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Abstract

The photoreduction of CO: is a growingly interesting research topic due to the intriguing possibility
of producing solar fuels through a concerning pollutant. TiOz photocatalysts were the first materials
used for this application, but since then, various strategies have been developed to optimise the
catalytic performance and operating conditions to obtain competitive yield. This review presents the
findings of the last decade of research on different semiconductors, TiO: and g-CsN4 and their
composites. The main features of the reaction and its key issues are first overviewed, focusing on the
effect of different reaction conditions on the performance and recalling the mechanism of the reaction.
The strategies developed to overcome the challenges of this demanding reaction are described in the
following paragraphs, including the use of dopants or co-catalysts, of heterojunctions between
different semiconductors and the use of electron transfer mediators. Finally, some unifying concepts
are summarised, suggesting the calculation of the stored energy amount and the relative efficiency
to allow a safer comparison between literature data collected under widely variable conditions and
leading to different products.

Keywords: photoreduction of CO2; artificial photosynthesis; titania; graphitic carbon nitride;
heterojunctions; S-scheme photocatalysts; Z-scheme photocatalysts

1. Introduction

The global energy crisis and air pollution have worsened due to population growth, higher
living standards, increased fuel consumption, and rapid industrialisation. Consequently, carbon
dioxide (CO,) emissions have risen significantly in recent decades, reaching approximately 37 Gt in
2023 compared with about 22 Gt in 1990. Projections indicate that global energy demand may increase
by mid-century. CO; is the most abundant anthropogenic greenhouse gas in the atmosphere, with
around 65% originating from direct human activities such as fuel combustion and industrial
processes, and an additional share associated with land-use changes and forestry'.

In December 2015, 195 nations signed a historic agreement in Paris to limit climate change and
move towards a low-carbon, resilient, and sustainable future. The agreement aims to keep the global
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temperature increase well below 2 °C this century and to pursue efforts to limit it to 1.5 °C above pre-
industrial levels! 6 7.

Global average temperatures rose by approximately 0.6 °C during the 20th century, with a clear
acceleration in recent decades. The continued increase in CO, emissions from fossil fuel combustion
has raised concerns about climate change, prompting a global shift towards greater reliance on
renewable energy sources to meet current and future energy demands’ ¢7.

Solar energy is the most prevalent renewable energy resource, but its main limitation is its
intermittency and lack of full stability due to atmospheric interference. Therefore, energy storage
solutions must be implemented to ensure a continuous supply, which increases the cost and
complexity of the technologies developed. Considerable attention is given to the production of
regenerated fuels from COz, an endoergic process regardless of the reduced product. The advantage
of coupling these two concepts is clear: using COz reduction to chemicals as a means of energy storage
for solar power®13.

Photocatalytic production of fuels from CO: is a technology currently at the early demonstration
stage at laboratory scale, with strong potential for emissions mitigation and future energy security.
Various semiconductor materials have been used as photocatalysts in the CO: photoreduction
process, including TiOz, Cu20, ZnO, ZnS, CdTe, CdS, CdSe, WOs, BiWOs and, more recently, g-CsNa
1419 The attention has been recently focused also on photoreactors design?0-24,

Despite the considerable potential of this reaction, many issues remain regarding the sensitivity
of materials to visible light, as well as their stability, productivity and selectivity. Scale-up and
reproducibility should also be considered. Therefore, in this review, we summarise recent progress
in the photoreduction of CO;, with particular emphasis on the development of materials.

Accordingly, the work begins with an introductory overview of the main features of the reaction
and its remaining unsolved issues, followed by a classification of the main material groups most
frequently discussed in the literature. The survey includes discoveries from the last decade, except
for a few earlier fundamental studies.

2. Photoreduction of CO2, Main Features and Open Challenges

Photocatalytic CO, reduction aims to convert the products of hydrocarbon combustion, namely
water and carbon dioxide, back into energy carriers, regenerating fuels through a process often
referred to as artificial photosynthesis. Photocatalytic CO, conversion uses solid semiconductors that
serve two main functions: acting as catalysts to accelerate reactions under light irradiation and
providing the energy required to drive a thermodynamically endergonic process's 2.

As shown in Figure 1, the overall mechanism consists of three main steps. First, the
semiconductor absorbs photons with sufficient energy, generating charge carriers as electron-hole
pairs. Next, these charge carriers are separated and transported through the structure of the
photocatalytic material. Finally, electrons and holes participate in redox reactions with species
adsorbed on the catalyst surface, in particular promoting the conversion of CO,'.

Photocatalytic CO, conversion involves photophysical and photochemical processes initiated by
the absorption of photons with energy equal to or greater than the band gap of the semiconductor.
This photoexcitation promotes electrons from the valence band (VB) to the conduction band (CB),
generating electron (e-)-hole (h*) pairs.

After photoexcitation, the charge carriers migrate through the material, as shown in Figure 2.
The photocatalytic process involves the following steps: (a) light harvesting, corresponding to the
absorption of light by the semiconductor with energy higher than the semiconductor band gap; (b)
charge excitation, which generates electron-hole pairs; and (c) charge separation and transfer,
involving the separation and transport of these charge carriers® 14 1°.

During this process, (d) bulk charge recombination may occur within the semiconductor, or (e)
surface charge recombination may take place at the material surface. When recombination is
minimised, charge carriers reach the catalyst surface and participate in redox reactions with adsorbed
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species, resulting in (f) surface reduction reactions driven by electrons and (g) surface oxidation
reactions driven by holes® 14 19,

: Photoreduciton

Conducution
Band

CH, CH,OH,CH,0
CO, H,0

Electrons

CO,+H"

uonBUIqWODaU
abueyn
ADY3IN3

Photosensitisation ~ mmfp | Band gap Co-catalyst
site
HO
Valence
Band OH-/ O,,H"

Photo-oxidation

Figure 1. [llustration of photocatalytic CO2 reduction over a semiconductor photocatalyst. Readapted from'.
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Figure 2. Fundamental principles of photocatalysis. Readapted from?.

In this context, not every electron reaching the catalyst surface can reduce CO, a
thermodynamically stable and chemically inert molecule? 27. Unlike most conventional reduction
methods, which typically require high energy input such as elevated temperature or pressure,
photocatalytic processes rely primarily on solar irradiation as the energy source’® 28. Photogenerated
electrons with sufficiently negative reduction potentials provide the driving force for the desired
chemical reactions, although an additional kinetic overpotential is often required?®.

The reduction potential indicates the tendency of a chemical species to accept electrons. This
parameter determines whether a species will be reduced by gaining electrons or oxidised by losing
them. Species with more positive reduction potentials exhibit a greater affinity for electrons.
Therefore, to reduce CO: to carbon monoxide or hydrocarbons, electrons in the semiconductor must
have a sufficiently negative potential. Conversely, for water oxidation, the holes must have a more
positive potential®. At pH 7, Table 1 23 presents the reaction pathways for the formation of some of
the most relevant solar fuels, along with their corresponding reduction potentials.
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Table 1. Standard Reduction Potentials for CO, Electrochemical Conversion 3.

Reaction E° (V, pH=7)
CO,+e~=> ¢ CO;- -1.90
CO, +2H* +2e - > HCOOH -0.61
CO, +2H* +2e - = CO + H;O -0.53
CO, +4H* + 4e - = HCHO + H,O -0.48
CO; + 6H* + 6e - = CH;0H + H,O -0.38
CO, + 8H* + 8e - = CH, + 2H,;O -0.24
2H,0 +4h* = O, +4H* +0.81
2H*+2e- = H, -0.42

Methane and methanol synthesis are more attractive for CO:z reduction from a thermodynamic
perspective, as these reactions occur at lower potentials and produce compounds with much higher
calorific value as fuels. In other words, driving these reactions enables the storage of a greater amount
of solar energy. However, kinetic limitations make the production of methane and methanol more
challenging than that of carbon monoxide, formaldehyde, and formic acid, because the former
reactions require more electrons to be supplied simultaneously, which implies a low sticking
coefficient®.

The interaction between the photocatalyst and adsorbed species may involve a series of one-
electron processes rather than a multi-electron step, due to the complex nature of the inorganic
photocatalyst surface. Therefore, the reaction pathway determines the actual redox potential
required. For example, the potential is approximately 1.9 V vs NHE if CO:z reduction begins with the
single-electron reduction of CO: to COz~. With this in mind, it is essential to increase reaction
efficiency by enabling the simultaneous transfer of multiple electrons with protons. Consequently,
generating sufficient electron-hole pairs, efficiently separating charges, and providing effective
catalytic active sites are the most important factors for COz photoreduction®-%.

Despite the high potential of this reaction, one of the main challenges is the low conversion
efficiency, especially under solar irradiation, which may be explained by these issues.

e A mismatch between the semiconductor's absorption capacity and the solar spectrum limits
solar light harvesting? 31,

e  Poor charge carrier separation efficiency: recombination events usually occur much faster than
reactive events; therefore, physical separation of the photogenerated charges is necessary.

e A low solubility of CO2 molecules in water (approximately 33 mmol in 1 L of water at 100 kPa
and ambient temperature)®.

e Reversible reactions that compete with CO: reduction can oxidatively decompose the
photoreduction products back to COz. As holes are responsible for the oxidation half-reactions,
suitable hole scavengers must be provided that do not interfere with the main reaction®.

e  The competing reaction of water reduction to hydrogen?”.

Almost 5% of the solar spectrum is ultraviolet radiation, while 43% of solar energy lies within
the visible light spectrum. Therefore, identifying a photocatalyst that can absorb visible light and still
possess a suitable conduction band potential is a key objective. As charge carrier movement and
reactions require an overpotential as a driving force, the actual energy required for CO:z conversion
is typically higher than the theoretical energy needed to thermodynamically synthesise the desired
productss.

Although it is difficult to directly match the band gap of a semiconductor to the solar spectrum,
several techniques have been employed to increase the capacity of inorganic photocatalysts to absorb
the visible part of the spectrum. For example, to make photocatalysts with a broad band gap more
sensitive to visible light absorption, doping with hetero-elements has been pursued, using metal ions
(Fe¥, Zn?*, W¢*) and non-metal ions (C, N, S, B). This strategy is commonly adopted to produce visible-
sensitive catalysts based on TiO2, which has a band gap of approximately 3.2 eV and therefore
natively absorbs only UV light36-40,
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Doping introduces defect states (inter-band states or mid-gap levels) that enable electrons to be
promoted with lower energy uptake, thereby improving visible light sensitivity. In addition, this may
inhibit charge recombination. For example, it was shown that mixing the p states of the dopants with
the O 2p states of the semiconductor produces a new valence band state, which is responsible for the
reduced band gap of the semiconductor after doping with non-metal ions (such as N or C)*.

