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This study assessed the photoactivity of amorphous and crystalline TiO2 nanotube arrays (TNA) films in gas
phase COy reduction. The TNA photocatalysts were fabricated by titanium anodization and submitted to an
annealing treatment for crystallization and/or cathodic reduction to introduce Ti** and oxygen vacancies into
the TiO; structure. The cathodic reduction demonstrated a significant effect on the generated photocurrent. The
photoactivity of the four TNA catalysts in CO reduction with water vapor was evaluated under UV irradiation
for 3 h, where CH4 and Hy were detected as products. The annealed sample exhibited the best performance
towards methane with a production rate of 78 pmol ggi h™!, followed by the amorphous film, which also
exhibited an impressive formation rate of 64 pmol gt h™'. The amorphous and reduced-amorphous films
exhibited outstanding photoactivity regarding Hy production (142 and 144 pmol ge h™!, respectively). The
annealed catalyst also revealed a good performance for Hy production (132 pmol get h™1) and high stability up
to five reaction cycles. Molecular dynamic simulations demonstrated the changes in the band structure by
introducing oxygen vacancies. The topics covered in this study contribute to the Sustainable Development Goals
(SDG), involving affordable and clean energy (SDG#7) and industry, innovation, and infrastructure (SDG#9).

1. Introduction

This study describes the use of nanostructured oxide photocatalysts
in energy conversion and environmental remediation applications.
These topics contribute to the Sustainable Development Goals (SDG),
involving affordable and clean energy (SDG#7) and industry, innova-
tion, and infrastructure (SDG#9). The emission of greenhouse gases in
the atmosphere and its effect on global climate changes is an important
environmental problem caused by anthropogenic activities. As a major
component of greenhouse gases, greater efforts have been made by the
scientific community to develop sustainable processes to capture CO;
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and convert it into other value-added chemicals to supply the chemical
industry and energy sector. The CO, reduction reaction can be catalyzed
via photo-, electro-, photoelectro-, and thermo-chemical processes
forming a plethora of products like CO, CH4, CH30H, HCOO ™, C2Hs0H,
and other chemicals (Fan and Tahir, 2022; Fu et al., 2019; Gizinski et al.,
2020). The formation of a specific product depends on the type of pro-
cess, catalyst properties, reactor configurations, and reactants compo-
sition/phase. Among the processes, photocatalytic CO5 reduction under
sunlight is considered the most sustainable strategy. To overcome the
low efficiency, the main drawback for large-scale industrial applica-
tions, significant attention is being given to the design of novel catalysts
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with specific composition, architecture, and functionalization for an
efficient CO, photoconversion (Sharma et al., 2022).

The high stability, non-toxicity, availability, photocorrosion resis-
tance, suitable band structure, and redox ability turn TiO; into the most
explored photocatalyst in environmental and energy applications
(Dominguez-Espindola et al., 2022; Paz-Lopez et al., 2023). However,
the rapid recombination of the photogenerated carriers and low ab-
sorption under visible light are still the main drawbacks motivating the
development of novel TiOg-based photocatalysts. Currently, the focus of
the studies on the photocatalytic activity of TiO; relies on enhancing its
performance, especially under solar light irradiation by doping, surface
modification, nanostructuring, heterojunction, and decoration with
other materials (Babaie-Aghdam et al., 2023; Goto et al., 2022).

The nanostructured TiO; films like the TiO5 nanotubes arrays (TNA)
films synthesized via anodization technique are widely explored in dye-
sensitized solar cells, photo-assisted fuel cells, water treatment, and
water splitting for hydrogen generation (Santos et al., 2021). However,
its utilization in CO, photoreduction can be considered relatively new,
being developed moderately in the past decade with few and constant
numbers of publications, but it has been boosted just after 2020 (Hossen
et al., 2022). Still in the development stage, the fundamental aspects,
reaction mechanisms, product selectivity, and thermodynamics of TNA
in photocatalytic CO5 reduction are not well established, stimulating
more studies on the topic.

The most recent studies of gas phase CO, photoreduction using TNA-
based materials explored them in the crystalline form (anatase and
anatase/rutile mixtures) (Gao et al., 2020), doped (Qian et al., 2020),
modified with noble metals (Khatun et al., 2019; Zeng et al., 2020),
combined with carbon-based materials (Rambabu et al., 2019; Zhang
et al., 2021a), and forming heterostructures with other semiconductors
like CuyO (Savchuk et al., 2022) or CdS/ZnS (Cheng et al., 2021).
Regarding bare TNA photocatalysts, there are few published studies,
mainly focused on the effects of crystallization (Kar et al., 2019) and
light irradiation source (Li et al., 2018a; Zhang et al., 2021b) on the CO4
conversion efficiency. Introducing defects like oxygen vacancies was
also explored to increase the TiO, absorption under visible light (Gao
et al., 2020).

Despite being considered inactive or inefficient for photocatalytic
reactions, recent studies have demonstrated an extraordinary photo-
catalytic activity of amorphous TiO5 in CO, photoreduction (Fereidooni
et al., 2023b; Kharade and Chang, 2020; Santos et al., 2022). The
amorphous titania presents a large number of traps on the surface, like
hydroxyl groups, that can reduce the recombination of the charge car-
riers and increase the electron lifetime. Regarding amorphous TNA,
Santos et al. demonstrated the photocatalytic conversion of CO; to
methane with an impressive result of 14.0 pmol g+ h™! and high sta-
bility up to six reaction cycles for methane production using a bare TiOy
material without any modification procedure (Santos et al., 2022).

The main products of CO5 photoreduction with water using TNA-
based materials reported in the literature are CH4, CO, CyH4, and
CoHg (Hossen et al., 2022). Hy gas can be detected among the products of
CO4 photoreduction when sacrificial agents, like methanol, are added to
the water phase (Zhao et al., 2012). The strategy for achieving higher Hy
yields is the TiO5 functionalization with another co-catalyst, especially
noble metals (Zhao et al., 2012). Usually, the photocatalytic Hy pro-
duction and CO; photoreduction are investigated independently in the
literature. Herein, we describe for the first time the simultaneous for-
mation of methane and hydrogen from gas phase CO5 reduction reaction
by using amorphous and crystalline TNA photocatalysts in a bare form
without co-catalysts. The effect of introducing defects like Ti®* and
oxygen vacancies by cathodic reduction was evaluated, and molecular
dynamic simulations were performed to understand how these defects
can alter the band structure of the material. The obtained results are
discussed in the view of the potential usage of anodized nanostructured
TiO, films as a base material for photocatalysts in renewable fuel
production.
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2. Materials and methods
2.1. TNA fabrication

The TNA catalysts were fabricated by Ti anodization at 50 V for 30
min in ethylene glycol (EG) solution containing 0.75% wt. NH4F and 10
vol% Hy0. After anodization, samples were submitted to two post-
treatments: annealing at 450 °C under air for 2 h and/or cathodic
reduction at —3 V for 1 min in 0.1 M NaH3POy, resulting in a total of four
different samples (A, B, C, and D), as illustrated in Figure Al in Sup-
porting Information (SI file). Since the as-anodized films prepared at
voltages up to 60 V are typically amorphous (Santos et al., 2022), for
simplification, the samples A and B are denoted as amorphous and
rd-amorphous (amorphous/reduced), respectively. Similarly, samples C
and D are referred to as annealed and rd-annealed (annealed/reduced).

