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Titanium dioxide (TiO2) has been widely used as a photocatalyst in CO3 reduction reaction (CO2RR) due to its
low cost, high stability, and strong absorption in the close-to-visible ultra-violet (UV) range. However, TiO films
suffer from poor selectivity in CO2 reduction due to their unfavorable electronic properties. In this work, we
address this challenge by fabricating ultra-thin (14 nm) defective TiO; films (TiO2-DTF) to enhance the selec-
tivity of CO2RR towards formate.

TiO5 sol was prepared using a facile and reproducible sol-gel method and directly deposited onto the surface of
the electrode, forming a uniform, ultra-thin TiO layers with a high number of defects. The activity of the TiO»-
DTF catalyst was studied in both photochemical and photoelectrochemical CO5RR, indicating that the applied
potential increases both the yield and selectivity of CO2RR to formate. The TiO,-DTF photocathode exhibited
remarkable formate production during CO5 reduction, achieving exceptional Faradaic efficiencies of up to 45 %.
To elucidate the mechanism of photoelectrochemical CO2RR on TiO,-DTF, an in-situ attenuated total reflection
Fourier-transform infrared spectroscopy (in-situ ATR-FTIR) was used and experimental results were supported by
density functional theory (DFT) calculations. This study demonstrates that ultra-thin highly defective TiO film,
prepared using the cost-effective and environmentally friendly sol-gel method, can be used as photo-
electrocatalyst for COy reduction.

1. Introduction

The problem of carbon dioxide (CO2) emissions from fossil-based
fuels and the related issue of COy conversion represent significant
environmental concerns [1,2]. Efforts to mitigate this impact include
capturing, storing, and converting CO, into valuable products [3,4].
Converting CO; to fuels attracts substantial attention as a green process
contributing to the carbon-neutral energy cycle [5-9]. CO5 reduction
can be performed by several methods, including thermochemical, pho-
tocatalytic, electrochemical, photoelectrochemical, and biochemical
processes [10]. Among various COy conversion products [10], formic

* Corresponding authors.

acid has gained a significant interest due to its unique properties
[11-13]. As a stable liquid with low toxicity, formic acid serves as an
advantageous and versatile compound, finding applications not only as a
chemical building block, but also as a potential hydrogen storage matrix,
avoiding challenges associated with hydrogen handling, storage, and
transportation [11,14].

In recent years, photocatalytic and electrochemical approaches have
gained a greater attention, as they offer the possibility of storing inter-
mittent renewable energy [15,16]. The conversion of CO; via photo-
catalysis (PC) is widely recognized as one of the most promising
approaches [6,17]. Nonetheless, photocatalysis exhibits notably low
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energy efficiency due to its inherent bottleneck of low solar photon
utilization (especially in the visible and IR region) coupled with short
lifetime of photogenerated charges and high recombination rate
[18,19]. Consequently, the emergence of photoelectrocatalysis (PEC) is
gaining prominence due to its potential to combine the efficient charge
generation by photoexcitation and enhanced proton electron transfer by
applied potential [10,20,21]. In PEC system, an external circuit sepa-
rates photogenerated charges towards their respective electrodes,
minimizing recombination rates. For instance, in a photocathode-driven
PEC system, light induces electron-hole pairs at the cathode. Due to a
voltage bias, holes migrate to the anode, initiating oxidation reactions,
while electrons on the photocathode surface drive reduction reactions
[22].

Since the beginning of PEC studies, titanium dioxide (TiO2) has been
a focal point among semiconductor materials, owing to its high density
of photogenerated charges and stability under harsh conditions [23-26].
However, its low conductivity, insufficient visible light absorption and
fast recombination rate constrain its potential for utilization in photo-
electrochemical applications [22]. To design efficient TiOy-based cata-
lysts for the photoelectrochemical CO5 reduction reaction (CO2RR), it is
important to address these drawbacks. Several approaches have been
used in the recent times, like defect engineering, doping, hybridization,
and control of textural properties, to eliminate the above limitations
associated with catalytic-TiO, systems [22]. Moreover, understanding
the dynamic process and reaction mechanisms involved remains a
challenging task due to various factors influencing efficiency and
selectivity. For example, TiO, nanowire/graphite fiber hybrid photo-
catalysts have been used as a high performing water splitting materials
for hydrogen generation [27]. High performance originated from the
presence of heterostructures between the semiconductor TiO, nano-
wires with highly photoactive facet (1 1 0) exposed to the solution and
the zero-bandgap graphite fibers. In another work, a combination of p-
type Cu0O and n-type TiO; allowed to construct a stable and efficient
heterojunction photocathode for water splitting [28]. InP and SnO5 were
assembled onto TiO2 nanotubes (NTs) in two different orders, resulting
in InP/Sn05/TiO3 NTs and SnO5/InP/TiO4 NTs. The SnO5/InP/TiO5 NTs
exhibited a lower energy band gap (2.96 eV) compared to InP/SnOy/
TiO2 NTs (3.15 eV) and superior performance in CO3RR to methanol.
The use of TiO2 nanotubes in this configuration likely contributed to
improved charge transfer and enhanced photoelectrocatalytic perfor-
mance, making it a crucial component in achieving the observed effi-
ciency and selectivity in the photoelectrocatalytic process [29].
Recently, TiO, nanowire/graphite sheet hybrid covalently modified by
eosin dye has demonstrated efficient photoelectrocatalytic reduction of
COq, yielding ethanol as the primary product [30]. TiO2 in various
hybrid configurations, involving co-catalysts, multi-semiconductor sys-
tems, and nanostructures has recently been reviewed as a promising
catalyst for the photoelectrochemical reduction of CO2 to methanol
[31]. However, high catalytic efficiency is mainly achieved through
increased complexity of the catalyst system, which is not sustainable at a
large scale due to high price and complicated synthetic procedures. To
progress from complex TiOz-based hybrid structures, a shift towards
simplicity, sustainability, and cost-effectiveness is necessary for CO,
photoelectrocatalysis. Thin film-based catalysts enhance electronic
properties by reducing electron-hole recombinations [32,33], while the
durability of an intact, uniform ultra-thin layer of catalyst is anticipated
to surpass that of binder-bound nanoparticles. Moreover, the scalability
of this simple process offers a practical pathway for large-scale imple-
mentation while maintaining efficient catalytic performance.