Another effective method to enhance light absorption and charge separation is the formation of
semiconductor heterostructures. Band bending creates a built-in field due to band alignment, causing
photogenerated electrons and holes to move in opposite directions, thereby improving charge
separation?z,

As an alternative, semiconductor quantum dots (QDs) can be considered an ideal option for the
coupled component in heterostructures. When QDs are present, the visible light response of the
photocatalysts is easily adjustable. QDs can also use hot electrons to generate multiple charge carriers
when excited by a single high-energy photon, resulting in an increased number of charge carriers®.

Similarly, organic dyes are often used as sensitisers to enhance a semiconductor's ability to
absorb visible light. Dye molecules can inject photoexcited electrons into the semiconductor's
conduction band when exposed to radiation. Under irradiation, dyes can transfer photoexcited
electrons to the conduction band of the semiconductor. However, many factors affect the efficiency
of electron transfer between the dye sensitiser and the semiconductor, such as the alignment of the
Lowest Unoccupied Molecular Orbital (LUMO) level of the dye with the conduction band edge of
the semiconductor. The stability of the organic sensitiser is also a critical consideration for practical
applications* .

Utilisation of an equivalent amount of photogenerated holes should be considered when CO:2 is
reduced by photogenerated electrons. Otherwise, accumulation of holes in the photocatalyst
increases the likelihood of charge recombination and reduces electron lifetime. Additionally, if holes
are not utilised effectively, they may negatively affect the photocatalytic reaction, such as causing
photocorrosion of the photocatalyst. The most common solution is to use an artificial electron donor
to scavenge the holes (hole scavenger, HS)3 50-54,

However, the process and energy required to synthesise the artificial electron donor should also
be considered to assess the overall sustainability of the process (economic, energetic, environmental).
Water is considered an ideal electron donor, but its high oxidation potential is the main disadvantage.
Additionally, oxygen evolution requires a four-electron transfer, making this step kinetically limiting.
Only a few photocatalysts can reduce CO: and simultaneously oxidise water52 33 55 56,

When water is used as an electron donor, competition from the water reduction process initiated
by photogenerated electrons can also occur. Compared to most CO: reduction pathways, water
reduction is a more facile process from both kinetic and thermodynamic perspectives.
Thermodynamically, the reduction potential of water is 0.0 eV (at pH 0), which is more positive than
that of CO:z reduction to CO, formic acid, or formaldehyde. Kinetically, water reduction requires two
electrons, making it faster than most CO: reduction reactions, which require two to eight electrons.
However, COz reduction is further limited by its low solubility in water, whereas water reduction
does not face this issue. In fact, water is the most abundant reactant in the photoreactor when
operating in the aqueous phase. This problem could be addressed by controlling reaction selectivity:
modifying the morphology of the photocatalyst, altering the exposed facets, and introducing new
reaction sites or selective co-catalysts. To achieve this, it is believed that a specific atomic arrangement
to facilitate the adsorption of CO2 molecules rather than water molecules on the surface3? 5758,

3. Factors Influencing Photocatalytic Activity

3.1. Pressure and temperature

The low solubility of CO:z in water is one of the factors limiting CO2 photoreduction in the liquid
phase. To address this issue, a pressurised photoreactor capable of operating up to 20 bar was
designed. Both liquid-phase products (formic acid, formaldehyde) and gas-phase products (Hz, CO,
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CHas) were successfully produced under various reaction conditions. The complex spectrum of
compounds generated by these reactions cannot be easily described. It is predicted that organic
compounds formed in the liquid phase during the initial hours on stream would undergo
photoreforming, leading to also to H> production .

The low solubility of CO:z in water (0.033 M at 25 °C, 1 atm COz), particularly at higher
temperatures that could enhance reaction kinetics, has consistently resulted in extremely low
productivity. Tests with various solvents, such as acetonitrile or methanol (COz solubility 0.2 M and
0.3 M, respectively), increased the CO:z concentration in the liquid phase but did not offer a practically
viable solution. In addition, no substantial increase in CO2 conversion was observed compared to
using pure water as the solvent?0, 23 345966,

The solubility of CO: in water increases significantly with rising pressure. Additionally,
increasing the temperature can cause a notable rise in activity, which is likely to accelerate the dark
phases of the reaction. However, as temperature increases, the concentration of dissolved CO:
decreases, although the effect of pressure is much more significant. Thus, operation at 7 bar and 80
°C results in approximately 0.1 mol% CO: in the liquid phase, whereas under ambient conditions the
value is more than five times lower52 ¢ ¢7,

Consequently, the productivity of liquid-phase products (HCOOH, HCHO, and CHsOH,
depending on catalyst composition and conditions) increased with raising pressure, while the
production of gas-phase products decreased. For example, two sets of tests were performed at 8 and
18 bar CO2. High-pressure operation increased the productivity of liquid-phase products such as
HCOOH, HCHO, and CH3OH, whereas at intermediate pressure, gas evolution may occur, including
Hz, CO, and CHs, depending on the reaction pathways?® 60 67, 65,

Overall, as pressure increased, formic acid productivity rose, while Hz productivity decreased.
For example, a TiOz-based photocatalyst achieved formic acid productivity above 7.0 mol/h kgeat at 8
bar, which increased by 64% at 18 bar. Another titania-based sample prepared by flame spray
pyrolysis benefited most from increased pressure, with productivity rising by 240% at 18 bar
compared to 8 bar. The benchmark bare TiO: P25 (Evonik) showed a 91% increase in HCOOH
productivity, from 3.2 to 6.2 mol/h kge:t at 8 and 18 bar, respectively. Similar behaviour was observed
for composite materials.

3.2. Effect of the hole scavenger (HS)

In photocatalytic CO2 reduction, rapid recombination of photogenerated electron-hole pairs is a
main factor limiting conversion efficiency. To address this, hole scavengers, often called sacrificial
agents (SCRs), are added to the reaction system, as recently discussed® 5 71, By preferentially
reacting with photogenerated holes, these sacrificial agents suppress charge recombination, prolong
electron lifetimes, and increase the probability of CO: reduction at the catalyst surface’>7*. Figure 3
shows the variation in productivity as a function of HS concentration, adapted from Bahadori et al.?'.
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Figure 3. Effect of HS concentration on productivity. Reproduced under the Creative Commons Licence from!.

Several classes of hole scavengers have been investigated, each with distinct effects on product
selectivity and overall activity. Alcohols such as methanol, ethanol, and isopropanol are among the
most commonly used, as they are readily oxidised by photogenerated holes and effectively improve
electron availability for CO, reduction. Isopropanol, in particular, has shown favourable performance
due to its efficient hole-trapping ability, while methanol often enhances product generation because
of its small molecular size and high diffusivity in aqueous solution. Ethanol typically exhibits
intermediate behaviour, with lower product generation than methanol and isopropanol®. Water,
although sometimes acting as a hole scavenger, is less effective due to its lower nucleophilicity and
limited ability to sustain high CO, solubility under reaction conditions. Recent kinetic analyses
further support these distinctions. Studies employing fractional-order reaction modelling have
shown that methanol provides the highest overall photoactivity in CO, reduction, consistent with its
superior diffusivity (2.27 x 10 m? s at 298 K, 1 bar), which enables more efficient mass transport of
reactive intermediates. In contrast, ethanol and isopropanol, with lower diffusivities, depend more
on their electron-donating abilities to maintain hole scavenging efficiency. Among these, isopropanol
exhibited higher product generation rates than ethanol, consistent with its stronger nucleophilic
character (higher pKa). These findings demonstrate that both molecular diffusivity and
nucleophilicity determine scavenging effectiveness, with methanol excelling through transport
properties and isopropanol through stronger electron donation”.

The mechanistic role of sacrificial agents, however, remains not fully clarified. Beyond
suppressing electron-hole recombination, they can generate new reaction pathways or favour those
that are thermodynamically advantageous. For example, water is a natural electron donor but suffers
from slow oxidation kinetics, limiting its efficiency in driving CO, photoreduction. Ethanol, by
contrast, is often used to improve catalytic performance because it acts as a hole scavenger and
actively participates in the reaction pathway. Under illumination, ethanol can be oxidised by
photogenerated holes on TiO, to form acetaldehyde (C:H;O), thereby freeing photogenerated
electrons for CO, reduction at catalytic sites. This dual role, serving as an electron donor and
generating value-added oxidation products, highlights ethanol’s contribution compared to water
alone” 72,

Additional photocatalytic studies with Cu-P25 further demonstrate the role of ethanol as a
sacrificial agent under realistic reaction conditions. Experiments with a CO, flow saturated with
water vapour revealed that varying the ethanol feed strongly influenced CO, reduction
performance. Control experiments without CO,, using He as the carrier gas, confirmed the specific
contribution of ethanol in modulating the photocatalytic process. These results highlight the
importance of optimising sacrificial agent concentration, as both insufficient and excessive ethanol
can affect charge separation efficiency and product distribution”.

Figure 4 shows the relationship between hole scavenger concentration, product distribution, and
productivity in the photocatalytic system.

Beyond organic compounds, inorganic hole scavengers such as sodium sulphite (Na,SO;) have
shown outstanding performance in photocatalytic CO, reduction. Systematic comparisons with
amines, alcohols, and polyalcohols revealed that Na,SOs resulted in a progressive accumulation of
reduction products over time, with HCOOH as the dominant product under basic conditions, and
HCHO and CH3;OH forming at neutral pH, although with lower productivity® 2. Figure 5 shows the
relationship between sulphite concentration and sulphite conversion after 24 hours of reaction,
adapted from Bahadori et al.?".
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Figure 4. The effect of hole scavenger concentration on products distribution and productivity. Reproduced

under the Creative Commons licence from®.
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Figure 5. Sulphite conversion vs. Sulphite concentration. Readapted from 5.

Remarkably, negligible H, evolution was observed during Na,SOs; consumption, suggesting a
faster CO; reduction rate compared to competing water reduction. Once the hole scavenger was fully
depleted, accumulated organic intermediates acted as secondary hole scavengers, leading to
increased H, generation. At pH 14, formic acid productivity increased sharply with Na>SO;
concentration, reaching 26-31 mol/h kget compared to 6—14 mol/h kg at lower concentrations? 5" 6.

Further tests confirmed that increasing the Na,SOs; concentration (from 1.66 to 6.68 g L)
enhanced HCOOH formation ninefold, while suppressing gas-phase products (H,, CO, CH,) until
the scavenger was depleted. These results highlight the unique advantage of Na,SO; as a cost-
effective, non-competing hole scavenger with high selectivity for liquid-phase products® 5! 6.