2.2. Material characterization

The morphology and film composition of the TNA samples were
analyzed by scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDX) using an AMICUS photoelectron spectrometer
with an Mg Ka X-ray source controlled by KRATOS VISION2 software at
20 mA and 10 keV. The microstructure was analyzed by X-ray diffraction
(XRD) using a Bruker D8 Advance with a Cu anode and Kal (1.544 A)
irradiation. The X-ray photoelectron spectroscopy (XPS) analysis was
performed using an Axis Supra spectrometer (Kratos®) with Mg Ka X-
ray radiation (1253.6 eV) at 10 kV, 20 mA and pass energy of 75 eV. The
Raman spectra were acquired using a Horiba XploRA Plus microscope
under a laser excitation at 532 nm. The optical properties were analyzed
by using a UV-Vis spectrophotometer (Agilent Cary 5000) in the 200
and 800 nm range. The bandgap values were calculated from UV-Vis
spectra by applying Tauc’s equation (Bharti et al., 2016). The electronic
properties were investigated by PL spectroscopy technique using a
Horiba 4P-Fluoromax spectrofluorometer with a Xenon lamp as the
excitation source and an excitation wavelength of 280 and 320 nm at
room temperature.

Mott-Schottky (MS), electrochemical impedance spectroscopy (EIS),
and photocurrent experiments were performed in 0.1 M phosphate
buffer solution (pH 7.0) purged with N3 or CO; for 30 min using a Multi
Autolab/M204 potentiostat (Metrohm®). A three-electrode configura-
tion cell was used for MS and EIS measurements. A photo-
electrochemical cell (R/T/A — Spectro-EC 1.75 mL, Redox.me®) was
used for the photocurrent measurements, where the quartz window was
irradiated with a 1000 W Xe lamp during the experiments. The elec-
trochemical conditions are described in the SI file.

2.3. Photocatalytic COz reduction

The photocatalytic CO, reduction was conducted in a three-way
quartz reactor placed inside a box containing six UV lamps (UVC 16
W), as described previously (Santos et al., 2022). The reactor was
charged with 100 mL DI water, and the catalyst was held in the head-
space of the reactor at 6 cm from the water surface. The system was
sealed, and the CO, gas was injected into the liquid water phase for 30
min and maintained in the dark for another 30 min. Immediately before
light irradiation, the gas composition of the vapor flow in the headspace
was measured by gas chromatography (GC), and no products were
detected. The aliquots were collected every 30 min for 3 h. The con-
centration of the gaseous products was measured by two GCs, one with a
flame ionization detector (GC-FID, Shimadzu, GC-14A) for the exclusive
detection of hydrocarbons and the other with a thermal conductivity
detector (GC-TCD, Shimadzu, 2014C) for the detection of other gaseous
products, like Hy, CO, etc. Controlled experiments were carried out to
ensure the carbon source is unique from COj, as described in the SI file.
The catalyst stability test was performed using the optimized condition.
The CO; reduction experiment was repeated by five reaction cycles. The
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mass of the photocatalysts used in calculating the production concen-
trations was estimated using the geometric descriptors and morpho-
logical parameters extracted from SEM image analysis. See details in the
SI file.

2.4. Theoretical methods

The theoretical computations were performed by BIOVIA Materials
Studio 7.0. The band structure simulations were conducted using the
Cambridge Serial Total Energy Package (CASTEP). The amorphous TiO5
structure was constructed from an anatase TiOg supercell of 48 atoms
(Paz et al., 2022), where the top surface was exposed to simulate the
interface. For both anatase TiOy (101) plane and amorphous TiOj
structures, the Perdew-Burke-Ernzerhof (PBE) functional within the
generalized gradient approximation (GGA) framework was employed.
Ultrasoft pseudopotentials were utilized to describe ion-electron in-
teractions with a plane-wave cut-off energy set at 500 eV. Brillouin zone
sampling was achieved using a 4 x 4 x 2 Monkhorst-Pack grid.
Convergence criteria were set as follows: a maximum energy difference

A ,&Iq;p view
A -
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of 1 x 107° Ha, a maximum force per atom of 0.002 Ha/A, and a
maximum displacement between iterations of 0.005 A. The DFT + U
method was implemented to refine the bandgap estimation, incorpo-
rating Hubbard terms with Uq = 10.0 eV and U, = 7.0 eV to improve the
accuracy of the bandgap prediction. To prevent interactions between
repeating slabs, a 20 A vacuum was applied in the Z-direction. The
creation of oxygen vacancies (O,) was achieved by selectively removing
oxygen atoms from the crystal structure.

3. Results and discussion
3.1. TNA film properties

In this study, four samples were prepared under the same anodizing
conditions (50 V, 30 min, EG-F-based electrolyte). The growth of TiOy
nanotubes over the titanium surface under these anodizing conditions
was described in previous studies (Santos et al., 2022, 2023b). The

anodized samples were submitted to the thermal annealing for crystal-
lization and/or cathodic reduction. This latter procedure was used to

Top view

Side view

'ip view
5 3

fesce

-

Fig. 1. SEM top and side view images of the TNA photocatalysts: (A) as anodized, (B) anodized film after the cathodic reduction, (C) anodized film annealed at
450 °C, and (D) annealed film after the cathodic reduction (D). Regions (1) and (2) in sample B exhibit nanotubular and nanoporous morphology, respectively.
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reduce interfacial Ti** ions to Ti®" and introduce oxygen vacancies into
the oxide via a self-doping mechanism (Cheng et al., 2022).