This study demonstrates the use of highly defective ultrathin TiO,
films (TiO2-DTF), offering a novel solution to the known drawbacks of
bulk TiOy (nano)structures. High concentration of defects is achieved
through formation of oxygen vacancies and Ti®" surface defects (TSD).
TSDs are produced from the reduction of Ti*" to Ti** as a charge
compensation mechanism [34]. The latter mechanism plays a deciding
role in the formation of defects during thermal treatment of amorphous
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TiOy. Highly defective TiO. films, consisting of both anatase and
amorphous phases are likely to have enhanced photoelectrochemical
efficiency due to high concentration of active sites promoting charge
transfer processes [35].

Utilization of TiO,-DTF improves charge transfer processes, making
CO3 photoelectroreduction more efficient while maintaining a sustain-
able, inexpensive, and scalable catalyst design. The thickness of the film
is a crucial parameter influencing photoelectron conversion efficiency
[36]. Additionally, the presence of defects in the structure can signifi-
cantly enhance photoelectrohemical conversion efficiency by providing
active sites for CO, adsorption, altering the electronic structure and
band gap, and thereby increasing light absorption across a broader solar
spectrum [37-39]. Selection of ultra-thin TiO, films is driven by its
advantages, including a larger surface area, accelerated electron-hole
separation, reduced recombination, higher number of exposed surface
metal atoms, and an increased density of defective sites. For a compre-
hensive understanding of the COy photoelectroreduction mechanism,
density functional theory (DFT) modeling was performed.

2. Results and discussion

2.1. Preparation and structural characterization of TiO2-DTF
photocathode

In this work, TiO; films with two different thicknesses (14 and 30
nm) were prepared, referred as “thin film” and “thick film” hereafter.
The titania sol precursor was synthesized using the sol-gel method,
employing titanium butoxide as the precursor and acetic acid as a
polycondensation rate-controlling agent [40]. The concentration of the
sol precursor was adjusted to control the thickness of the prepared films
(see experimental details in Supporting Information). For thin films, a
1:36 ratio of titanium butoxide to 1-butanol optimized the sol viscosity
for producing ultra-thin layers (~14 nm) during spin-coating, while a
1:18 ratio resulted in thicker films (~30 nm).

The sol-gel method offers distinct advantages over conventional
powder-based approaches for preparing TiO, materials. It enables pre-
cise control over film thickness, uniformity and defect density of the
TiOy thin films. Achieving high level of control over uniformity is
challenging with powders, which often require additional processing
steps such as pressing or sintering to form a coherent structure.
Furthermore, the direct deposition of sol-gel-derived films onto sub-
strates eliminates the need for binders or adhesives, reducing the risk of
contamination and ensuring better contact between TiO; thin films and
the electrode surface.

Unlike conventional sol-gel methods, the synthesis process in this
study avoided the direct addition of water. Instead, the water required
for hydrolysis was gradually generated in-situ via an esterification re-
action between acetic acid and butanol. This approach enabled precise
control over the hydrolysis rate of titanium butoxide, minimizing rapid
precipitation or particle agglomeration.

TiO9-DTF photocathodes were prepared by direct deposition of
titania sol onto glassy carbon (GC) electrode by spin-coating with sub-
sequent thermal treatment at 550 °C. GC support was chosen due to its
high electrical conductivity, chemical stability, and inert electro-
chemical nature, which allows to focus on the intrinsic properties of the
TiO film without interference from the substrate.

High-resolution transmission electron microscopy (HRTEM) was
used to analyze the composition and crystalline structure of the prepared
TiO,-DTF (Fig. 1a,c for thin film and S3b for thick film).

As shown in Fig. 1a,b, the thin film is composed of spheroidal grains
with a diameter in the range of 10-15 nm and is characterized by an
average thickness of 14 nm. Multiple measurements of interplanar dis-
tances of several randomly selected crystallites (red, green and blue
boxes) resulted in one characteristic distance of 3.52 + 0.05 i\, which
corresponds to the (1 0 1) plane of TiO5 anatase phase. No characteristic
interatomic distances, corresponding to rutile or any other crystalline
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Fig. 1. HRTEM image recorded from the synthesized TiO,-DTF: (a) cross-section of the TiO,-DTF with magnified specific regions; (b) FFT pattern of the selected
region with lower crystallinity; (c) out-of-plane view of TiO,-DTF; (d) cross-sectional O, Ti, and overlap of Ti and O elemental mapping for the TiO,-DTF and relative

HAADF STEM image.

phases of TiO, were discernible, leading to the assumption that syn-
thesized TiOs films is predominantly comprised of the anatase phase. In
comparison, thick film has an average thickness of 30 nm and consists of
anatase with inclusions of an amorphous phase, according to HRTEM
analysis (Fig. S3b). Magnified regions of the cross-section show the
reduced material density, potentially indicative of film porosity, better
visible on SEM images (Fig. S3c). This porosity may be attributed to the
synthesis conditions (evolution of gaseous products during drying) or
subsequent post-processing procedures [41,42]. The presence of po-
tential amorphous inclusions is marked by the orange box in the HRTEM
image.