The choice of hole scavenger influences both the reaction rate and product distribution. Systems
employing alcohol-based scavengers tend to favour the formation of CO and CH,, while amine-based
scavengers (e.g., triethanolamine, TEOA) may alter product selectivity. More complex organic
molecules, such as EDTA, can offer strong hole-scavenging activity but complicate mechanistic
interpretation due to multiple oxidation pathways?. Table 2 presents an overview of the reported
effects of hole scavengers on CO, photoreduction.
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Table 2. Summary of the effect of hole scavengers on the photoreduction of COs.
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3.3. Effect of pH

The reaction mechanism can be altered by modifying the pH% 77. The productivity of the primary
products, HCOOH and Hy, is significantly enhanced under basic pH conditions. Increasing the pH
promotes CO:z solubility by forming COs2- or HCOs-, which are further reduced to HCOOH or HCHO
through subsequent reactions. The following photo-reforming step may also cause the produced
liquid products to evolve into gas phase products (H2 and CO). According to the literature, the back-
oxidation of HCHO to HCOOH is more likely under basic pH conditions®s 7.

P25 is a photocatalyst that tends to generate CO or HCOOH rather than highly reduced
hydrocarbons. However, for methane formation, CO can serve as a precursor via an alternative
hydrogenation route”-!. According to Bahadori and co-authors®, Figure 6 illustrates the consecutive
pathways involved in CO, photoreduction and photoreforming under basic pH conditions.

The photocatalytic performance of CO: reduction in H20 using a Co-doped TiO: photocatalyst
supported on graphene (rGO) was investigated at different pH values (6.5-7.5)82. Methanol yield was
higher at pH 7.5 than at pH 6.5 or 7, due to increased CO: dissolution. Under alkaline conditions,
photo-induced holes were scavenged by hydroxyl ions, which were converted into hydroxyl radicals,
thereby accelerating the rate of methanol formation.

In another study®’, the effect of the basic properties of MgO on the photoactivity of MgO/TiO:
nanocomposites was investigated. The photocatalytic efficiency of pure TiO: and TiO2/MgO
nanocomposites was tested in both water and 0.1 M NaOH solution. Methane production was higher
in the NaOH solution than in water, as COz is more soluble in NaOH than in pure water. Before the
photoreaction, the NaOH solution stabilised at a pH of 6.74 after 20 minutes of CO: bubbling, while
the aqueous system reached a pH of 4.18. This suggests that, in the NaOH system, the reaction
primarily involved HCOs;, then, ions rather than dissolved COz. The changes in acidity also indicated
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CO:z consumption: after 6 hours, the pH in the aqueous medium increased to 4.61, while in the NaOH
solution it rose to 7.24. These pH changes reflected the effective CO:2 concentration in the solutions,
with higher pH indicating more extensive COz photoconversion®.

* il * al *
€O +*COp - > 7€0,

*CO + %0y
-20H + 2e'+ 2H,0

-20H + 2e’+ 2H,0
HCHO > CH,OH

-20H + 2¢'+H,O

HCOOH

\A J

COICO, +H,

Figure 6. Consecutive pathways for the photoreduction of CO:. Reproduced from 3 under the Creative

Commons Licence.

A study investigated the influence of different reaction conditions on CO, photoreduction and
water splitting using a TiO,—Cu catalyst. The results showed that adding various electrolytes, which
acted as pH modifiers or electron donors, promoted the selective formation of specific products and
significantly affected the reaction kinetics. The effect of acidic conditions on photoreduction
depended strongly on the reaction medium. For example, the presence of acetic acid favoured
methane production, whereas sodium oxalate enhanced hydrogen generation”. During the reaction,
the metallic copper in the TiO2-Cu catalyst transformed into various CuO and Cu20 phases, causing
fluctuations in the results but also extending the lifespan of photogenerated charge carriers and the
catalyst. The study suggested that catalyst efficiency can be improved by making minor adjustments
to the reaction medium, thereby increasing its ability to produce valuable C1 and C2+ molecules and
renewable fuels such as hydrogen.

Table 3 summarises the reported effects of pH on the photocatalytic reduction of CO,, adapted
from the above reported references.

Table 3. Effect of pH on the photoreduction of COs.

Catalyst/System  pH/Medium Main Key Observations
Products
General (various Basic pH HCOOH, Hz Enhanced productivity; CO2 solubility
catalysts) promoted via HCOs- and COs? formation;
HCHO may back-oxidise to HCOOH.
P25 TiO: Neutral / Basic CO, Tends to generate CO or HCOOH; methane
HCOOH; may form via alternative hydrogenation
CHs (via CO route.
hydrogenatio
n)
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Co-doped pH 6.5-7.5 CHsOH Higher methanol yield at pH 7.5 due to
TiO2/rGO increased CO:2 dissolution and scavenging
of h* by OH-.
MgO/TiO: Water (pH CHa Higher methane production in NaOH
nanocomposites  4.18) vs 0.1 M solution; CO:z converted as HCOs; pH
NaOH (pH increase confirmed CO:z consumption.
6.74)
TiO2-Cu Various CHs, Hz, C1-  Electrolytes acted as pH adjusters/electron
electrolytes/  C2+products  donors; acetic acid enhanced CHs, sodium
acidic-basic oxalate boosted Hz. Catalyst phases evolved
conditions (Cu, CuO, Cu0).

3.4. Effect of reaction medium

The effect of the reaction medium was investigated using TiO: as a photocatalyst. Vapour and
liquid phase tests were compared under specifically optimised conditions for each. It was evident
that the reaction medium controls the selectivity and activity of the process” 8 8. Considering the
experimental results as a whole, it can be inferred that reduction processes associated with the
valence band of titanium dioxide may proceed through two distinct pathways, as illustrated in Figure
7.

H*+e — H

fast
Vapour Co. hydrogenation .C +02 4-H CH4

phase
e” Conduction Band
CB
\ B0, e 0]
Liquid :
phase h, umﬁ:;fmiou
HCOOH +2‘H — HCHO +H,0
HCHO+2-H — CH,0H
h* Valence Band i
" ) 2H,0+4h* > 4H'+0;

Figure 7. Different reaction mechanisms in vapor and liquid phases. Reproduced under the Creative Commons

Licence from?”.

In the first case, rapid deoxygenation leads to C species that are subsequently reduced, whereas
in the liquid phase, hydroperoxo species can undergo hydrogenation, resulting in possible
intermediate products. Accordingly, the product distribution in the liquid phase was 74% formic
acid, 18% formaldehyde and 8% methanol.

Direct production of methane was also observed in the gas phase, while intermediate reduction
products formed with H; in the liquid phase. For tests conducted in the liquid phase, it should be
noted that achieving substantial productivity depends on creating sufficiently high CO, solubility in
water, which can be accomplished by using high pressure or a basic pH. Table 4 summarises the
reported effects of the reaction phase on CO, photoreduction.

Furthermore, the effect of different solvents in liquid phase reaction has been effectively
discussed in%. The paper further discusses the possibility of photolysis of solvents different from
water and possible hole scavengers under different irradiation wavelength from UVC to visible light.
The effect of different solvents is particularly relevant in case of homogeneous photocatalysts, since
the solvent induced field may affect the organometal complex structure®.
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Table 4. Summary of the effect of reaction phase for the photoreduction of CO..

Cataly Reac.tlon Conditions Products / Selectivity Notes
st Medium
. Optimised Direct methane Fast deoxygenat.lon
TiO, Vapor phase e , leads to C species
conditions production observed .
reduction
High CO,
solubility 74% HCOOQOH, 18% Hydroperoxo species
TiO, Liquid phase required HCHO, 8% CHsOH; H,  undergo hydrogenation
(pressure or also produced — intermediates
basic pH)

3.5. Effect of Catalyst amount

The influence of catalyst concentration on CO, photoreduction was investigated under strongly
basic conditions (pH 14) in the presence of sodium sulphite (1.66 g L) as a hole scavenger. Catalyst
loading was progressively decreased in the photoreactor to evaluate its effect on products
distribution. Lower catalyst concentrations enhanced productivity, due to improved light
distribution throughout the reactor. At higher concentrations, increased particle density promoted
light scattering, which limited photon penetration and reduced overall efficiency®.

The productivity of the gas-phase products (H. and CO) and HCOOH was evaluated both
normalised per catalyst mass and as absolute values. When normalised, the highest yields of H, and
HCOOH were obtained at 0.031 g L of P25, indicating that this concentration maximises catalytic
efficiency per unit mass. However, in the absolute data, the highest yield of HCOOH was observed
at the largest catalyst concentration tested, while its production progressively decreased as the
catalyst was diluted. In contrast, hydrogen and CO yields decreased steadily as catalyst loading
increased, consistently with light-scattering limitations. To further assess the role of catalyst amount,
the chemical energy stored in the products was calculated based on the enthalpies of combustion of
HCOOH, H; and CO. For the two extreme catalyst concentrations tested (0.031 and 0.5 g L), the
results showed that the total stored energy increased with higher catalyst loading. However, the
distribution of products and, consequently, the form of energy storage varied significantly. At lower
catalyst concentration, the process favoured the generation of gaseous products (H, and CO), which
are easier to separate and use for energy conversion. In contrast, at higher catalyst concentrations,
liquid-phase HCOOH was the predominant product, although its separation and utilisation were less
straightforward due to its high dilution in the aqueous phase ' .

According to the literature, the continuous photocatalytic conversion of CO, into methanol was
evaluated using Cu nanoparticles synthesised in the hydrophilic 3-methyl-n-butylimidazolium
tetrafluoroborate (BMIm-BF,) ionic liquid and embedded in TiO, (P25) within an optofluidic
microreactors® #. The amount of photocatalyst used can influence the efficiency with which CO,, OH,
and photons move through the active layer, and can also alter the available surface area for
converting CO, into CH;OH. Consequently, the production of CHsOH per gram of Cu increased
significantly as the loading rose from 0.5 to 2 mg cm, rising from r = 73.4 umol g h™! to r = 167.5
umol gt h™* under UV light, and from r =22.3 umol g h* to r = 36.1 pumol g-! h™! under visible light
irradiation. Similar trends were observed for the yields of C;HsOH.

At lower catalyst loadings (below 2 mg cm™2), fewer electron-hole pairs were generated due to
the limited photoactive exposed area, resulting in lower yields. As the photocatalyst loading
increased from 2 to 3 mg cm2, the performance of a planar optofluidic microreactor-based system
decreased®. This was due not only to particle agglomeration, which reduced the available
photoactive surface and created shadowing effects, but also to an increase in the thickness of the
photocatalyst layer. A thicker layer can also increase mass transfer resistance, potentially due to the
formation of boundary layers, making it more difficult for the reactants to access the active sites.
These effects together resulted in a 65% reduction in CH;OH yield.
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The efficiency of CO:z reduction in H20 over Co-doped TiO:z supported on reduced graphene
oxide (rGO) photocatalyst was studied using different catalyst amounts (0.1 to 0.7 mg)®2. Methanol
production decreased as the catalyst amount increased at pH 7.5. This reduction was attributed to
increased generation of carbonate radicals at higher catalyst amounts. Catalyst amounts from 0.3 to
0.7 mg showed greater capability in activating H20, leading to faster CHsOH formation. However,
these loadings resulted in slightly lower CHsOH production compared to the 0.1 mg catalyst dosage.
The formation rate of intermediates, such as formate, was faster with catalyst amounts from 0.3 to 0.7
mg than their consumption rate. This imbalance led to catalyst deactivation, defined as "adsorbed
formate poisoning".