Fig. 1 depicts the top and side view of TNA films obtained by SEM
before (A) and after the post-treatments (B, C, and D), characterized by
the typical nanotubular structure of the TNA films. However, some
differences in the nanotubular morphology were observed depending on
the post-treatment type. In sample A, residual oxide on the top of the
nanotubes was observed. This structure, namely nanograss, is formed
due to the prolonged exposition of fluoride ions, promoting the chemical
etching of the oxide tubes (Kim et al., 2008). The amorphous sample
modified by the cathodic reduction (sample B) is characterized by the
presence of two regions with different morphologies: nanotubular (1)
and nanoporous (2). A thin nanoporous layer was observed over some
areas on the top surface of the film (sample B), where the gap between
nanotubes disappeared. However, the side view suggested that the
nanotubular structure remained intact below the nano-thin layer.
Similar morphology was observed in TiOs films anodized at 50 V in both
EG- and HF-based electrolytes via a long two-step anodization method
(27 h) (Ali et al., 2011). In the annealed samples, no visual changes were
observed after the cathodic reduction (from C to D), but the nanograss
disappeared after the heat treatment (from A to C).

SEM image analysis demonstrates that the average inner diameter
and wall thickness did not significantly change (Figure Bl in SI file).
However, the average void among nanotubes increased from the
amorphous (sample A) to the annealed films (samples C and D), indi-
cating a slight coalescence of the nanotubes on the top. The nanotube
inner diameter presented values in the 80-120 nm range, with an
average value of 109 + 10 nm, 99 + 10 nm, 96 + 10 nm, and 99 + 10
nm for the samples A, B, C and D, respectively. The respective thick-
nesses of the oxide films, measured at different sites, were 3.3 0.1, 3.1
+0.2,2.2 +£ 0.4, and 3.1 £+ 0.1 pm. The geometric parameters used to
estimate the total mass of the catalyst are shown in the SI file. A
shrinkage of ~ 33% in the TNA layer thickness from the as-anodized (A)
to the annealed sample (C) was observed, which can be attributed to the
dehydration of the TiO, layer. An increase of ~ 29% in the layer
thickness is observed from the annealed (C) to the reduced-annealed
sample (D). This behavior can be associated with the TNA re-
hydration in NaHyPO4 solution during the cathodic reduction
procedure.

Table 1 depicts the compositional analysis of the oxide layer ob-
tained by the semi-quantitative EDX analysis. Ti and O were the major
components of the films as expected for TiO5 nanotubes, with Ti content
varying from 32 to 37 at.% and O content ranging from 45 to 49 at.%.
Despite the slight difference among the samples, the proportion between
Ti and O was constant, with a Ti/O ratio of 0.7 (Table C1 in SI file). N, F,
and C species from the EG + NH4F + Hy0 electrolyte were incorporated
into the film in minor quantities but at different extensions depending on
the post-treatment. The most significant variation was in the F and C
content; both decreased after the annealing step, indicating a loss by
evaporation during the heat treatment. The carbon content is commonly

Table 1

EDX semi-quantitative analysis of the TNA samples anodized in EG solution
containing 0.75 wt% NH4F and 10 vol% H,0 and submitted to annealing and/or
cathodic reduction.

Elements  Sample A/at.% Sample B/at.% Sample C/at. Sample D/at.
(amorphous) (rd-amorphous) % (annealed) % (rd-
annealed)
Ti 33.4+0.1 327 £ 0.4 36.4 £ 0.6 36.7 £ 0.3
(6] 46.3 + 0.5 459 + 0.3 49.3 + 0.2 49.2 £0.2
N 9.4 +0.2 7.7 +£0.1 10.9 + 0.3 10.9 + 0.1
F 6.0 £0.1 7.3 +0.3 1.2+0.1 1.0 £ 0.0
C 49+04 3.9+03 22+0.2 1.9+0.2
Na - 0.4 +0.2 - 0.1 + 0.0
P - 2.1+0.0 - 0.2+ 0.0
total 100.0 100.0 100.0 100.0
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detected in TiO5 materials, not only from residual products of the syn-
thesis but also from air contamination during their manipulation (Santos
etal., 2022; Zaleska et al., 2008). Small contents of Na and P (<2.5 at.%)
were detected in the samples reduced cathodically in the NaH;PO4
electrolyte (samples B and D).

Fig. 2 depicts the X-ray diffractograms and Raman scattering spectra
of the four TNA samples. The X-ray diffractograms of samples A and B
confirm that these samples are amorphous, as expected for non-annealed
TNA films. In these two samples, only the peaks referring to the titanium
substrate were identified. The standard XRD pattern of hexagonal tita-
nium (PDF 00-044-1294) was used as a reference. On the other hand,
samples C and D exhibited the diffraction peaks corresponding to
anatase, besides the peaks of the metallic Ti substrate. The standard XRD
pattern of anatase TiO, was used as a reference (PDF 01-086-1157)
(Sanchez et al., 1996). The main anatase peak (101) was observed at
25.3° while the other characteristic peaks were observed at 37.9° (004),
48° (200), 54° (105), and 55.1° (211). The average crystallite size
calculated by the Debye-Scherrer formula (Gholami et al., 2020) using
the anatase main peak (101) was 29.4 nm.

The Raman spectra also confirmed the microstructure of the oxide
films (Fig. 2b). The bands observed in the 100-800 cm™! range are
related to the bonds in the TiO8~ octahedra, which are distorted in the
amorphous titania and moderately distorted in the anatase phase
(Hardcastle et al., 2011). The broad bands centered at 155, 510, and
623 cm ™! in the spectra of samples A and B can be attributed to Ti-O
bonds from the distorted Tiog’ octahedra in the amorphous TiO,. The
band at 384 cm™! is attributed to the O-O bond in the distorted TiO§~
octahedra of the amorphous oxide. In the spectra of samples C and D, the
high-intensity band observed at 145 cm™ ! and a shoulder at 200 cm !
are related to the Ti-Ti bond in the slightly distorted TiOf~ octahedra
structure in the anatase. The band centered at 397 cm™! can be credited
to the 0-O bond, while the bands at 517 and 636 cm ™! can be credited to
Ti-O bonds in TiOf~ octahedra in the anatase. The broad bands
observed in the 1000-1700 cm ™! range and a shoulder around 895 cm ™2,
can be assigned to the Raman active modes of ethylene glycol (Lamberti
et al., 2015), the presence of carbonaceous content (Pardanaud et al.,
2019), or products of the EG electro-oxidation (Jardak et al., 2017). The
absence of these bands in the annealed samples (C and D) suggests the
oxidation/evaporation of these species during the heat treatment.