Fast Fourier transform (FFT) analysis further verified a lower degree
of crystallinity in this specific region, as illustrated in Fig. 1b. Elemental
mapping of the TiOo-DTF cross-section is shown in Fig. 1d, indicating
uniform distribution of Ti and O elements within the thin film.

To examine chemistry and the presence of defects on the TiO; films
(both thick and thin) surface, X-ray photoelectron spectroscopy (XPS)
measurements were conducted. XPS survey spectra (Fig. S4), reveals
characteristic binding energy peaks for Ti, O, and C elements on both,
thin and thick films, respectively. While Ti2p and O1s peaks are prom-
inent, the intense Cls peak likely arises from the large surface area
exposure to ambient air and formation of carbon contamination. Fig. 2a
and b show high-resolution spectra of Ti2p levels of thin and thick films,
respectively. Distinctive doublet peaks in these spectra are originating
from the spin orbital splitting of photoelectrons corresponding to Ti2ps,
2 and Ti2p; /2 core levels. For the thin film, binding energies are observed
at 458.29 eV for Ti2p3, and 464.07 eV for Ti2p; 2, while the thick film
exhibits peaks at 458.22 eV and 463.96 eV, respectively [43]. In anatase,
the presence of titanium in the oxidation state of +4 is associated with a
binding energy difference AE, = Ep(Ti2p1/2) — Ep(Ti2ps,2), which is
equal to 5.7 eV [44,45]. However, deviations to 5.78 eV and 5.72 eV for
thin and thick films suggest the presence of both Ti** and Ti®* TSD
states, likely due to oxygen vacancy-induced charge compensation. Peak

deconvolution indicates a prevalence of defects in the thin film, as evi-
denced by the prominent Ti>" defect-related peak at ~457.85 eV and the
Ti-O lattice peak at 458.65 eV. Conversely, the diminished intensity and
area of the ~457.47 eV peak in the thick film imply a lower proportion
of Ti* states (areas of 6356 vs. 3308, as shown in Table 1).

The Ols spectra (Fig. 2c and d) have been deconvoluted into three
distinct peaks occurring at approximately 533 eV, 531.5 eV, and 529.7
eV. These peaks are ascribed to adsorbed oxygen-containing species,
oxygen vacancies, and lattice oxygen within the TiO, matrix, respec-
tively [45-49]. Typically, the elevation of the electronic state is attained
by introducing co-catalysts through the doping of TiOy [50]. In this
work, the creation of Ti>* defects and oxygen vacancies in TiOy-DTF is
achieved by employing an optimized synthetic technique. The concen-
tration of oxygen vacancies is higher for thin film as indicated by large
area under corresponding peak (6910 vs. 4978, as shown in Table 1).

A higher intensity of Ti>* peaks in thinner films indicates a greater
density of oxygen vacancies (Oy) and associated defects (Table 1). This is
attributed to the more rapid solvent evaporation and reduced material
density during annealing in thinner films. The disparity in defect density
between thin and thick films can be explained by differences in film
thickness, and precursor distribution during the sol-gel synthesis pro-
cess. The thinner 14 nm film exhibits a higher defect density due to its
reduced material volume, which enhances oxygen diffusion during the
annealing step and promotes the formation of O, and Ti®" sites. The
higher surface-to-volume ratio in thinner films further facilitates defect
formation at both surface and subsurface levels, contributing to
increased oxygen mobility. In contrast, the thicker 30 nm film, with a
larger material volume, exhibits a lower defect density. Limited oxygen
diffusion across the thicker structure during annealing, combined with
slower diffusion kinetics and a more constrained lattice environment,
inhibits the formation of Oy and Ti®* defects. Moreover, the thicker film
may experience greater thermal stress during annealing, leading to
partial defect annealing or fewer defects forming overall. The higher
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Fig. 2. High-resolution narrow scan spectra of (a-b) Ti2p, and (c-d) O1s levels; (e-f) AFM nanoscale topography of thin and thick TiO, films, respectively.

Table 1
Comparative analysis of Ols and Ti2p core level peaks for thin and thick TiO,
films.

Thin film Ti2p Position 457.68 458.62 461.82 464.07
Area 6356 11,241 1167 8006
Ols Position 529.67 531.47 533.00
Area 20,819 6910 3006
Thick Ti2p Position 457.47 458.28 462.60 463.96
film Area 3308 14,799 1324 6478
Ols Position 529.71 531.70 533.04
Area 22,518 4978 3624

defect density in the thinner film directly correlates with its enhanced
photocatalytic activity, as defects such as Ti*>* and Ov serve as active
sites for COy adsorption and reduction. Please note that the defect
density increases approximately in proportion to the film thickness (30/
14 ~ 2, Ti*": 6356 vs. 3308 ~ 2).

The surface topography of both thin and thick TiO, films was
analyzed using atomic force microscopy (AFM) technique. The AFM
images in Fig. 2e and f provide a detailed view of the surface roughness
and waviness of the TiO films measured on an area of 1 um?. The
surface of as-fabricated TiO,-DTF exhibit a very low root-mean-square
(RMS) roughness of about 1.8 nm (thin film) and 4.9 nm (thick film).
Achieving an optimal balance in coating thickness and surface area is
crucial for maintaining an effective photocatalytic activity, as excessive
thickness may lead to a promotion of the charge recombination process
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[51,52], while increased roughness positively influences surface re-
actions [53-56].