The hierarchical yolk-shell structure of CuCo254 (CCS) thiospinel was incorporated into Bi-
modified TiO: nanoparticles using an innovative calcination method based on the isoelectric point.
This process introduced a strong electron donor to counteract the self-oxidation of holes within a Z-
scheme mechanism. Catalyst loading control in the photoreduction process was examined through
multiple experiments, varying the amount of CCS@3B-TiO2 from 0.1 to 0.5 g/L. Increasing the catalyst
loading from 0.1 to 0.3 g/L significantly enhanced CO: reduction activity, resulting in CHs and CO
yields of 42.2 and 25.5 umol/g, respectively. This increase in productivity was likely due to a notable
rise in active sites and improved light absorption from the higher specific surface area. However,
further increasing the catalyst loading from 0.3 to 0.5 g/L reduced the yields to 32.4 umol/g for CHa
and 21.2 umol/g for CO. The decline in reaction performance can be attributed to increased solution
opacity caused by excessive catalyst dosage, which limited light absorption and reduced accessibility
to surface sites due to catalyst agglomeration®. Table 5 summarises the reported effects of catalyst
dosage on photocatalytic performance.

Table 5. Effect of catalyst dosage on the photocatalytic performance.

Catalyst .
1
Catalyst/ Amount / Conditions Main Key Observations
System ) Products
Loading
Low loading (0.031 g L)
B pH 14, Na,SO, maximises H, and CO per mass;
TiO, P25 0'031L_10‘5 &  166gL, HP(I:O(?CEL high loading favours HCOOH;
liquid phase z light scattering limits efficiency at
high concentration
Cu Increasing loading improves
nanoparticl Optofluidic ield u to% m cmg*Z' alI))ove 3
es in 0.5-3mg microreactor, CH;0H, y Hf om-2 sgha dox’/vin
BMIm BF4 cm UVandVis  CHsOH gem - &
N . agglomeration, and mass transfer
ionic liquid light resistance reduce yields
/ TiO, P25 y
GO, eolystamoum due
Co-doped pH7.5, formate g catalyst al .
) 0.1-0.7mg . . carbonate radicals; intermediate
TiO,/rGO aqueous intermediat .
o formation faster at 0.3-0.7 mg,
causing slight deactivation
CCS@3B- o Actiwty 1ncr§ases from 0.1—>0.31 g
TiO Liquid phase, L-%; further increase to 0.5 g L-
> . 01-05 gLt controlled CH,, CO reduces yields due to light
(CuCo,S4/Bi . . .
. loading opacity and surface site
-TlOz)

agglomeration

3.6. Effect of catalyst size

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.1590.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 April 2026 d0i:10.20944/preprints202604.1590.v1

14 of 81

The photocatalytic activity of a catalyst is strongly influenced by its particle size and shape, as a
smaller particle size provides more accessible surface active sites and increases the likelihood of
interfacial charge separation due to the shorter pathway for charges generated in the bulk to react
with surface reactants, compared to larger particles. In turn, the synthesis of photocatalysts has a
crucial effect on their morphology and size.

It is widely recognised that many factors can significantly affect the photocatalytic performance
of TiO,, including particle size, specific surface area, porous structure, crystalline phase, and exposed
surface facets. Extensive research has shown that morphology plays a crucial role in determining
TiO,'s photocatalytic activity. Consequently, recent studies have focused on enhancing TiO,
photocatalytic properties by tailoring its morphology®2.

One-dimensional (1D) TiO, nanostructures, such as nanofibers, nanotubes, nanorods, and
nanowires, exhibit advantages for photocatalytic applications due to their 1D geometry. These
structures typically provide a larger surface area than bulk TiO,, increasing the number of reactive
sites and reducing electron-hole recombination. Additionally, their elongated geometry enables
rapid interfacial charge carrier transport by shortening diffusion distances, thus enhancing
photocatalytic efficiency®2.

Various methods have been developed for synthesising 1D TiO, nanomaterials, including
chemical vapour deposition (CVD), template-assisted approaches, anodic oxidation, solvothermal
and hydrothermal synthesis. Among these, the hydrothermal method is particularly attractive due
to its simplicity, cost-effectiveness and ability to control both shape and size. This method has become
a widely adopted protocol for producing 1D TiO, nanostructures. The resulting morphologies can be
tuned by adjusting synthesis parameters such as reaction temperature and duration, alkaline
concentration, TiO,/NaOH ratio, post-synthesis washing procedures and the crystalline phase of the
TiO, precursor. However, studies have shown that the crystalline phase of the starting material does
not affect nanotube formation. Therefore, precise control of synthesis conditions is essential to obtain
the desired 1D morphology?.

One-dimensional TiO, nanostructures with different shapes exhibit distinct photocatalytic
performance also in degrading organic pollutants, underscoring the significant influence of
morphology on activity®. For example, the impact of morphology on the photocatalytic degradation
of dyes was studied using various one-dimensional TiO, nanostructures, such as nanotubes,
nanofibres and nanowires. The results indicated that nanotubular TiO. exhibited the highest
photocatalytic efficiency, attributed to its tubular geometry and high hydroxylation, which provide
more active sites through oxygen vacancies (Vo).

In addition, increasing the specific surface area is another useful strategy to enhance
photocatalytic activity, although there is no universal agreement on this point. The porosity and
particle size of nanoparticles determine their surface area. In particular, compared to other
nanostructures, one-dimensional TiO2 nanostructures have a larger specific surface area and a higher
rate of photocatalytic CO: reduction. Nevertheless, other factors, such as impurities, defects and
charge recombination rate may be predominant over surface area.

3.7. Effect of the calcination temperature

Calcination significantly influences the morphology, crystallinity, surface area, pore volume,
and phase structure of photocatalysts, which in turn influence photocatalytic performance. Pd-
decorated black TiO, nanoparticles were synthesised using a sol-gel method followed by calcination
in an argon atmosphere. Among the conditions tested, the sample calcined at 400 °C (Pd-BTN-400)
showed the highest performance, achieving photocatalytic hydrogen production rates of
approximately 5200 umol H, g™ h™! under UV-A and 9300 pmol H> g™ h™! under UV-B irradiation,
demonstrating its potential for clean energy applications®.

As reported in the literature, the effects of calcination temperature on the structural and
photocatalytic properties of TiO, nanoparticles have been extensively investigated. The material can
be synthesised by the sol-gel method and then calcined at temperatures typically ranging from about
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300 °C to 700 °C. Studies indicate that within the temperature range of 300 °C to 600 °C, phase
transition and crystallite size of TiO; play a decisive role in determining photocatalytic performance.
At higher temperatures, particularly between 600 °C and 700 °C, particle size becomes the main factor
influencing photocatalytic activity. These findings show that simultaneous control of crystallite size
and particle size is a critical parameter for optimising the photocatalytic properties of TiO,
nanoparticles® *”.

The effect of calcination temperature on TiO,/reduced graphene oxide (rGO) composites for CO,
photoreduction has been widely studied in the literature. Reduced graphene oxide (rGO) is a
chemically reduced form of graphene oxide that partially restores the electrical conductivity and high
surface area characteristic of graphene, making it an effective support material for improving charge
separation and enhancing photocatalytic activity. Experimental observations indicate that calcination
temperatures above 500 °C can cause a significant decrease in both the band gap energy and the BET
surface area of the composite, while also promoting aggregation of TiO, particles within the TiO,/rGO
structure. These structural and electronic changes directly influence the photocatalytic performance
of the composite material®.

The highest yields of methane (CH,) and carbon monoxide (CO) were obtained for the TiO,/rGO
sample without calcination, followed by the sample reduced in hydrogen at 1000 °C, demonstrating
the strong influence of rGO and calcination conditions on photocatalytic performance. Table 6 shows
the effect of calcination temperature on the properties of the photocatalysts, while Figure 8 presents
the product yields obtained with the tested photocatalysts during CO, photoreduction using H.O,
adapted from the literature®.

Table 6. Effect of calcination temperature on textural and optical properties of TiO2/rGO catalysts. Readapted

from?s.
Photocatalyst Sser  Carbon cont. Eg
Name (m?/g) (wt.%) (eV)
TiO: 312 0 3.28
TiO2/rGO-10 156 8.0 3.26
TiO2/rGO-10-500 126 6.7 3.28
TiO2/rGO-10-800 39 54 2.98
Ti02-800 6 - 3.02
TiO2/rGO-10-1000 25 6.4 2.90
Ti02-1000 2 - 3.01
180
160 | mh, [1°
140 CH, 14 [1] Starting TiO,
g MCO [ 42 =< | [2TiO/GO-10
£ 120 £z ,
Eg 100 L 10ig [3] TiO,/rGO-10-500
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Figure 8. Product yield of tested photocatalysts during CO2 photoreduction with H2O. Readapted from®.

The (x)TNPs-CN/y composites were synthesised using a wet chemical method. The materials
contained varying amounts of titania nanoparticles (TNP, 15-30 mg per 25 mg of g-C3N4, CN) and
were prepared at calcination temperatures between 300°C and 500°C and were evaluated for the
photoreduction of CO, in the presence of CH, at room temperature. During annealing, bulk g-CsN,
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exfoliated into nanosheets, increasing the exposed surface area and the number of terminal amine
groups as the calcination temperature rose. Consequently, the turnover frequency (TOF) showed a
clear dependence on the calcination temperature®.

Figure 9, adapted from the paper by Chen and co-authors®, shows the performance of the
(x)TNPs-CN/y catalyst for CO production at calcination temperatures of 400, 450, and 500 °C. The
experiments were conducted at an absolute pressure of 30 kPa with a CH4:CO; ratio of 1:2, using 50
mg of catalyst and a TNPs loading of 20 mg. The results illustrate the effect of calcination temperature
on the catalytic activity for CO formation under the reaction conditions investigated.

Calcination temperature Calcination temperature

2

o0 =
=)
=5 g -
g, c Y 12
= =
k]
,8 3 o LO0f
[l [=}
f_ 2 = -
5 )
=1 i 0.14
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300°C  350°C  400°C  450°C 400°C 450°C 500°C

Figure 9. The effect of calcination temperature of the (x)TNPs-CN/y catalysts on the production of CO.
Readapted from®.

However, no optimal calcination temperature was identified for CO production, prompting
investigation of a broader temperature range. The results showed that the catalyst displayed limited
activity for CO formation when calcined at 500°C. This behaviour is due to partial decomposition of
g-CsN, at this temperature, which reduces the efficiency of electron transfer from g-CsN, to the
TNPs®.