Fig. 3 shows the survey XPS spectra of the synthesized samples and
the Ti 2p and O 1s deconvoluted spectra used to identify the oxidation
state of the species in the TNA films. The main peaks in the survey
spectra correspond to F 1s, O 1s, Ti 2p and C 1s core levels. Besides Ti 2p
and O 1s peaks originating from the TiO, structure, the F 1s peak was
detected in both amorphous samples (A and B). This result corroborates
the EDX semi-quantitative analysis, which demonstrated higher content
of elemental F in samples A and B (6-7 at.% F) when compared with the
annealed samples C and D (~ 1 at.% F). Similarly to the EDX data,
carbon content (C 1s peak) was also identified in the four samples. The
Ti 2p spectra (Fig. 4b) of samples A and C (non-reduced) show two peaks
corresponding to Ti 2ps,/» and Ti 2p; /2 positioned at 458 eV and 464 eV,
respectively, commonly attributed to the chemical state Ti** in the TiO
(Wang et al., 2017). A shift of ~ 0.2 eV to higher binding-energy values
is observed in the Ti 2p spectra of the reduced samples (B and D), which
can be associated with changes in the oxidation state (Abdullah et al.,
2020). The four spectra were deconvoluted into four peaks, where two
small peaks at 456.8 and 462.8 eV were observed. These peaks are
assigned to Ti®* species (Wang et al., 2017) and are negligible in the
non-reduced samples (A and C) but represent about 1.2% of the cumu-
lative signal in the reduced samples (B and D).

The spectra of the O 1s core level (Fig. 3c) exhibited significant
differences in shape and were deconvoluted into four peaks to evaluate
the contribution of each component to the cumulative signal. The pre-
dominant peak, centered at 529.9 + 0.2 eV and denoted as Oy, is
attributed to the bulk oxygen atom in the TiO crystal lattice (Marquez
et al., 2022). Compared with the non-reduced TNA samples, the binding
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Fig. 2. (a) X-ray diffractograms and (b) Raman scattering spectra of TNA samples: amorphous (sample A), rd-amorphous (sample B), annealed (sample C), and rd-
annealed (sample D). The standard XRD patterns of hexagonal titanium (PDF 00-044-1294) and anatase TiO, (PDF 01-086-1157) were included for comparison. The

asterisk symbol indicates the anatase main peaks.

700 600 500 400 300 200468 466 464 462 460 458 456 454 536 534 532 530 528 526

Fis Qts —fitting Ti2p | |—fitting : O1s
| Ti2 background background .
o TN L., 0 p 4+
Cis Ti
3
o B
= .
5 —T|3 peaks
S ——Ti>" peaks
E 4
C - C
D - D
700 600 500 400 300 200468 466 464 462 460 458 456 454 536 534 532 530 528 526
Binding energy / eV Binding energy / eV Binding energy / eV

(a) (b) (c)

Fig. 3. (a) Survey XPS spectra, (b) Ti 2p spectra, and (c) O 1s spectra of samples A, B, C, and D. The symbols in (b-c) represent the experimental data, and the colored
solid lines represent the fitting data and deconvoluted peaks. A = amorphous (m), B = rd-amorphous (¢), C = annealed (a), and D = rd-annealed (V).

vacancies changes the crystal structure of the metal oxide. Comparing
the Oy peak area of the amorphous samples, an increase of 18% was
observed going from A to B, i.e., after the cathodic reduction. In the
crystalline samples, the increase after the reduction procedure was even
more pronounced (40%). These results can evidence the presence of
oxygen vacancies in the reduced TNA films. The peak centered at 532.1
+ 0.1 eV, denoted as Os, can be attributed to oxygen ions (O™ / O%’) (Flak

energy value shifted by 0.2 eV and 0.5 eV in the rd-amorphous (B) and
rd-annealed (D) samples, respectively. The peak centered at 531.1 + 0.2
eV, denoted as Oy, is usually credited by researchers in the literature to
chemisorbed hydroxyl groups (Flak et al., 2018) and/or to the oxygen
atoms in the vicinity of an oxygen vacancy (Qin et al., 2023). Since
detecting a photoelectron signal originating from a missing oxygen atom
is not feasible, this latter assumption considers that introducing oxygen
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Fig. 4. (a) Absorption spectra and (b) Mott-Schottky plot of the TNA samples obtained in 0.1 M phosphate buffer solution (pH 7.0) saturated with Nj.

et al.,, 2018) and surface oxygen atoms located out of the amorphou-
s/crystalline structure (Marquez et al., 2022). The small peak centered
at 533.4 £+ 0.2 eV, denoted as O, corresponds to physisorbed hydroxyl
groups, i.e., surface-adsorbed water molecules (Marquez et al., 2022),
and it is more intense in the amorphous samples (A and B).

Fig. 4a depicts the absorption spectra of the TNA films, demon-
strating the main absorbance of the TiO, semiconductor in the UV range
(<400 nm). However, significant differences among the samples are
observed in the four spectra in the visible light range (400-700 nm).
Note in this region that the non-reduced samples (A and C) presented
lower absorbance when compared with the samples modified by the
cathodic reduction (B and D). This result was expected since the self-
doping with Ti®" species promoted by the cathodic reduction can
enhance the semiconductor absorption under visible light irradiation
(Gakhar and Hazra, 2020). Despite these differences in the visible range,
the band gap (E,) values found for the four samples are very similar
(3.0-3.1eV), as seen in Table 2. The band gap values were obtained from
Tauc plots (Figure D1 in SI file), calculated using Tauc’s equation, where
n was assumed as 0.5 for direct transition (Gholami et al., 2022).

3.2. Electrochemical and photoelectrochemical characterization

Fig. 4b depicts the Mott-Schottky plots of TNA samples measured in
the dark by applying a sinusoidal perturbation of 10 mV at 1 kHz at
different potentials in 0.1 M phosphate buffer solution (pH 7.0) satu-
rated with Na. The charge carrier density (Ng4) was determined from the
Mott-Schottky equation, assuming a relative permittivity of ¢ = 38 for
amorphous TiOz and ¢ = 50 for anatase (Acevedo-Pena et al., 2014).
Table 2 shows the flat band potential (Eg) values for each sample,
identified by extrapolation of the linear part of the MS plot. The Ep
values found for the amorphous (A) and rd-amorphous (B) samples were
—0.46 V and —0.35 V vs SHE, respectively. The difference of 0.11 V
indicates a slight change in the band positions of the amorphous TNA
after the cathodic reduction treatment. The Ep values found for the
annealed and rd-annealed were 0.26 V and —0.17 V vs SHE. The change
from positive to negative potential with a difference of 0.43 V indicates a
significant effect of cathodic reduction on the surface properties of the
annealed samples, which was also observed in the charge carrier density
(Ng). Samples A, B, and C presented Ny values in the same order of
magnitude (108 cm®) and compatible with semiconductor TNA films, as

Table 2
Band gap (E,) values, flat band potentials (Eg), and the charge carrier density
(Ng) calculated for the TNA samples.