2.2. Photoelectrochemical CO2RR in potassium bicarbonate solution

2.2.1. Photoelectrochemical characterization of TiO2-DTF samples

To evaluate the electrical properties of the prepared TiO,-DTF
samples, electrochemical impedance spectroscopy (EIS) was conducted
under both dark and illuminated conditions (Fig. 3a, b). In the dark, both
films exhibited high resistance in the range of ~10° Q due to limited
charge carrier density (Fig. 3a). The thin film showed slightly higher
resistance compared to the thick film, attributed to its higher defect
density. Upon UV illumination, a significant reduction in resistance was
observed in both films, demonstrating the photoconductive nature of the
TiO,-DTF samples (Fig. 3b).

Notably, the thin film exhibited a much lower charge transfer
resistance than its thicker counterpart under UV light (4.3 x 10* Q vs.
0.33 x 10° Q). Upon UV illumination, the thin film demonstrates a
drastic reduction in resistance, indicating the generation of photo-
induced charge carriers. This pronounced reduction highlights the
generation of photo-induced charge carriers in the thin film, which
effectively suppresses charge recombination and facilitates electron
transfer to adsorbed CO2 molecules. The enhanced photoconductivity
observed in the thin film directly correlates with its superior photo-
catalytic efficiency. The Nyquist plots further confirm the critical role of
UV light in activating charge carriers and improving overall catalytic
performance.

This reduction in charge carrier recombination rate is critical as it
directly correlates with the improved photoactivity and efficiency of the
catalytic process. Consequently, only the 14 nm thin TiOy film was
further studied as the photocathode.

Linear sweep voltammetry (LSV) experiments were performed on the
14 nm TiO2-DTF sample under both dark and UV light-illuminated
conditions in a COg-saturated 0.1 M KHCOg electrolyte (Fig. 3c). The
LSV curves demonstrate a significant enhancement in catalytic activity
upon UV illumination. Under dark conditions, the current density at
~1.4 V is limited to —40 mA cm™2, whereas UV light increases it
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substantially to —65 mA cm ™2,

This pronounced increase highlights the critical role of light activa-
tion in improving charge separation and facilitating efficient electron
transfer to adsorbed CO, molecules. The results confirm that UV illu-
mination enhances the photoelectrochemical properties of the thin TiO5-
DTF sample, driving the reduction of CO, with greater efficiency.

This result indicates that application of UV light enhances the cata-
lytic properties of the TiO2-DTF. LSV curves illustrate the role of light in
enhancing catalytic activity. The LSV curve obtained for the 14 nm TiO,-
DFT sample under UV light resembles a photoelectrolysis process [26].
This behavior suggests that while the electrochemical processes are
consistent, UV light activates the photoelectrocatalytic properties. This
substantial increase confirms that light activation improves charge
separation, enabling efficient electron transfer to CO, molecules and
subsequent reduction of CO,. EIS data supports this, showing a drastic
reduction in charge transfer resistance for the thin film under light
compared to the thick film, highlighting improved photoconductivity.

While the LSV curves intend to exhibit differences in current density
in the presence of light, a higher theoretical photovoltage is expected for
TiO5 under ideal conditions. This discrepancy could be attributed to the
TiO4 deposited on the glassy carbon, where the interface between the
two materials imposes contact issues. In line with the following infor-
mation: poor ohmic contacts between the TiO3 and the electrodes can
lead to increased resistance and voltage drops, thereby reducing the
photovoltage. Additionally, possible Schottky barriers at the contacts
may impede charge collection and further diminish the effective
photovoltage.

Photoelectrochemical stability of the fabricated TiO2-DTF was
further investigated using chronoamperometry (CA) at various poten-
tials under UV light. The electrode demonstrated sustained stability
throughout the 1-hour test at different potentials (Fig. S1). The obtained
LSV data was further used for the determination of Faradaic efficiency of
the TiO2-DTF during CO photoelectroreduction.

2.2.2. Analysis of CO2 photoelectroreduction reaction products
Analysis of gaseous products was performed in a photo-
electrochemical cell (Fig. 3d) coupled with a potentiostat and gas
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Fig. 3. (a, b) Nyquist plots obtained for both TiO»-DTF samples in dark and light conditions, respectively; (c) LSV curves obtained for 14 nm TiO»-DTF sample in the
dark (black line) and under UV light (green line); (d) photoelectrochemical cell. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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chromatograph (GC), described in SI. Liquid products in the electrolyte
were sampled from the cell and analyzed using high-performance liquid
chromatography (HPLC). The main products of COoRR on TiO,-DTF are
shown in Fig. 4 and yields are summarized in Table S2. Following a 50-
min exposure to UV irradiation, formate, carbon monoxide, and
methane were detected. Before the application of potential, formate
becomes the main product of CO5 reduction, while methane and CO are
generated in much lower quantities. The extension of UV-irradiation
duration only results in a slight increase in product yields. The appli-
cation of potential results in increased yields for all products, with
formate exhibiting the highest production yield. The maximum Faradaic
efficiency (Table S3) of formate production —45 %, was achieved at
—1.2 V and current density of 5.26 mA cm™2, indicating that further
increase of potential is less efficient for the energy-to-product conver-
sion, though yield of the formate continued to increase. The Faradaic
efficiency decreases due to the competitive production of hydrogen (see
Table S3), a common occurrence on the TiO5 surfaces in aqueous media
[57,58]. The generation of Hj is less critical when the desired product is
formate, as, unlike CO, formate remains in liquid phase and therefore is
easily separable from CO, Hy and CHy4 byproducts.