4. Case Studies for Different Photocatalysts

Different materials may, in principle, be suitable for the photoreduction of CO2. Semiconductor
photocatalysts with Eg > 3.0 eV are active only under UV light, while those with Eg < 3.0 eV are also
effective under visible light. The band positions of common semiconductors (such as TiOz, Cu20,
CdSe, ZnO, CdS, WOs and Bi2WOs) and the redox potential versus the Normal Hydrogen Electrode
(NHE) for CO2reduction at pH 7 are important considerations. The relationship between band energy
and redox potential for product selectivity determines the types of compounds that can be formed.
The interaction between redox potential and band gap also applies to the reduction of CO: to various
hydrocarbon fuels, such as CHs<COOH, HCOOH, and CHa.

Examples are described in the following paragraphs.

4.1. TiO: based photocatalysts

Titanium dioxide (TiO2) is one of the most studied semiconductor photocatalysts, used in the
anatase or rutile crystal phases, two of the most common and stable polymorphs, or as a mixture of
these, as in the well-known P25 photocatalyst. Its widespread use is attributed to its broad
availability, chemical inertness, low cost and low toxicity. However, recent investigations classify
TiO:2 as possibly genotoxic when used as a food additive, depending on its particle size. Other
applications raise fewer concerns!% 11,

Its use in photocatalysis is highly specialised in environmental remediation and energy
generation. Almost two-thirds of recent publications on photocatalysis use TiO:z as the photocatalyst.
Depending on the specific electronic pathway followed by a given species, the potential of
photogenerated electrons and holes can be identified upon their generation by photon absorption'®.
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TiO:z is characterised by a large band gap, which enables photocatalysed reactions to occur only
in the UV range, with radiation below 365 nm!%. This limits the applicability of titanium dioxide for
exploiting sunlight, as UV radiation accounts for only about 5% of the total solar spectrum!®. In
addition, the photogenerated charges in solid photocatalytic processes must survive long enough to
reach the surface of the photocatalyst and interact with the adsorbed species. This further restricts
the activity of titania, since the rate of charge recombination is high, with survival times on the
nanosecond scale® 105108, One of the main obstacles to the practical application of TiO: as a
photocatalyst is charge recombination at deep-level defects, which reduces the performance of
Tiozlo9-1ll‘

To address both these points, the photocatalytic performance of TiO2 has mostly been enhanced
by surface modification, using either transition metals such as Pt, Au, and Ag, or non-metallic
elements. The deposition of metallic nanoparticles (NPs) is a common method to extend the lifetime
of the electron-hole pair, as they act as electron sinks (for example, Pt). Metals can also exploit the
surface plasmon resonance (SPR) effect and, consequently, supply “hot electrons” to boost activity at
visible wavelengths, for example with Au; 61,64 66,67, 112119,

The photocatalytic reduction of CO; at high pressure using TiO, powders in the presence of a
hole scavenger has previously been reported. In this system, TiO, powders were suspended in an
isopropyl alcohol solution and irradiated with an Xe lamp. Methane was identified as the principal
reduction product of CO,. Isopropyl alcohol acted as the hole scavenger, facilitating charge
separation and enhancing photocatalytic activity. The conversion of CO, to methane in a high-
pressure reactor was carried out using unmodified commercial titanium dioxide. Under optimised
experimental conditions, the process yielded 1.3 pumol (gr)"' of methane, corresponding to a
formation rate of 0.43 pmol (gri)™* h1%.

Solution Plasma Processing (SPP) technology has been used to introduce shallow-level defects
that can thermally stimulate the migration of trapped electrons across deep-level defect states.
Coloured wide-bandgap semiconductor oxides with abundant mid-gap states have long been
considered promising candidates for visible-light-responsive photocatalysis. However, their practical
performance is often limited by charge recombination at deep-level defects, which remains a major
barrier to achieving efficient photocatalytic activity To address this limitation, a strategy was
developed involving the creation of shallow-level defects above the deep-level states, enabling
thermally activated migration of trapped electrons and thereby reducing recombination losses. SPP
was applied to pre-synthesised yellow TiO; rich in oxygen vacancies (Vo). This treatment introduced
hydrogen dopants into the TiO; lattice, generating shallow-level defects above the Vo states while
maintaining the material’s visible-light absorption'2122. At elevated temperatures, the SPP-modified
TiO, showed a remarkable enhancement in photocatalytic performance, achieving a 300-fold increase
in CO, reduction under simulated solar light and a 7.5-fold improvement in acetaldehyde
degradation under UV irradiation. To further assess the effect of this strategy, photocatalytic (PC)
and photothermocatalytic (PTC) CO, reduction experiments were conducted under solar and visible
light irradiation. The results clearly demonstrated the superiority of PTC over conventional PC.
Under solar light, PC with fresh catalyst produced modest CO and CH, productivity of 0.13 and 0.11
pmol g1 h7, respectively, with a Rate of Reacted Electrons (RRE) of 1.14 pmol g h™'. In contrast,
PTC achieved much higher CO and CH, productivity of 23.1 and 4.79 umol g h, respectively,
corresponding to a RRE of 84.64 umol g h™' and a methane selectivity of 45.3%. After thermal
treatment (T-2 h), PC activity improved moderately (CO =1.03 umol g' h-'; CH, = 0.09 pmol g' h%;
RRE = 2.78 umol g h!), whereas PTC exhibited a dramatic enhancement, reaching CO and CH,
yields of 38.99 and 11.93 umol g h, respectively, with an RRE of 173.42 pmol g* h™! and methane
selectivity of 55.0%'2.

A similar trend was observed under visible light. PC activity was limited, with CO yields of only
0.08-0.395 umol g h™* and no detectable methane formation. By contrast, PTC consistently delivered
superior performance, producing CO and CHj yields of 0.62 and 0.17 umol g1 h-* (RRE = 2.6 umol
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g1 h7, CH, selectivity = 52.3%) for T-0 h, increasing to 3.51 and 1.16 umol g h™! (RRE = 16.3 umol g!
h1, CH, selectivity = 56.9%) after T-2 h'22.

Overall, these findings demonstrate that SPP-treated TiO, with shallow-level defect engineering
not only suppresses charge recombination but also enables activity for CO, reduction, particularly
under photothermal catalytic conditions. Compared to conventional photocatalysis, PTC achieved
over an order of magnitude higher activity and significantly improved methane selectivity,
underscoring its promise for solar-driven CO, conversion and related energy and environmental
applications.

4.2. g-CsN4 photocatalysts

Graphitic carbon nitride (g-CsNa) is a more recent photocatalyst with an interesting structure
and properties. It is metal-free, containing only the Earth’s most abundant elements, carbon and
nitrogen, making it a green alternative to inorganic semiconductor photocatalysts. The distinctive
properties of g-CsNs include its optical bandgap in the visible region, semiconducting behaviour,
thermal and chemical stability, and tuneable texture and structure?! 123,

It has a bandgap of 2.7 eV, with the conduction and valence bands located at -1.4 and 1.3 eV vs
NHE at pH 7, respectively. Due to its small bandgap, it can partially absorb the visible region of the
spectrum (A <460 nm). However, it has certain limitations that affect its photocatalytic activity, such
as a small surface area in bulk form, rapid charge recombination, moderate oxidation ability, and low
charge carrier mobility.

The g-C3N, produced by simple polymerisation often encounters challenges such as low specific
surface area, limited visible light absorption range, high rates of photogenerated carrier
recombination, and poor charge transfer efficiency, resulting in suboptimal catalytic performance.
Consequently, recent research has focused on modifying and optimising the composition and
structure of g-C;N4 to enhance its efficiency in photocatalytic solar-to-chemical energy conversion.
Various surface modification strategies have been used to address the drawbacks of photocatalysts
and improve CO, photoreduction.

To enhance the photocatalytic activity of these materials, several strategies have been employed,
including decoration with metal nanoparticles (NPs), structural doping, exfoliation and
nanostructuring, structural modifications, modification with plasmonic and carbonaceous materials,
formation of heterojunctions with other photocatalysts and surface protonation!2+126,

For example, the presence of porous structures can significantly increase the specific surface area
of g-CsNs and the number of surface-active sites. In one study, g-CsN4 was prepared by direct thermal
condensation of an organic precursor containing carbon and nitrogen, such as melamine,
dicyandiamide, or dicyanamide. The surface area was adjusted by exfoliation using an ultrasound
(US) probe operating at variable US power intensities, resulting in an exfoliated material with
enhanced specific surface area. The synthesised g-CsNu catalysts, produced using various US power
levels, were only partially crystalline and exhibited two main reflections at 20 = 13° and 20 = 27.4°,
attributed to interlayer stacking of aromatic rings and interplane packing of linear heptazine chains,
respectively, similar to graphite. It is important to note that the main diffraction angles of the
reflections shifted from the theoretical values given in the JCPDS card to higher diffraction angles.
Bulk CsN4 samples obtained by calcination at 550°C and 600°C exhibited low surface areas of 9 and 6
m?/g, respectively, which increased to 28 and 20 m?/g when 120 W ultrasonic power was applied to
partially exfoliate the materials. Diffuse reflectance UV-Vis spectroscopy showed that the samples
had a band gap between 2.7 and 2.9 eV. With such a band gap, the material was responsive to visible
light. The photocatalytic performance for the photoreduction of CO: was determined at 8 bar and
80°C and compared with commercial titania P25 nanopowder. The productivity of formic acid ranged
from 4 to 8 mol/h kget for all samples, which is significantly higher than values reported in the
literature. g-CsNa outperformed the commercial titania catalyst, increasing HCOOH productivity by
at least 30%, even for the bulk material, regardless of calcination temperature. The ultrasound
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procedure was effective in increasing surface area and improving productivity, especially when the
highest ultrasound power (120 W) was applied!?.

A new strategy has been proposed to activate CO, molecules by selectively eliminating specific
amino groups located along the edges of g-CsNa. This targeted removal leads to a local accumulation
of photogenerated electrons at the nitrogen atoms adjacent to the removed NH, groups. As a result,
carbon nitride shows improved light absorption and enhanced photoelectric conversion capability
compared with CN-NH,, resulting in a higher concentration of electrons at the catalytic active sites.
This increased electron density is crucial for strengthening the chemisorption and activation of CO,
molecules, effectively lowering the energy barrier for the CO, reduction process. Consequently, the
enhanced chemisorption and activation of CO, enable g-CsNs to achieve significantly improved
photocatalytic performance compared with CN-NH,'%.