Sample Eg/eV Eg/V vs SHE Ng/cm™3

A amorphous 3.02 —0.46 2.3 x 10'®
B rd-amorphous 3.00 -0.35 3.5 x 10'®
C annealed 3.10 0.26 0.8 x 10'®
D rd-annealed 3.12 -0.17 2.6 x 10%2

reported in the literature (107-10'° em?® range) (Denisov et al., 2020;
Yu et al., 2012). On the other hand, the rd-annealed sample exhibited an
Ny value with a magnitude 3 times higher (10*? cm®) than the other
samples. This charge carrier density is within those reported for
black-TNA films (102'1-102% em® range), and it is ascribed to high con-
centrations of oxygen vacancies acting as electron donors and enhancing
the conductivity of TiO» films (Zhu et al., 2018).

Fig. 5 depicts the Nyquist plots of the four samples obtained in
phosphate buffer solution (pH 7.0) saturated with Ny or CO,. The EIS
spectra of sample A (Fig. 5a) are characterized by the presence of two
merged semicircles in the high-frequency domain and an increase of
impedance in the low-frequency region in both experiments performed
in Ny- and COg-saturated electrolyte. The Bode plots showing the Z
modulus and the phase angle as a function of the frequency are depicted
in Figure E2 — SI file. The small semicircle in the spectra of sample A
spectra is not easily visible in the Nyquist plot, but the Bode plots
demonstrated that the system has two-time constants. Changes in the
electrolyte/semiconductor interface in the presence of CO, gas are evi-
denced by the modification of OCP values and impedance arc. When
compared with sample A, the EIS spectra of sample B (rd-amorphous)
altered significantly, exhibiting small semicircle radii and low imped-
ance values, as can be seen in Fig. 5b and Figure E2b in the SI file.
Sample B (rd-amorphous) also exhibited a slight change in impedance
values in COj-saturated electrolyte in the high-frequency region (see
inset in Fig. 5b). Regarding the annealed samples, the impedance arcs
are not easily identified in the Nyquist plots (Fig. 5c—d) since the spectra
tend to an almost vertical line, indicating mainly capacitive behavior
(Atyaoui et al., 2011; Li et al., 2018b). The No- and COs-saturated
spectra overlapped at moderate and high-frequency domains. The effect
of CO, saturation was observed in the low-frequency domain. The
impedance values in this range decreased in the COg-saturated solution
compared to the Njy-saturated solution, as seen in the Z modulus Bode
plots (Figure E2c-d).

The EC model used to describe the resistive/capacitive behavior of
the TNA samples is illustrated in the SI file. The capacitor Q was replaced
by a constant phase element (CPE) to include the effects of surface
roughness and the adsorption of chemical species (Santos et al., 2023a).
The model consists of the solution resistance (Rg), three resistances (R,
Ry, and R3), and three constant phase elements (CPE;, CPE,, and CPE3),
whose values are shown in Table E1 (SI file). Regarding the amorphous
samples, it was observed a significant influence of COy purging on
sample B (rd-amorphous), as revealed by R values, which comprises the
effects of ionic concentration, ions type, and electrode distance, among
other factors (Gholami et al., 2023). R¢ maintained about 11 Q in sample
A and increased from 6.4 to 16.0 Q when the solution was saturated with
CO;, instead of Ny (sample B). R;/CPE; are associated with fast elec-
trode/electrolyte interface processes. Some models attributed it to the
processes occurring in the outer nanotube layer (Monetta et al., 2017)
and resistivity inside the pores filled with solution (Gonzdlez et al.,
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model. The OCP values are exhibited in the SHE potential scale.

1999). R; values increased in the CO5-saturated solution for both sam-
ples, but the small variation in sample B (1.6-5.5 Q) indicates that the
cathodic reduction treatment on the amorphous sample could minimize
the effect of CO; saturation. The associated CPE; elements present low
values (10310~ @ 1s™.

Regarding Rp, which can be attributed to the inner barrier layer
resistance at the bottom of the nanotubes (Monetta et al., 2017), an
increase in the values was observed in CO,-saturated electrolytes in both
amorphous samples (Table E1). Also, R, and CPE; values indicate less
resistance of the rd-amorphous sample and improved capacitive
behavior. The R3/CPE3 elements are associated with slow processes at
the semiconductor surface. The high resistance values found for Rs
values indicate charge accumulation.

The R, values related to the annealed catalysts (12.0-13.6 Q) were
close to those of the amorphous samples. The resistance associated with
the fast processes (R;) also presented the same trend of the amorphous,
increasing in the COy-saturated electrolyte. R; changed from 52.6 to
171 Q in sample C (annealed) and from 66.9 to 104 Q in sample D (rd-
annealed). Regarding Ry/CPE; and R3/CPE3 elements, associated with
moderate and slow processes, respectively, a more capacitive behavior
was observed in the annealed samples C and D. Ry and Rs exhibited
values in the 10°-10* Q range and n, and ns ranging from 0.91 to 0.99.

The photocurrent experiments were performed by linear sweep
voltammetry (LSV) and chronoamperometry (CA) in phosphate buffer
solution, pH 7.0, saturated with Ny or CO5 in the dark and irradiated by a
1000 W Xe lamp. Before the experiments, the samples were immersed in
the solution for 5400 s while OCP was monitored (Figure F1 in SI file).
Another set of experiments was performed using light on/off cycles
(chopped condition) to observe the instantaneous photocurrent and
relaxation behavior. The LSV results are depicted in Fig. 6 and show

enhanced current density under light irradiation for all conditions and a
dependence on the applied potential. Except for sample C, where the
current magnitude remained constant, the more positive the applied
potential, the higher the current density. This increase of the (photo)
current towards the positive scan can be promoted by the oxygen evo-
lution reaction (OER). Another feature observed is that in the chopped
measurements (solid line) of amorphous samples (Fig. 6a-d), photo-
current did not reach the light and dark curves (dot and dash lines,
respectively) like the annealed samples (Fig. 6e-h). This behavior is
closely related to the response time to the light excitation. The annealed
catalysts reached the equilibrium condition faster than the amorphous
ones.

Chronoamperometry (CA) measurements were performed at 1.0 V vs
SHE for 300 s using a 30 s light on/off cycle to compare the current
magnitude without the OER interference. The results are exhibited in
Fig. 7. The CA curves show that the magnitude of the current density of
the annealed samples is larger than the amorphous samples, as observed
by the current increment during the light on/off cycles. Regarding the
electrolyte saturation, the COy purging decreased the current in the
amorphous samples (Fig. 7a). In the annealed samples, the CO5 satura-
tion promoted an increase in the current generated by sample C but
decreased the current when sample D was used (Fig. 7b).