The 30 nm TiO; film (refer to Table S3) displayed a Faradaic effi-
ciency of only 15 %, emphasizing the crucial role of optimizing film
thickness in governing recombination and charge transfer processes.
Lowering film thickness enhances charge transfer, reducing the proba-
bility of charge recombination, thereby improving catalytic perfor-
mance and selectivity.

Determining the absolute yield per a specific amount of catalyst is
crucial for the practical application of COy photoelectroreduction. In
this study, the absolute yields were calculated per square centimeter of
the catalyst surface, a choice dictated by the specific characteristics of
TiO2-DTF. This methodology complicates direct comparisons with state-
of-the-art, as yields are often expressed per gram of catalyst. Due to the
extreme thinness of TiO2-DTF layer, it yields substantial values, ranging
from 1 to 5 mol h™'g~!. However, the more practically significant metric
is the yield per square centimeter, as the feasibility of an industrial
process relies on the yield per surface of catalyst. Thus, we used only the
highest values of Faradaic efficiency to compare our results with the
state-of-the-art.

Recent studies have shown advancements in CO5 conversion to
formate on different photocathodes [59]. Liu et al. proposed novel
photocathode composed of sensitized cuprous oxide (p-nCuz0) on hy-
droxyl iron oxide (FeOOH) enhanced with cobalt-doped cadmium sul-
fide (Co:CdS) quantum dots. This photocathode achieved high
photovoltage and selective CO, reduction, yielding formic acid with up
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Fig. 4. Differential yields and Faradaic efficiencies of COzRR products of
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to 82.9 % Faradaic efficiency at —0.8 V vs. RHE [60]. Dong et al. re-
ported CuS/GaN/Si photocathode with Faradaic efficiency of HCOOH =
70.2 % at —1.0 V vs. RHE under 100 mW cm 2 artificial sun illumination
[61]. Rao et al. demonstrated the utilization of high-quality Si photo-
cathodes decorated with Sn porous nanowire catalysts, achieving a
formate FE of 59.2 % at —0.4 V vs. RHE under simulated sunlight at an
intensity of 100 mW cm ™2 [61]. Promising results were achieved by
Yanguang Li et al. who used arrays of defective bismuth nanotubes on Si
substrate to conduct efficient PEC conversion of CO5 into formate with
95 % Faradaic efficiency at —0.4 V vs. RHE under simulated sunlight at
an intensity of 50 mW cm ™2 [62]. Tin nanoparticles on aligned Si wires
allowed to achieve ~40 % Faradaic efficiency for formate production at
—0.875 V vs. RHE under artificial sunlight with intensity of 100 mW
cm™2 [63]. GaN:Sn nanohybrids exhibited Faradaic efficiency of 77 %
towards formate at —0.53 V vs. RHE under simulated sunlight at an
intensity of 100 mW cm™2 [64]. TiOo/Si photocathode with electro-
deposited tin nanostructures exhibited maximum FE of 69 % towards
formate at —1 V vs. RHE under artificial sunlight with intensity of 100
mW cm ™2 [65]. All previous studies are mostly focusing on heavy metal-
based nanostructure. In contrast, this work employs TiO5 without co-
catalyst, unusual for formate production but simpler and more versa-
tile also demonstrating the conversion mechanism. It is important to
note that while most published results are conducted using simulated
sunlight, our study employs intense UV radiation.

2.3. In-situ ATR-FTIR spectroscopy studies

To probe the real-time processes occurring on the TiO2-DTF photo-
cathode surface during the CO, reduction process, in-situ attenuated
total reflection Fourier-transform infrared (ATR-FTIR) spectroscopy
under both photochemical and photoelectrochemical conditions was
conducted. In-situ ATR-FTIR spectra provide real-time evidence of the
role of UV light in CO2 adsorption and reduction. It is widely recognized
that the interaction of species on the surface of TiO; is triggered by UV
irradiation [66]. However, the interaction process, kinetics, and the
influence of potential are not thoroughly understood. Therefore, the
initial objective was to monitor the dynamics of adsorption and trans-
formation of species on the TiO-DTF over varying durations of UV
irradiation and applied potentials. As an initial step, it was crucial to
attain a steady-state condition of the TiOy surface in contact with the
solution. Achieving this steady state was essential for subsequent in-
vestigations into the impact of applied potential on the ongoing re-
actions. Without reaching this steady state, it would have been
impossible to distinguish the effects of continuous UV irradiation from
those of electrochemical processes.

Fig. 5a shows that upon the application of UV irradiation, the first
bands to emerge are those around 1390 cm ™! and 1620 cm™?, corre-
sponding to the symmetric v5(COO) and asymmetric v,5(COO) stretching
of —COO™, respectively. The emergence of these bands upon UV illu-
mination indicates the light activation of CO2 on the TiO; surface. The
frequency shifts, Av(COO) = (155(CO0)-v5(CO0)), is around 230 cm !
indicating a monodentate coordination of COO™ to the surface of TiO,
[67]. Also, the sharp band quickly rising with UV irradiation duration
around 1230 em ™! is attributed to the bending of C—O bonds that are
monodentately attached to surface TiO, surfaces [68]. These, in turn,
indicate the formation of formate over time while its intensity increases
as the TiO, surface becomes activated [66]. The progressive increase in
the intensity of these bands over time (Fig. 5a) suggests that light not
only enhances CO5 adsorption but also facilitates the formation of re-
action intermediates such as COOH* and HCOO*. Additional bands
begin to appear after more than 30 min of UV irradiation. These bands
can be roughly categorized into three groups. The first group consists of
weak bands in the 2700-2800 cm™! region, associated with C—H
stretching modes, confirming gradual activation of the surface towards
the formation of formate over time.