Reconstruction of the g-CsN4 nanostructure has proven an effective strategy for enhancing its
photocatalytic performance, particularly through the formation of hollow micro- and nano-
structures. These architectures promote multiple internal light scattering within the material,
increasing light utilisation efficiency and thereby enhancing catalytic activity. In a related study,
fusiform-shaped g-CsN4 capsules were synthesised by precisely controlling the nucleation kinetics of
supramolecular assemblies, demonstrating that careful regulation of the growth process can produce
tailored morphologies with improved photocatalytic properties. The resulting micron-
nanostructures had ultrathin walls and optimised carbon/nitride ratios, reducing the recombination
rate of photogenerated carriers. The hollow structure and higher specific surface area of the fusiform-
shaped capsules enhanced light scattering within the material, leading to improved carrier utilisation
efficiency. Additionally, the reduced bandgap and negative conduction band position increased the
responsiveness of hollow fusiform-shaped g-CsNs capsules (Hf-g-CsNs) to visible light, enhancing
their photoreduction performance. In terms of hydrogen evolution, Hf-g-CsNa achieved a rate of 7052
umol gt h7, which is 10.9 times higher than that of the bulk structure. Moreover, Hf-g-CsNa can
produce CH, at a rate of 1.63 umol g h! without a co-catalyst or hole sacrificial agent in the
photocatalytic reduction of CO, to CHa.

5. Photocatalyst Modification Strategies

As mentioned above, the main issue in the photocatalytic process is rapid electron-hole
recombination (~10-° s). To address this problem, noble metal nanoparticles are often loaded onto
semiconductors. The Fermi level of these nanoparticles is typically close to the energy potential of the
semiconductor conduction band, enabling them to capture photo-excited electrons?-131.

The addition of certain noble metals may also enhance light-harvesting properties through the
Surface Plasmon Resonance (SPR) effect. Furthermore, if metal addition is followed by thermal
reduction in Hz to reduce the metal, the presence of the metal can promote titania reduction during
activation in the reducing environment, thereby indirectly decreasing the original semiconductor
band gap.

Modification can be a surface or bulk phenomenon, with the latter known as doping. In other
cases, the bulk junction of two semiconductors may occur, with composite production following
certain regular heterojunction concepts'® 13,

5.1. Modification of TiOz-based catalysts

Metal deposition is an effective method to enhance the photocatalytic activity of TiO:
nanocomposites. Compared to other modification methods, it significantly improves electron-hole
separation in semiconductor materials. Metal doping in the bulk or addition on the surface is the
most widely used surface modification method to prevent the recombination of photogenerated
electron-hole pairs on TiO2!%.

Pure TiO: cannot absorb low-energy solar radiation because its high band gap (3.2 eV)
corresponds to the UV region of the solar spectrum. Doping with metal ions or non-metal elements
may also reduce the band gap energy.
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For example, incorporating metal nanoparticles into the TiO, matrix can create structural defects
and reduce the band gap energy, shifting the absorption threshold towards the visible region.
Experimental studies have shown that co-doping TiO, with Ni and Bi can progressively lower the
band gap energy from 3.1 to 2.84 eV. As a result of this modification, Ni-Bi doped TiO, produced a
methane (CH,) yield about 6.5 times higher than that of pristine TiO,!%.

In various studies, Pt, Au, Ag, Fe, Cu, Ni, Pd, and Ru have been added to TiO: and shown to
enhance its photocatalytic activity. Some of these metals can exhibit a SPR effect or partially reduce
titania during activation, leading to the oxygen defective compound called black titania. Therefore,
in addition to bulk doping, which has a structural effect, surface addition may influence activity and
light harvesting. Examples are reported in the following references.

A study investigating Au—Ag deposited TiO, photocatalysts for CO, reduction reported that
pure TiO, produced syngas as the reaction product. However, when bimetallic Au—Ag catalysts were
introduced, the reaction selectivity shifted towards methane (CH,) formation under UV light
irradiation'®.

Pd nanoparticles supported on the surface of TiO, have been investigated to enhance the
photocatalytic conversion of CO, to CH,. In this approach, a composite was prepared by coordinating
Pd(OAc), with an N-heterocyclic carbene framework, where the HN structure serves as a platform
linking TiO, with highly dispersed Pd nanoparticles and enhances CO, adsorption. The resulting
composite exhibited a high specific surface area of 373 m? g and significantly enhanced CO;
photoreduction performance, achieving a CH, production rate of 237 umol g h™! with selectivity
above 99.9%. Although the CH, evolution rate increased slightly after Pd loading, the CO evolution
rate remained unchanged. In contrast, pure TiO, and the HN framework alone showed low efficiency
for CO; reduction to both CH, and CO™7.

TiO2 nanoparticles (NPs) with numerous defects were synthesised using a photochemical
method. These nanoparticles served as a substrate for loading highly dispersed Pt NPs, highlighting
the interaction between metal sites and oxygen vacancies to improve performance and stability in
CO2 photoreduction. The CO: photoreduction efficiency of Pt/TiO: photocatalysts was evaluated
under simulated sunlight irradiation (380 nm), using H2-Pt/TiVo-UV or P-Pt/TiVo-UV (commercial
TiO2 dried and treated at 400 °C under 5% Hox/air flow, dispersed in H2PtCls solution, then subjected
to 1 h UV treatment) and I-Pt/TiVo-H2 (commercial TiO: dried and treated at 400 °C under 5% Ho/air
flow, impregnated with HoPtCls solution, then calcined at high temperature under H: flow) as
controls. Loading Pt nanoparticles significantly increased the amount of reduction products. The CHa
content increased 15-fold (47.8 umol g™). The sample obtained by calcination in air after Pt
impregnation had significantly fewer oxygen vacancies than the sample reduced in Hz. Moreover,
the amount of CHs produced by H2-Pt/TiVo-UV increased sharply to 145.6 umol g when Pt
nanoparticles were loaded onto the TiVo-H: surface. The absorption edge of pure TiOz2 was around
380 nm, indicating that it could only respond to UV radiation. In contrast, after Hz treatment, the
absorption region of TiVo-H: shifted towards visible light at 420 nm. When Pt nanoparticles were
loaded, the catalyst's absorption range extended from 420 to 550 nm. The Hz-Pt/TiVo-UV sample
prepared by photoreduction exhibited an absorption edge at approximately 530 nm, indicating a high
capacity for photoexcitation of charges under visible light irradiation. The binding energies of the
variously prepared samples showed different degrees of positive shift compared to pure TiOz. This
suggests that electrons migrate from TiO: to the Pt metal sites, which positively influences the
enhancement of photoreduction efficiency. For a detailed evaluation of reduction efficiency, the total
electron yield of products generated during the CO2/H20 reduction process was calculated using the
following expression: total electron yield = 2r(CO) + 2r(Hz) + 8r(CHai). As anticipated, the best-
performing catalyst showed excellent photocatalytic activity in converting CO: to CO and CHs,
achieving a total electron yield of 382.4 umol g h-'. This performance was approximately 26 times
higher than that of TiO: alone. The high dispersion of Pt nanoparticles acted as electron traps,
improving the separation of photogenerated carriers, while the constructive interaction between
metal sites and oxygen vacancies enhanced the adsorption capacity for the reactants!.
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Pt NPs were used as the active metal phase in another study reporting the design and fabrication
of a novel three-component nanostructured photocatalyst material consisting of TiO:2 nanotube
arrays, reduced graphene oxide, and Pt NPs. The use of platinum-deposited catalysts enhanced
methane production during the photocatalytic reduction of carbon dioxide under moderate pressure
and temperature conditions. Furthermore, varying the duration of platinum deposition on TiO:z
nanotubes (TNTs) resulted in noticeable differences in methane production'.

Pt-TiO2 photocatalysts supported on carbon-based materials were prepared using electrostatic
self-assembly to investigate COz photoreduction for CHs production. 5 wt% Pt/TiO2 was synthesised
by the photodeposition technique. The catalytic activities of the synthesised photocatalysts were
related to the particle size and distribution of the active metal. The increased photocatalytic activity
of the composites could be attributed to their lower band gaps compared to anatase TiO2, enabling
absorption of visible light. Furthermore, the combined effect of adding Pt and carbon materials
prolonged the lifespan of charge carriers, further enhancing the photocatalytic activity of the
composites. There was a strong correlation between Pt-TiO: particle size and the photoactivity of the
catalysts, with smaller particles showing enhanced photocatalytic performance'®.

Pt nanoparticles supported on TiO:z with oxygen vacancies (Pt/TiO2-Vo) were synthesised using
a single-step flame aerosol method. In situ hydrogenation in the flame introduced oxygen defects,
resulting in a strong electronic metal-support interaction (EMSI) between the Pt nanoparticles and
TiO2-Vo. Under light illumination, Pt/TiO2-Vo showed the highest activity (to methane+CO) of 141
pmol get ! h-1, which was 2.4 times higher than TiO2-Vo, 1.9 times higher than Pt/TiOz and 13.8 times
higher than commercial titania P25. Pt deposition led to CHs production on both Pt/TiO2 (CHs
selectivity: 70%) and Pt/TiOz-Vo (CHas selectivity: 81%). The EMSI facilitated electron transfer from
defective TiO2-Vo to Pt NPs, increasing electron density on the Pt surface, enhancing CO:
photoreduction activity and boosting CHa selectivity. Additionally, EMSI-stabilised Pt° helped
prevent the gradual loss of metallic and oxygen vacancies during an 8-hour photoreaction, thus
delaying catalyst deactivation!4!.

The photocatalytic performance of noble metal-deposited TiO: in the reduction of COz under
both UV and visible light exhibited increased light absorption, which enhanced CO: photoreduction
and resulted in higher selectivity towards CO. The conversion of CO: to CO followed the order Rh >
Ru > Pt, with the highest activity observed for Rh/TiO2 at 10.65 pumol/get under visible light and 7.84
pmol/get under UV light. These values were approximately three and ten times higher, respectively,
than those for pristine anatase TiO: (0 and 2.43 pmol/get). Noble metal nanoparticles, which have a
higher affinity for hydrogen, can retain hydrogen more effectively, thereby increasing its availability
for the reverse water-gas shift (RWGS) reaction. This, in turn, enhanced the overall photocatalytic
activity of the metal nanoparticles, resulting in a higher CO production rate compared to pristine
TiOz. In addition, the Rh/TiOz sample exhibited a greater number of basic sites, which resulted in
more active centres for CO2 adsorption due to Rh deposition. The enhanced photoreduction efficiency
of metal-added samples can be attributed to the strong Schottky barrier formed at the interface
between the noble metals and TiOz. This barrier effectively trapped electrons and prevented electron-
hole recombination. Significantly higher photocatalytic activity was achieved under visible light
irradiation compared to UV light, due to a distinct light response mechanism. Firstly, the optical light
response of the metal-loaded samples was enhanced and the band gap values were slightly reduced,
resulting in increased formation of photogenerated charge carriers. The noble metal nanoparticles
deposited on the TiO: surface exhibited a SPR effect, enabling absorption of visible light and
harvesting a broader range of the solar spectrum. Additionally, noble metal nanoparticles can
produce hot electrons with higher kinetic energy. These electrons can be efficiently transferred to the
TiO2 semiconductor, generating additional electron-hole pairs and thus boosting photocatalytic
activity'#2.