A statistical tool was applied to the CA results to evaluate system-
atically and quantitatively the effects of cathodic reduction, crystallinity
degree, gas purging, and light irradiation on the current generation. For
this, the average current densities obtained during the on/off cycles
were determined, and all conditions were combined in a 2* factorial
design (see Tables F1-F3 in the SI file). The methodology for calculating
the variables’ effects using factorial design can be found elsewhere
(Santos et al., 2014). In this methodology, the effects of a variable on a
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specific response are determined by analysis of changes in the response
when the variable is altered from the lower level to the upper level. The
cross-effects (interaction effects) are also calculated. The effect of a
variable on the investigated response is considered significant if its value
is larger than the associated error.

Table F3 (SI file) reveals that light irradiation and cathodic reduction
exhibited the highest effect on the current density among the variables.
The effects of the variables followed the trend: light > cathodic reduc-
tion > crystallinity > electrolyte saturation with 9.0 + 0.4, 6.9 + 0.4,
2.5 + 0.4, and —2.3 £ 0.4 pA cm 2, respectively. The positive value
indicated that the current density increased when the variable changed
from lower to upper level. In this sense, the results show that the current
increased by 9.0 + 0.4 pA cm ™2 during the light irradiation. Similarly,
the current increased by 6.9 + 0.4 pA cm™2 when the TNA film was
cathodically reduced. The impact of the cathodic reduction was larger
than the crystallinity since an increment of 2.5 + 0.4 pA cm ™2 was
observed after changing from amorphous to annealed samples. The

negative effect of —2.3 + 0.4 pA cm 2 for the electrolyte saturation
indicated that the current decreased 2.3 pA cm ™2 on average when the
saturation was changed from Ny to CO; gas.

Although the effect of crystallinity was not too high compared with
other variables, the cross-effect between crystallinity and light (7.2 +
0.4 pA cm~2) was impressive, indicating a synergistic effect between
these two variables. This result suggests that, in dark conditions, the
enhanced current promoted by annealing is moderate but can be boos-
ted significantly under light irradiation. Other significant but moderate
cross-effects observed include the interaction between cathodic reduc-
tion and light (2.5 + 0.4 pA cm™2) and the interaction effect among
cathodic reduction, crystallinity, and light (2.4 + 0.4 pA cm™2).

The current density values observed during the on/off cycles of the
chronoamperometry experiments were used to calculate the incident
photon current efficiency (IPCE), as described elsewhere (Tarek et al.,
2019). The photocurrent densities of the four TNA catalysts were
calculated from the difference of current densities registered during the
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regions. Light irradiation: 1000 W Xe lamp.

light on and off from CA measurements. For this, the light power of the
Xe lamp was measured with a radiometer using two probes: one in the
UV range (8.5 mW cm2) and the other in the visible-infrared range
(35.2 mW em™2), as shown in Fig. 7c. The power intensity was assumed
to be constant in each wavelength range. The IPCE results revealed that
sample D (rd-annealed) exhibited the highest efficiency in the UV region

(200-400 nm), with values varying from 17.2 to 9.1%. Sample C
(annealed) also demonstrated good efficiency, with percentages from
8.8 to 4.6% in the same spectral range. These values are in the same
order of magnitude as those reported in the literature, like crystalline
TNA films used in photoelectrochemical systems (Chiarello et al., 2016;
Kim et al., 2022; Lee et al., 2022; Zhang et al., 2023b) and other
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Fig. 8. CO, photocatalytic activity of the four synthesized catalysts in water vapor at 39 °C: (a) CH,4 production and (b) H, production as a function of time. (c)
Stability tests performed up to five reaction cycles using the annealed catalyst (sample C).
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semiconductors, like CdS-CuFe;04 (Tarek et al., 2019) employed in CO4
reduction. The electrolyte saturation with COy decreased the IPCE
values: 13.6-7.1% and 7.8-4.1% for catalysts D and C, respectively,
which can be associated with a change in the processes (and possibly
reactions) occurring with the CO; addition in the phosphate buffer at 1
V.

The amorphous samples presented IPCE values smaller than 2% in
the UV region. Under these conditions, the IPCE in the visible and
infrared spectra range can be considered negligible (<0.2%) compared
with the efficiency of the samples in the UV range. Despite demon-
strating good absorbance in the visible light region (Fig. 4a), catalyst D
exhibited insignificant IPCE at 1 V under visible light irradiation. Similar
behavior was reported for black-TNA produced by annealing under an
Hy atmosphere (Denisov et al., 2020). Despite significant light absorp-
tion in the visible range, the authors observed a poor photocurrent
generation in this spectral range and attributed it to a short lifetime of
charge carriers caused by fast recombination on the trap states below the
oxygen vacancy level in the TiO, band gap.

3.3. Photoactivity of TNA films in COz reduction

Fig. 8 depicts the production rate of CH4 and Hy detected by GC
during the CO; photoreduction reaction with water vapor. Fig. 8a shows
a progressive methane production for all catalysts, where the annealed
catalyst (sample C) exhibited the best performance with a methane
formation rate of 78 pmol g{alt h~! and a cumulative concentration of
234 pmol ggs at 180 min. The amorphous catalyst (sample A) also
exhibited an impressive performance, producing 192 pmol g{alt of CHy in
180 min at 64 pmol g h~! rate. The reduced samples also showed good
results but were lower than the non-reduced samples. The final CH4
concentration related to samples B and D found was 145 and 171 pmol
gEalt at 180 min with 48 and 57 pmol g{alt h! production rates,
respectively.

The methane production rates of the four synthesized catalysts and
other bare TNA catalysts reported in the literature in gas phase CO5
photoreduction with water vapor can be found in the SI file. Regarding
the amorphous TNA (sample A), the production rate observed (64 pmol
g;alt h™) is compatible with our previous result of 14 pmol g&}t h!
(Santos et al., 2022). The geometric area increased about 5 times (from 5
to 25 cmz), and the production rate about 4.6 times (from 14 to 64 pmol
g;alt h™), as expected. Considering the anatase film (sample C), the
production rate (78 pmol gt h™1) is within the range of those values
reported for other anatase TNA films (9.5, 28.49, and 861.1 pmol g{alt
h™1Y) (Kar et al., 2019; Li et al., 2018a; Zhang et al., 2021b) and the
differences can be associated with the CO, photoreduction conditions,
like the TNA properties and light irradiation source.