The second group consists of bands that are strongly linked to the
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Fig. 5. In-situ ATR-FTIR spectra during photoactivation (a) under varying time periods without applied potential, and (b) with different applied potentials.

adsorption of COs-related species. Among these bands, the shoulder
around 1700 cm ! is broader and shows pronounced dependence on the
duration of UV treatment. According to Wang et al., it can be attributed
to C=0 [69]. Also, the weak, sharp band around 2500 cm ™ !is attributed
to the stretching of C—=0 bonds. [70,71] The intensity increase of these
bands aligns well with a recent study [72], which suggests that bicar-
bonate and carbonate species play a significant role during COy con-
version on the catalyst surface in a water solution.

And thirdly a weak, broad band around 1980 cm ! is associated with
the stretching of C=0 bonds in CO attached to Ti> atom [73]. The band

is weak and does not exhibit significant growth over time, while bands
related to bicarbonate ions and —COO™ species increase in intensity
with the duration of IR treatment. After 90 min, they become the most
prominent in the spectrum. This suggests that on a pure TiO, surface
under UV treatment without an applied potential, the limiting step of the
CO4 reduction process is likely the proton-electron transfer to adsorbed
bicarbonate ions, while the adsorption process itself occurs with rela-
tively high efficiency. Additionally, as discussed earlier [66], UV irra-
diation plays a major role in activating the TiO; surface for enhanced
adsorption of COg-related species from the solution. In general, under
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UV-irradiation alone the spectra are dominated by water and COs-
related species. The yield of products of CO; reduction under UV-
irradiation without the applied potential is rather low, which is in
good agreement with the results of product analysis described in pre-
vious section (Fig. 4).

Application of potential (Fig. 5b) dramatically changes the pattern of
adsorption on the TiO, surface in the region below 1700 cm ™!, while the
other part of spectra remains similar. The application of cathodic po-
tential (Fig. 5b) further intensifies these bands, highlighting the syner-
gistic effect of light and potential in driving CO, reduction. Main
changes are linked with the shift from CO»-related adsorbed species to
CO3 reduction products. The sharp C—O—H bending band around 1230
cm ! linked to HCOj species disappears, others are either absent or fully
convoluted with more intensive C—O stretching bands of COOH* and
COO™ species (1575 and 1620 cm™ 1) [74]. These features could also
arise from formate accumulation both at the surface of the electrode and
within the electrolyte. Furthermore, a band of short-living CO3 inter-
mediate product becomes visible around 1690 cm ! [68], indicating
intensive reduction process on the TiO surface.

Despite the proven influence of the cathodic potential on the pro-
duction of HCOO™ (as shown in Fig. 4), a general trend observed is that
as the cathodic potential diminishes, the intensity of bands related to
COO— decreases, indicating reduced adsorption despite the increase in
products. This trend may be attributed to the repulsion effect of the
cathodic potential due to the dipole moment of the adsorbates [75,76].
Conversely, the peaks of C—H in the 2700-2800 cm ™! region, whose
relative peak intensities increase with the cathodic potential, align with
the product analysis of Fig. 4, indicating the formation of CHa.

The consistency between the ATR-FTIR results (on germanium sub-
strates) and the electrochemical product analysis (on GC electrodes)
demonstrates that the observed reaction mechanism and selectivity are
intrinsic to the TiO; films. The primary product, formate, is not typically
associated with GC electrodes under similar conditions, further con-
firming that the catalytic activity originates from the defect-rich TiO,.
Additionally, under UV illumination, the photoconductive properties of
TiOy dominate the electrochemical response, rendering any potential
effects of exposed glassy carbon negligible.

2.4. Theoretical modeling of CO2RR to C1 products via different
pathways

Theoretical calculations were performed to understand the details of
the mechanism of CO,RR on the anatase TiO5 (1 0 1) surface after
inducing Ti®* defect with one oxygen vacancy (see SI for details of
calculations, Fig. S5). The optimal electrocatalyst for CO, reduction
reaction is typically identified through computational screening based
on various criteria such as high selectivity, high activity, and strong
chemisorption of COy molecules [77]. The initial and critical step of
CO9RR is the adsorption of CO; onto the surface of the catalyst. Our
analysis reveals that the synergistic interaction between Ti®* and oxy-
gen vacancy defects creates unique active sites that fundamentally
enhance CO, activation. At these dual-active sites, Ti>* centers facilitate
electron transfer to the carbon atom of COj, while adjacent Ov sites
provide optimal binding configurations for oxygen atoms, enabling
efficient charge redistribution at the interface.

CO3 adsorption is the rate-determining step of CO2RR, with a free
energy of 1.19 eV on the anatase TiO; (1 0 1) facet. However, after
inducing the Ti>* defect, the energy barriers of CO, adsorption on the
anatase TiO3 (1 0 1) surface are significantly reduced to 0.77 eV, due to
the transfer of charges from the C-atom of CO; to the O-atoms of CO,.
These findings suggest that Ti>" defective surfaces can improve COy
adsorption and, thus, enhance COsRR.