According to studies in the literature, the deposition of Au and Ag nanoparticles enhances the
visible-light activity of many semiconductor materials due to the effects of localised SPR and Schottky
barrier formation. The LSPR generates an electromagnetic field, and the photoreaction is improved
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through scattered photons, plasmonic energy transfer and electron excitation. Au nanoparticles
deposited on TiO2 nanotubes (TNTs) have been used to enhance the photocatalytic reduction of CO:
to CHa. In this approach, Au nanoparticles were introduced onto TNTs by a simple electrochemical
deposition method. The resulting Au-TNT structures exhibited improved light harvesting under
visible irradiation due to the LSPR effect of the Au nanoparticles. Consequently, the photocatalytic
activity increased significantly. The TNT and Au-TNT systems exhibited increases in CHs production
of 8.26% and 14.67%, respectively, compared to bare TiO,'%.

Producing methane remains challenging due to the slow process of multiple proton-coupled
electron transfers and the involvement of various C1 intermediates. A catalyst comprising Ag clusters
supported on anatase-phase TiO: microspheres, featuring Ag-O hybridisation, was synthesised for
the photocatalytic methanation of CO2. Mechanistic analysis indicated that the Ag clusters enhanced
the separation and migration of photogenerated charge carriers and improved CO: adsorption.
Additionally, Ag-O hybridisation enhanced the multiple proton—electron coupling transfer process
by stabilising intermediates and facilitating “*CO hydrogenation to “CHO, leading to selective CO:
reduction to CHs. The Ag cluster/TiOz2 sample showed an electron selectivity of 86% for CHa
production, with a yield of 25.25 pmol g h-1144,

Dendritic porous silica nanospheres (DPSNs) were used as a carrier, featuring large pores
arranged in a centre-radial configuration. These DPSNs supported the growth of TiO: nanoparticles
(NPs) on the surface of the central radial pores. Subsequently, small Au NPs were loaded onto the
well-dispersed TiO:2 NPs. By controlling the calcination duration, a series of DPSNs@TiO:@Au
nanocomposites containing Au NPs of different sizes were fabricated. Incorporation of Au, which
exhibits the LSPR effect, enabled DPSNs@TiO@Au nanocomposites with Au NPs ranging from 3 to
5 nm to demonstrate excellent methane (CH4) production efficiency, achieving a rate of 34.25 umol
g-TiO2@Au" h', as well as moderate carbon monoxide (CO) production at a rate of 15.27 umol g-
TiO2@Au™ h™%. Moreover, these nanocomposites demonstrated robust cycling stability under
simulated sunlight using a 300 W Xe lamp. The incorporation of Au NPs reduced the recombination
rate of photo-generated electrons (e”) and holes (h*) under UV light and also enabled visible light
photocatalytic CO2 reduction through the LSPR effect of Au.

Single-atom CoNx cluster-decorated TiO: (CoNx/TiOz) was synthesised in situ by calcining a
composite prepared by immersing a MOF (Mil-125) in a cobalt tetra(4-pyridyl)porphyrin (CoPy4)
solution. The synthesised CoNx/TiO:z exhibited outstanding CO: photoreduction activity, with CO
and CHas yields of 24.4 and 119.9 umol g, respectively, and an overall photoactivity of 1007.6 pmol
g' h7l, which was higher than that of TiO:z alone and CoOx/TiOz. The CoNx/TiO2 derived from the
CoPy4/Mil-125 composite with a weight ratio of 4:500 showed the optimal component ratio for CO:
photoreduction. The Nx clusters formed by pyrolysis of H2Pys may enhance the adsorption and
activation of reactants (CO2/H20) more effectively than CoOx in CoO«/TiOz, thereby boosting the
photoactivity of TiOz. Moreover, another possible reason is that the CoNx clusters act as a cocatalyst,
significantly enhancing the rapid transfer and separation of photogenerated charge carriers in TiO,
as well as the adsorption and activation of the reactants (H20/COz). The results indicated that
CoNx/TiO:z exhibited minimal photogenerated charge recombination, achieved the fastest charge
transfer and had the lowest charge transfer resistance, thus boosting its photocatalytic activity4.

TisCN MXene was synthesised using a Lewis acidic etching method, avoiding toxic hydrofluoric
acid (HF). The TisCN MXene was then used as a support for the in situ hydrothermal growth of TiO:
and Ru nanoparticles. The improvement in photocatalytic activity was attributed to the constructive
interaction between the in-situ growth of TiOz on TisCN MXene and the presence of Ru nanoparticles.

In particular, with the addition of only 0.5 wt% Ru, the Ru-TisCN-TiO2 composite achieved the
highest CO (99.58 pmol/g) and CHs (8.97 umol/g) production rates, which were 20.5 and 9.4 times
higher than those of P25, respectively'¥”. This significant enhancement was attributed to the strong
electron-capturing ability of Ru species, which efficiently extracted photogenerated electrons, as
shown in Figure 11.
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Figure 11. Proposed photocatalytic CO2reduction mechanism for Ru-TisCN-TiO2. Readapted from!¥.

A series of CuOx deposited on TiO:z photocatalysts with varying TiO2 nanocrystal supports was
synthesised to investigate the impact of CuOx-TiO:2 interactions on reconstruction and photocatalytic
performance in CO:z reduction using water as the reducing agent. The interaction between CuOx and
TiO2 was strongest in CuOx/TiO2- photocatalysts. Under Xe light irradiation, CuO species supported
on TiO2- 001 were photo-reduced to stable Cu20 species, which were active in converting CO2 to CHa.
In contrast, CuOx species on TiO2- 100 and TiOz- 101 were photo-reduced to Cu® species, which were
less favourable for CHs production. The reduction of CuOx to Cu® was more pronounced under Hg
light irradiation. In situ Diffuse Reflectance Infrared Spectroscopy (DRIFTS) results showed that CO:
reduction to CHs proceeded via bicarbonate and carboxyl intermediates across all CuOx/TiO:z
photocatalysts, with additional CO2- and formate intermediates observed over CuOx/TiO2- 100 and
CuOx/TiOz2- 101 photocatalysts. These findings enhance the fundamental understanding of Cu-based
photocatalysts for CO:z reduction and highlight the importance of the TiO2 nanocrystal facet effect in
TiOz-related photocatalysis'.

In another study, the gas-phase photoreduction of CO: was investigated using composites of
Cuz20 nanoparticles and anodised TiO: nanotube arrays. The nanoparticles, with an average size of
90 nm, were pulse-electrodeposited onto vertically aligned hollow TiO2 nanotubes with an average
pore size of 90 nm. Electron spin resonance spectroscopy and radical trapping experiments showed
that photoinduced charge separation in the Cu20-loaded TiO: nanotubes occurred via a direct Z-
scheme mechanism. CO: photoreduction from a water/COz mixture was monitored in high vacuum
using a quadrupole mass analyser, which measured the partial pressures of intermediate and final
reaction species in real time under UV-Vis light irradiation (300-600 nm). The main products were
formaldehyde and methanol, whereas platinum-loaded TiO: nanotubes produced methane and
hydrogen. Both specimens formed carbon monoxide (CO)'%.

The use of copper-based semiconductors for COz photoreduction is challenging because these
catalysts often exhibit poor stability in aqueous media, due to concurrent oxidation reactions. To
address this limitation, the interaction between metallic Cu® and TiO: has been investigated as a
strategy to improve catalyst stability, with TiOz serving as both a charge separator and a support for
Cu® nanoparticles. In this approach, Cu® nanoparticles were deposited onto the TiO:z surface by
reducing copper nitrate with a sodium borohydride solution. Given the varying effectiveness of
different copper oxidation states in these processes, understanding the oxidation state of copper in
the photocatalysts was crucial. Interestingly, a mixture of copper oxidation states has been found to
yield better results than a single oxidation state. The addition of copper to the TiOz surface enhanced
the electron transfer process, thereby increasing the lifespan of these charge carriers, as demonstrated
by photoluminescence analysis. As shown in the diffractogram of post-reaction samples, TEM images
and XPS spectra, metallic copper, together with Cu?* and Cu* species, was present on the TiO:2 surface.
Some of the copper dispersed over TiO:2 was oxidised by photogenerated holes (h*) during CO:
photoreduction and these oxidised species can be reduced back to Cu’. Additionally, Cu? species
could capture photoexcited electrons, transforming into Cu* species, which could then be oxidised
back to Cu? by oxidising ions and/or O: in the system. The coexistence of these different copper
species effectively extended the lifetime of photogenerated charge carriers, facilitating electron

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.1590.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 April 2026 d0i:10.20944/preprints202604.1590.v1

24 of 81

transfer to adsorbed CO: and thereby enhancing the efficiency of CO:2 photoreduction. The presence
of metallic copper resulted in a higher selectivity in CO production (82.32%), while pure TiO: was
more selective for CHa (62.44%)50.

In another study, supported copper single-atom (Cu-SA) catalysts demonstrated distinctive
activity and selectivity in reducing CO:. The efficiency of the Cu-SA/TiO: photocatalyst for CO:
reduction was evaluated in a gas-solid heterogeneous photocatalytic system using simulated sunlight
from a Xe lamp. However, long-term photocatalytic reactions showed that the activity of the Cu-
SA/TiO: catalyst decreased significantly with prolonged illumination, indicating that the
photocatalyst gradually became deactivated during CO:z photoreduction. The decline in activity of
the Cu-SA/TiO:z photocatalyst for COz reduction was due to the transformation of Cu®* to metallic Cu®
under continuous light exposure. However, it was observed that the Cu-SA/TiO: catalyst can
maintain stable performance in long-term photocatalytic CO: reduction after the introduction of a
small amount of O2 (117.6 ppm) into the reaction system, suggesting that the presence of molecular
oxygen helps stabilising the chemical state of Cu®* active sites. The total productivity of CHs and CO
reached 34.64 umol ger! h™! after introducing 117.6 ppm Oy, resulting in enhanced durability?>!.

Titania-based ternary composites were synthesised via a two-step process using the Pechini
method, followed by impregnation with 3 wt.% CeO: and CuO. The N-TiO/CuO sample achieved
the highest formic acid production, approximately 40 times greater than pure TiO: while N-
Ti02/CeO2/CuO exhibited a sixfold increase in hydrogen evolution. The enhanced performance was
attributed to the formation of distinct heterojunctions. For CO: photoreduction, the affinity of CuO
for CO2 molecules facilitated the formation of a Z-scheme. Conversely, for hydrogen evolution, the
strong affinity of Ti* for H20O molecules led to the formation of type II heterojunctions. In both
systems, the charge carriers had an extended lifetime, enhancing photoactivity's2.