Fig. 8b depicts the Hy production measured each 30 min for 3 h
during the experiments with the four photocatalysts. When compared
with CH4 production at 180 min, the amount of Hy produced was
expressive for all the samples, with a better performance of the rd-
amorphous (sample B) and amorphous (sample A) photocatalysts
achieving a final Hy concentration of 432 and 425 pmol gc_alt at 180 min,
respectively. For the annealed samples (C and D), the Hy gas was not
detected in the first aliquot at 30 min, but only after 1 h, with Hy
amounts close to the amorphous samples. The production rates observed
follow the trend: rd-amorphous (B) > amorphous (A) > annealed (C) >
rd-annealed (D) with the respective formation rates: 144, 142, 132, and
89 pmol gz h 1. These results and other values reported in the literature
for Hy production in CO4 reduction using TiO»-based photocatalysts can
be found in the SI file.

Since the stability of amorphous TNA film towards CH,4 formation
was demonstrated previously (Santos et al., 2022), the annealed film
(sample C) exhibited good results for both products and was selected for
stability tests. Therefore, after the first run, the catalyst was removed
from the reactor, dried, and reused in a second round. This cycle was
repeated five times in total. Fig. 8c shows the formation rate of CH4 and
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Hj gas products in each reaction cycle performed using the annealed
catalyst. The methane production rate oscillated in the 58-78 pmol gt
h~! range with an average of 73 + 7 pmol gz h™!, while the H, pro-
duction rate oscillated in the 120-144 pmol gzt h™! range with an
average of 131 + 10 pmol ggi h™L. The catalyst demonstrated high
stability with no significant deactivation or decreased performance up to
five reaction cycles. This result is similar to those reported in gas phase
CO4, conversion to CH,4 by Kar and co-authors using flame-annealed TNA
films as photocatalysts (Kar et al., 2019) and those reported for amor-
phous TNA photocatalyst (Santos et al., 2022).

Fig. 9 shows the diagram with band positions used to find the
possible reaction pathways for CO5 conversion to CH4 and H; at the TNA
film surface. The position of the conduction band (CB) was determined
from the flat band positions, and the position of the valence bands (VB)
was calculated from the bandgap (Table 2). Since the position of the VB
edge is more positive than the potential of CO; reduction to CH4 and the
position of the CB edge is more negative than the potential required for
water oxidation to H', both CO, reduction to CH,4 and water oxidation
reactions are thermodynamically favored (Fereidooni et al., 2023a). On
the other hand, for efficient Hy production, the CB level of the semi-
conductor should be more negative than the water reduction level
(H"/Hy), while the VB level should be more positive than the water
oxidation level to produce O, to supply the required electrons for the
water reduction to hydrogen (Gholami et al., 2021; Ismael, 2021). These
criteria were achieved by the TNA electrodes, except for sample C, in
which CB is more positive than the water discharge reactions. However,
the results indicated that this sample was very active for CH4 and H,
products.

This apparent contradictory result related to the CB position of the
annealed catalyst can be explained by the nature of the Mott-Schottky
analysis. Similar behavior was discussed in some publications and
correlated with the porous nature of the TNA films (Diaz-Real et al.,
2018; Munoz, 2007). According to some models, the Ep, is sensitive to
the nanostructure of the films and oxide layer thickness. The distribution
of bandgap states is not uniform along the length and wall thickness,
leading to deviation of the MS curves. According to Munoz (2007), only
the bottom of the porous film responds to the perturbation and the major
contribution to the surface effects is in the pore walls. In this sense, the
MS results can be used as a first approach, but it can be assumed that
spectra might not represent the whole information of the nanostructured
system but only the barrier film layer, i.e., the nanotubes bottom.
Another factor to consider is the morphological features of the annealed
catalyst, which exhibited the shortest thickness and absence of nano-
grass at the top, which could have affected its photocatalytic activity.
The short thickness (2.2 pm), when compared with the others (3.1-3.3
pm), could offer a short pathway for charge transfers from the surface
until the current collector, the metallic titanium; on the other hand, the
absence of residual material on the top could dimmish the recombina-
tion rate of the electrons and holes favoring the formation of the
products.

The methane production is usually explained by an enrichment of the
surface electron density induced by the catalyst, which favors the mul-
tielectron process required for CH4 formation (Shehzad et al., 2018). On
the other hand, when the electron density is lower, CO is the preferable
product. Despite Hy gas not being commonly reported among the
products in this type of system (bare TiO, photocatalyst + water vapor),
the possibility of water splitting producing Hy should be considered
since the water molecules are the source of protons. The CO, photore-
duction experiments using the four synthesized catalysts were per-
formed in the water vapor at 39 °C under UV light irradiation, while the
products formation was monitored by GC each 30 min for 3 h. CH4 and
H; were identified as products. Since CO was not detected among the
products, the general chemical reactions involved in the process can be
described by Egs. (3)-(6).

TiO, % bt + e )
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Fig. 9. Band positions of the four TNA catalysts and schematic illustration showing the possible chemical reactions occurring during the CO, photoreduction.

Tio,

2H,0+4h" = 4H' + 0O, @
2H" +2¢” - H, (5)
CO, +8H' +8¢~ — CH, + 2H,0O (6)

The photoluminescence (PL) analysis was used to elucidate the
distinctive emission peaks of various defect states in the catalyst,
providing insights into the presence and distribution of defects that
affect the catalyst properties (SI file). The emission peaks observed in the
PL spectra of all catalysts at 396 nm (corresponding to a photon energy
of 3.1 eV) can be attributed to the radiative recombination of charge
carriers from the CB. All the catalysts exhibit similar emissions at
wavelengths above 400 nm. The emissions within the 400-550 nm range
are commonly associated with surface defects, such as Oy and Ti%t,
which give rise to the formation of energy states below the CB. These
defect-induced energy states act as electron traps. In addition, the
emission peak at around 560 nm could be attributed to the interstitial
Ti®* defects (Mazierski et al., 2016; Nishanthi et al., 2015). Moreover,
the intense red emission peak at 610 nm has been linked to oxygen in-
terstitials and the color center of the TiOy (Machreki et al., 2023).