In the context of CO5 reduction reactions, the presence of surface
defects significantly influences reaction pathways and product distri-
bution. While a broad set of C1 products can be generated, the formation
of C2 products occurs rarely over atomic dispersion electro-catalysts
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owing to the lack of favorable binding sites for C—C coupling. The
defect-mediated activation proceeds through stabilized intermediates,
with COOH formation requiring only 0.23 eV and HCOO generation
becoming favorable at —0.49 eV. These reaction pathways to C1 prod-
ucts are illustrated in Fig. 6a, while the Gibbs free energy diagrams for
the three categories pathways, namely 2, 6, and 8 electron pathways to
C1 products are depicted in Fig. 6b-d in the case of anatase TiO3 (1 0 1)
facet and Fig. 7a-c in the case of anatase TiO5 (1 0 1) facet after inducing
Ti®*-defect with one oxygen vacancy. This analysis demonstrates how
surface defects control both the reaction barriers and product selectivity
through their influence on intermediate stability.

The main CORR products via 2 electron pathways are CO and
HCOOH. Fig. 6b, Fig. 7a and Table S4 show that CO2RR to CO proceeds
through CO3 —» COOH* — CO* — CO. To activate the reaction, a Gibbs
free energy of AG = 1.19 eV is required to form COOH* intermediate on
the anatase TiO5 (1 0 1) surface, which decreases to AG = 0.77 eV after
inducing a Ti**-defect. The COOH* — CO* step has a favorable AG of
0.02 eV, while the AG for CO desorption is about —0.16 eV, which is
more favorable than hydrogenation to form HCO* (AG = 0.15 eV) or
COH* (AG = 1.60 eV) for anatase TiO5(1 0 1) surface with a Ti*-defect.
The CO desorption step is the potential limiting step for CO due to the
stable adsorption of CO on the Ti3* defect on the anatase TiO2 (10 1)
surface. Afterwards, for HCOOH generation, there are two possible re-
action pathways: CO, —» COOH* — HCOOH* — HCOOH (COOH
pathway) and CO3 — HCOO* — HCOOH* — HCOOH (HCOO pathway).
The formation of COOH* requires a Gibbs free energy of about 0.77 eV,
followed by hydrogenation at the C atom of COOH* with a AG = 0.23
eV. The desorption of HCOOH is the energetically favorable process with
a AG of —0.18 eV after inducing the Ti*>* defect. The initial activation of
CO5 to form HCOO* is easier than to form COOH* witha AG = —0.49 eV
for anatase TiO5(1 O 1) surface with a Ti%*-defect in contrast to the
anatase TiO2 (1 0 1) surface. However, the following HCOO* —
HCOOHT* step is more difficult for the anatase TiO3(1 0 1) surface with a
Ti3*_defect than the anatase TiO, (1 0 1) surface with a AG of 1.02 eV.
Thus, CO2RR to HCOOH would proceed along the COOH pathway rather
than the HCOO pathway, and the COy — COOH* step is the potential
limiting step. In summary, CO2RR via the two-electron pathway would
yield HCOOH along the COOH pathway rather than CO with a relatively
low Gibbs free energy of 0.23 eV on the anatase TiO» (1 0 1) surface slab
after inducing a Ti®"-defect.

Figs. 6¢ and 7b depict the reaction pathways of CO2RR to CH3OH via
a six-electron pathway on the anatase TiO3 (1 0 1) surface, both before
and after inducing a Ti®" defect. Once CO* is formed, there are two
possible pathways for the hydrogenation of CO*: one at the C side to
form HCO¥*, and the other at the O side to form COH*. The HCO* for-
mation step is favorable with a AG of 0.15 eV, while the COH* formation
step is difficult with a AG of 1.60 eV. The lower reaction free energy
indicates that the hydrogenation of CO* is more likely to attack the C
atom to form the HCO* intermediate. For the further hydrogenation of
HCO*, both the O and C sides are taken into consideration. The HCO* —
HCHO* step requires a AG of —0.33 eV, while the HCO* — CHOH* step
requires a AG of 1.16 eV. Thus, CO2RR tends to proceed along the CHO*
— HCHO* step. The following hydrogenation at the C and O sides of
HCHO* to form CH,OH* and CH30* are both favorable with AG of 1.38
and —1.09 eV, respectively. For the next reaction of CHoOH*, a proton
would attack C to form CH3OH* with a AG of —1.47 eV, followed by the
desorption of CH3OH with a AG of 0.08 eV. For the next reaction of
CH30%, a proton would attack O to form CH3OH* with a AG of 1.00 eV,
which is 2.47 eV higher than that in the CH,OH* — CH3OH* step. Thus,
CO2RR after HCHO* formation tends to proceed via the CH,OH* in-
termediate. To summarize, COsRR to CH30H prefers to proceed along
the following pathway: CO2 - COOH* — CO* - CHO* - HCHO* —
CH,;OH* — CH30H* — CH30H, and the largest AG required is 1.38 eV.

