related oxidation reaction or
in the photoelectrochemical circuit). The electron concentration in one
phase may increase its transference in the electrochemical circuit in a
synergic way with irradiation. The product selectivity is not altered from
the commercial TiOy-anatase to the as-synthesized TiO2:SnO; hetero-
structure, showing that this factor is related to the TiOj-anatase cata-
lyst’s nature. The results can support new research about how
heterostructure design can impact with the performance of photo-
electrocatalysts and stimulate the development of novel materials/
combinations for various other applications, including water splitting,
CO4, reduction, and pollutant degradation.
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