Furthermore, a broad emission peak below 369 nm is observed for
sample C (annealed) obtained at 280 nm excitation for better visuali-
zation (SI file). This wide emission peak, in which energy exceeded the
catalyst bandgap, could stem from the recombination of charge carriers
from states above the conduction band minimum (CBM) or be attributed
to the anatase TiO5 structure in the barrier film. Despite the lower in-
tensity, this broad emission peak was also observed in the PL spectra of
other samples. Upon the formation of O, in the catalysts, a slight
decrease in emission intensity was observed, likely due to charge carrier
trapping by defects or an increase in non-radiative recombination
caused by the formation of defect-induced intra-band energy states
(Choudhury and Choudhury, 2014; Zhang et al., 2023a).
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3.4. Theoretical studies

A density of states (DOS) simulation was performed to understand
how surface defects affect the band structure of the amorphous and
crystalline TiO; films. For a defect-free amorphous TiOy (Fig. 10a), a
bandgap of 2.73 eV was achieved (Fig. 10b). Upon creation of one ox-
ygen vacancy (Oy) (Fig. 10c), additional electronic states appeared
below the CBM, mainly originating from Ti 3d orbitals (Fig. 10d). The
formation of these energy states resulted in a bandgap narrowing to
1.53 eV. After removing the second oxygen, generating two oxygen
vacancies (Fig. 10e), electronic states appeared above the VB maximum
(VBM), further narrowing the bandgap to 0.80 eV (Fig. 10f). Although
these calculated bandgaps are not representative of the empirical
bandgaps in the synthesized catalysts, the simulation of the band
structure allows exploring the formation of electronic states upon Oy
creation (defects), which can play a significant role in trapping charge
carriers and affecting catalyst activity. Therefore, introducing Oy can
result in the formation of electronic states below CBM and above the
VBM, tailoring not only the bandgap but also the band structure.

The band structure of the crystalline anatase TiO, (101) was also
simulated (Fig. 11a). The calculated bandgap of the Ov-free anatase was
3.20 eV (Fig. 11b), which was closer to the measured values (3.10-3.12
eV, see Table 2). This model is consistent with other DOS plots for bulk
anatase TiOy reported in the literature, where the valence band
maximum (VBM) is predominantly O 2p states, and the CBM is mostly Ti
d states (Hossain et al., 2010; Quesada-Gonzalez et al., 2018; Wang
et al., 2009). The formation of one O, (Fig. 11c) led to a bandgap nar-
rowing to 2.99 eV by altering the CBM (Fig. 11d).

Regarding the atomic models in Figs. 10 and 11, the formation of one
O, in the amorphous structure did not lead to creation of a localized Oy
site and coexistence of Oy, and Ti®* (observable in the anatase TiO,
(Fig. 11c)). In the amorphous structure, the atomic rearrangement
resulted in variations in the atomic coordination environment, and O,
and Ti®" did not co-exist. Therefore, the mechanism of CO, reduction on
amorphous TiO, with oxygen vacancies is likely different from that on
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atoms in the model are represented by red, and titanium atoms are represented by grey. The dotted line in the DOS plot represents the Fermi level.

crystalline TiO, with oxygen vacancies. Further research is required to
elucidate the exact mechanism.

3.5. Performance of TNA films

The four TNA catalysts demonstrated remarkable photoactivity for
CO; conversion to methane with simultaneous formation of Hy gas from
water splitting with different yields. These results indicated that amor-
phous and crystalline films can have different reaction mechanisms due
to differences in their properties, especially their band structure.
Regarding the post-treatments, the heat treatment led to more signifi-
cant differences in their intrinsic properties than the cathodic reduction
post-treatment, which mainly affected the oxide surface. The annealed
film, consisting essentially of the anatase phase, exhibited better per-
formance towards methane formation and high stability without sig-
nificant deactivation in five reaction cycles. The annealed sample also
demonstrated good stability of the photocurrent generated in a wide
potential range and in impedance analysis, not altering its properties in
COgq-saturated electrolyte. The morphology might also influence the
results since the annealed catalyst exhibited a clean nanotubular
morphology, i.e., without residual oxide and with the shortest thickness
layer among the four catalysts.

On the other hand, the amorphous TNA also demonstrated impres-
sive results for CH4 formation. For the Hy production, the amorphous
and rd-amorphous samples presented a slightly better performance than
the annealed catalyst (sample C). The EIS data demonstrated that both
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amorphous films were more sensitive to purging, indicating a change in
the capacitive behavior and interfacial processes in COg-saturated
electrolyte. This change could be attributed to OH groups in the struc-
ture and residual oxide on the TNA top in the form of nanograss and
nanofilm interacting with CO; dissolved into the electrolyte.
Regarding the introduction of defective Ti>" and oxygen vacancies
into the oxide film, the results provided insights into how these defects
can change the band structure of TNA film. These species are usually
credited for enhancing the photoactivity of TiO,. However, the reduced
samples did not increase the photocatalytic efficiency. One hypothesis
for this is that the cathodic reduction procedure might have enhanced
the photoactivity of the catalyst but not decreased the electron-pair
recombination rate, maintaining a net overall performance similar to
the non-reduced photocatalysts. Another hypothesis is related to the
light irradiation source since these defects aim to narrow the bandgap to
sensitize the titania absorption under sunlight. This latter assumption is
supported by the statistical analysis of the photocurrent results, which
were performed using a wide-range spectral lamp. These results
demonstrated that the “cathodic reduction” variable exerted a signifi-
cant effect on the “current density” response, improving it by 6.9 pA
em 2,
The difference in the final concentration of Hy between annealed and
rd-annealed samples (132 and 89 pmol gg: h™!) suggested a possible
route for tuning the properties of the anatase TNA to improve its
selectivity towards methane. Similarly, to improve selectivity towards
Hy production, a possible route is tailoring the properties of rd-
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amorphous film for photocatalytic water splitting.
4. Conclusions

This study assessed the photocatalytic activity of amorphous and
crystalline TNA films in gas-phase CO, photoreduction with water under
UV irradiation, where CH4 and Hy were identified as products. The in-
fluence of interfacial defects, like Ti®* and oxygen vacancies, on TNA
properties were also evaluated. The cathodic reduction treatment had a
significant effect on the generated photocurrent. However, the reduced
samples did not enhance the CO, photoreduction conversion. The
following trend was observed for the four catalysts in methane pro-
duction rate: annealed > amorphous > rd-annealed > rd-amorphous
(78, 64,57, and 48 pmol gt h™!, respectively). The catalysts also
exhibited significant photoactivity regarding Hy formation, following
the trend: rd-amorphous > amorphous > annealed > rd-annealed (142,
144, 132 and 89 pmol gz h™}, respectively). The results also demon-
strated high stability of the annealed sample up to five reaction cycles.
The correlation among the semiconductor properties, photocatalytic
performance and simulation studies indicated that amorphous and
annealed catalysts have different mechanisms for CO reduction and
provided information to guide their modification to improve the selec-
tivity towards methane. These findings can contribute to the design of
TNA-based photocatalysts with enhanced efficiency, selectivity, and
durability. Additionally, the simple synthetic route, high stability, and
dual functionality of the TNA films (CO reduction and Hy production)
make the material promising for renewable fuel production.
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