Additionally, CO5 can be converted to methane (CHy4) through an
eight-electron reaction pathway. The reaction-free energy diagrams for
CH4 generation are illustrated in Figs. 6d and 7c. The initial 6-electron
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transfer steps in the CH,4 generation process are the same as those in the
CH3OH generation process. COy reduction reaction tends to proceed
along the pathway of CO, — COOH* — CO* — CHO* — HCHO* —
CH;OH* — CH30H*, and the largest free energy change is 1.38 eV. After
the formation of CH30H*, there are two downbhill steps along CH30H* —
CHs* and CH4* — CHy, as well as a slight uphill step along CH3* — CHy4*.
In the methane generation process, the HCHO* — CH,OH* step requires
the largest Gibbs free energy of about 1.38 eV, indicating that it is the
potential limiting step in CH4 generation. This suggests that CH4 and
CH30H compete with each other in CO2RR on the anatase TiO5 (1 0 1)
surface after inducing the Ti®* defect. A similar situation is observed in
the case of the anatase TiO2 (1 0 1) surface, with a potential limiting step
of about 1.15 eV. Moreover, there are alternative reaction pathways for
CH,4 generation. After the formation of CHOH*, in addition to hydro-
genation at the C-atom, a proton can interact with the O-atom of CHOH*
to form CH* with a Gibbs free energy of about 0.03 eV. CHy* is the
possible reaction intermediate from CH;OH* or CH* for the next
electron-transfer step. In conclusion, CO2RR to CH,4 follows the pathway
of CO2 —» COOH* - CO* - CHO* - HCHO* — CH,OH* — CH30H* —
CH3* — CH4* — CHy, and the largest free energy is 1.38 eV. To compare
the selectivity of C1 products across different COoRR systems, we con-
ducted a comparative analysis of limiting potentials (UL) for CO,
HCOOH, CH30H, and CHy, as illustrated in Fig. S6.

To obtain further insight into the reactivity of anatase TiOz (1 0 1)
facet with Ti>* defect in COoRR, the Gibbs free energy profiles for the
synthesis of HCOOH under electrical potential were analysed and pre-
sented. The analysis was conducted at three distinct electrode potentials:
U= -0.4, —1.2, and —1.6 V vs. RHE, preset by conditions of the pho-
toelectrocatalytic experiment. Fig. 7d and Fig. S6(a, b) illustrate the
calculated Gibbs free energy profiles under light irradiation conditions.
It can be clearly noticed that the free energy changes associated with all
steps involving proton-electron pairs are interrelated, as governed by the
Gibbs free energy change (AG). The depicted free energy diagram
clearly demonstrates a downhill trend for each step involved in the
CO2RR via the two-electron pathway leading to HCOOH formation in
the case of U = —1.6 V vs. RHE potential, compared with uphill trend in
the case of U = —0.4 V vs. RHE potential and near flat pathway in the
case of U = —1.2 V vs. RHE. This downhill trend signifies that each re-
action proceeds spontaneously, as the free energy decreases throughout
the pathway.

The comparison between the product analysis, in-situ ATR-FTIR, and
DFT calculations reveals valuable mechanistic insights into CO5 photo-
electroreduction on TiO, surfaces. In experiments, the increase in the
favourability of the HCOOH* intermediate state with the application of
cathodic potential was observed. The key distinction between photo-
catalytic and electro-photocatalytic processes on TiO surfaces lies in
their product outcomes: while photocatalysis typically yields CO with
minor CH4 amounts, applying cathodic potential shifts the process to-
wards formate synthesis.

In recent works, the formation of HCOO™ was considered improbable
due to high desorption energy [78,79]; results of in-situ ATR-FTIR and
DFT modelling in this study suggest that formation kinetics rather than
desorption dynamics may be the primary limiting factor in formate
production. In the case of UV-irradiation alone, the IR adsorption bands
of COg-related species (mostly HCO3) are intensified. However, the
formation of products is hampered even for two-electron processes,
confirming the suggestion that CO; — COOH* is a limiting stage of the
reduction process. The emergence of intensive peaks corresponding to
CO4 reduction products upon applying potential signifies the onset of
intensive reduction via electron transfer. With the increase of potential,
electron transfer becomes energetically favourable, and the process
becomes limited by another stage, arguably desorption. On the other
hand, the presence of CH4 as the minor product with the absence of
methanol, which should precede methane formation, can be explained
by the high desorption energy of methanol from the TiO surface [80].
Interestingly, the same work predicts the formation of CH4 from
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bidentately bound CO [80], which was observed in our investigation
under applied potential (Fig. 7d, and Fig. S6a, b).

In-situ ATR-FTIR spectroscopy captured the dynamic formation of
reaction intermediates, such as HCOO™ and COOH ™, on the TiO,-DTF
surface, strongly supporting the proposed mechanism of CO5 reduction
to formate. The presence of Ti>" defects and oxygen vacancies, identi-
fied by XPS, is consistent with the high catalytic efficiency observed.
These experimental results are further validated by DFT calculations,
which confirm that defect-induced electronic modifications enhance
CO4 adsorption and activation.

3. Conclusion

This work offers a thorough examination of highly defective ultra-
thin TiO4 films (TiO.-DTF) as photoelectrocatalysts for CO5 reduction.
By manipulating TiOj film thickness and surface defect concentration, it
was shown that the photoelectrocatalytic efficiency of TiO5-DTF in CO,
reduction can be significantly enhanced. Both experimental findings and
theoretical modeling indicate that surface defects such as Ti®* and ox-
ygen vacancies play a crucial role in enhancing catalytic activity. Spe-
cifically, under UV light irradiation, the presence of these defects
promotes CO; adsorption on the anatase TiO, (1 0 1) surface. Applica-
tion of electrical potential leads to enhancement of both yield and
selectivity of the formate production. The achieved Faradaic efficiencies
of 45 % demonstrate the excellent performance of TiO»-DTF as a low-
cost and single-component catalyst material.
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