A composite photocatalysis system was developed using semiconductors enriched with oxygen
vacancies and coupled with metallic cocatalysts to enhance charge separation and electron transfer.
Mesoporous TiO: and titanium-based perovskite oxide (BaTiOs and SrTiOs) nanoparticle assemblies
were synthesised, incorporating abundant oxygen vacancies and copper particles, for the
photoreduction of CO2, as shown in Figure 12!%. For example, TiO: decorated with varying amounts
of Cu particles significantly influenced the photocatalytic conversion of CO: into CHs and CO. In
particular, the optimised TiOz/Cu catalyst exhibited a 13.5-fold increase in CHa yield (22.27 pumol g
h1) compared to pristine TiO2 (1.65 umol g h™). Similarly, BaTiOs/Cu and SrTiOs/Cu composites
also exhibited increased CHas yields in CO2 photoreduction compared to their pristine counterparts.
Temperature-programmed desorption (TPD) and photoelectrochemical measurements indicated that
the co-embedding of Cu particles and abundant oxygen vacancies within titanium-based oxides
enhanced CO: adsorption capacity, facilitated the separation and transfer of photoinduced electron-
hole pairs, and ultimately improved the efficiency of COz photoreduction in TiO2/Cu, SrTiOs/Cu, and
BaTiOs/Cu composites!.

C0304/TiO2 photocatalysts were used to efficiently produce alcohols via CO: photoreduction
with H20 under UV or visible light. The presence of Ti%*, Co?, and Co* ions reduced the band-gap
energy of TiO2 and decreased the probability of recombination of photogenerated electron-hole pairs.
These ions also enhanced the adsorption of COz and CO generated on the photocatalyst surface. This
improvement increased the rate of formyl radical formation, which was crucial for alcohol production
during CO: photoreduction. The highest yield of isopropanol under UV irradiation was observed in
the photocatalytic CO:2 reduction with H2O using 1% Co0sOs/TiOz. In contrast, the highest production
of propanol occurred when the reaction was photocatalysed by 10% Co3O4/TiO2!%.
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Figure 12. CO: photoreduction process on TiO2/Cu, BaTiOs/Cu, and SrTiOs/Cu samples. Readapted from!%.

Modulating the interfacial structure can significantly influence the photocatalytic performance
of supported metal phthalocyanine (MPc) systems. In one method, ZnPc was deposited onto
nanosized gold-modified TiO: nanosheets (Au-T) to create a broad-spectrum ZnPc/Au-T
photocatalyst. Under UV-Vis irradiation, both the ZnPc molecules and the TiO2 nanosheets were
excited simultaneously, enabling cooperative charge transfer processes within the composite system.
The photogenerated electrons were transferred from the conduction band of TiO: to Au
nanoparticles, where they combined with the holes of ZnPc, following a Z-scheme charge separation
mechanism. Enhanced by the presence of Au, the holes in TiOz facilitated water oxidation, while the
photoelectrons activated CO: at the Zn(II)-N4 centres. Small Au nanoparticles with a diameter of
about 3 nm were successfully introduced between ZnPc and TiO: nanosheets to create ZnPc/Au-T
heterojunctions'®. For photocatalytic CO: reduction, the optimised 2.5ZnPc/1Au-T exhibited a
threefold and tenfold increase in photoactivity compared to 2.5ZnPc/T and pristine TiO,
respectively, producing CO and CHs as the main products. Small Au nanoparticles were more
effective than larger ones (8 nm) in facilitating Z-scheme charge transfer from TiO: to ZnPc, as
confirmed by various characterisations. Furthermore, the interaction between Au nanoparticles and
the aromatic ring of ZnPc, evidenced by FTIR and XPS, resulted in improved dispersion of ZnPc
assemblies, enhancing visible-light absorption and greater exposure of Zn-Nu catalytic sites. The same
design strategy can also be applied to other transition metals, such as Ni, Co and Fe'.

The effect of the basic properties of MgO on the photoactivity of MgO/TiO2 nanocomposites in
the CO:z reduction reaction, as well as the photocatalytic efficiency of pure TiO2 and TiO2/MgO
nanocomposites, was evaluated in both water and 0.1 M NaOH solution. Methane production from
CO:z photoreduction was higher in NaOH solution than in water, owing to COz greater solubility of
CO: in NaOH solution compared to pure water. MgO enhanced the adsorption of acidic CO:
molecules due to its basic character. Meanwhile, water molecules in the reaction medium were
oxidised in the valence band of TiO2 (H20/O2, +0.82 V). The nanocomposite containing 1% MgO
produced more CHs than the other samples analysed. It is hypothesised that CO: adsorbs onto the
MgO layer on the TiO: surface, forming metastable magnesium carbonate species. However, when
the MgO content was increased (in TiO2/MgO 2% and 5%), the catalytic efficiency decreased. This
suggests that the insulating effect of MgO particles became dominant. With higher MgO amounts,
the TiO:z surface may be completely covered, hindering the migration of photogenerated charge
carriers on the TiOz surface and thus reducing activity®.

The impact of three distinct substrates titanium, indium and tin oxide coated on polyethylene
terephthalate (ITO-PET), and PET on charge transfer and activity in the photocatalytic CO: reduction
using two noble-metal free catalysts was investigated through density functional theory (DFT),
optical analyses and photo-electrochemical tests. The CO: reduction activity was significantly higher
for catalysts placed on the Ti sheet compared to the other substrates. The density of states (DOS) for
catalysts on the Ti substrate showed an intense energy state in the middle of the catalyst band gap,
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facilitating more efficient energy transfer of plasmons from the substrate to the catalyst conduction
band. Additionally, the energy levels at which electron-hole recombination occurs vary with the
substrate, affecting COz reduction activity, as shown by the results for amorphous TiO2 modified with
Si0O21%,

The photocatalytic performance of a Cu-Rh/TiO, system has been investigated under both
ultraviolet and visible light irradiation. In this method, a coarse layer of TiO, was deposited onto a
metal grid by electrophoretic deposition. Metals were then sequentially evaporated under vacuum
thermal conditions, followed by heat treatment at the low temperature of 350 °C. This process enabled
the formation of a Cu-Rh nanoalloy, resulting in a single-phase solid solution with controlled
composition and well-defined lattice parameters. Interestingly, this outcome contrasted with the
phase equilibrium diagram of the bulk Cu-Rh system, which predicted decomposition into two solid
solutions enriched in Cu and Rh, respectively, at temperatures below 1150 °C. This result was
interpreted as evidence of a size effect typical in such systems, where reducing particle size lowers
the phase transition temperatures. Cu-Rh alloys with compositions of 25/75, 50/50 and 75/25 at% were
synthesised and deposited on a TiOz layer electrophoretically coated onto a stainless-steel grid, with
an average thickness not exceeding 10 nm'¥. It was found that varying the composition of the Cu-Rh
alloy in combination with TiO:z enabled control of the photocatalytic process. Under UV irradiation,
the sample with a 75/25 at% ratio of Cu-Rh exhibited the highest activity in generating acetaldehyde,
while the 50/50 at% sample produced the most methanol. In the visible light range, the highest
acetaldehyde production was observed with the Cu-Rh alloy at 25/75 at%. Furthermore, surface
modification of TiO:2 with nano-islands increased acetaldehyde formation activity in the visible
range'¥.

A self-improving photocatalyst, TiO2@BiOCl, was developed by growing ultra-thin BiOCl layers
on the imperfect surface of TiOz2 nanotubes. The nanocomposites exhibited exceptional photocatalytic
performance in CO2 reduction, achieving a peak CH4 production rate of 168.5 pmol g h-' with a CHs
selectivity of 99.4%. The high surface area provided ample sites for CO: adsorption and reduction.
Additionally, the ultrathin heterostructure minimised the distance for charge transport from the bulk
to the surface, enhancing charge carrier separation across interfaces and increasing the availability of
electrons for photoreduction. Under UV-Vis irradiation, oxygen vacancies on TiO: effectively
captured electrons generated by TiO2, while Bi® atoms directed electrons from BiOCI towards these
vacancies, efficiently gathering electrons to enhance productivity'®. During CO: photoreduction,
hydrogen-incorporated oxygen vacancies significantly suppressed H: generation and promoted
rapid hydrogenation of COz. Furthermore, catalytic sites formed by Bi and Ti metals surrounding
oxygen vacancies inhibited CO production, further enhancing selective CH4 productivity through
enhanced hydrogenation pathways!.

A 10 wt% nickel co-catalyst was applied to 3D spherical TiO2 microparticles (MPs) and 1D wire-
like TiO2 nanowires (NWs) for CO: hydrogenation to renewable fuels under visible light. Initial
experiments showed that CO2 hydrogenation did not occur below 250 °C, even with visible light
irradiation. At 250 °C, the production of CHsand CO increased 3.69-fold with visible light. However,
this effect diminished at higher temperatures, indicating that the photothermal effect of visible light
was more significant at lower temperatures. The 1D 10Ni/TiO: NWs demonstrated superior
performance in photothermal methanation, achieving a CH: and CO production rate of
approximately 19.8 mmol gt h', which was 1.5 times higher than that of the 3D spherical TiO:z
catalyst. This enhancement was due to the one-dimensional wire-like structure, which increased the
catalyst's surface area and porosity, improving CO: adsorption. Additionally, the improved
dispersion of nickel on the one-dimensional structure prevented the growth of NiO nanoparticles,
facilitating the adsorption and dissociation of H: gas into hydrogen atoms. Remarkably, the
10Ni/TiO2 NWs catalyst showed extended durability over four cycles, with performance gradually
improving in each cycle. This improvement was attributed to the continued reduction of NiO to
metallic Ni by excess unreacted H: gas. Visible light irradiation also facilitated this reduction,
generating more active Ni sites as the reaction progressed!®.
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A binary component catalyst consisting of single atoms (Pt and Au) supported on self-doped
TiO; nanotubes was evaluated for CO, photoreduction. The results showed that covalent interactions
enabled effective transfer of photogenerated electrons from defect sites to the single atoms, while also
enhancing electron-hole separation and overall charge transfer efficiency. The maximum
photocatalytic performance of Pt-Au/R-TNTs with 0.33 wt% single atom metals was recorded as 149
times that of unmodified R-TNT, with CH, and C,Hp yields increased to 360.0 and 28.8 umol g-* h7,
respectively'®.

Examples of various metal-doped TiOz-based photocatalysts are provided in Table 7, including
the associated experimental conditions and CO2 photoreduction activity. The yield of CO2-converted
products is strongly related to the choice of metal, reductant, photoreactor, light source and intensity,
as well as product selectivity.

The selection of appropriate metal cocatalysts, combined with the surface basicity of TiO,, has
been identified as a key strategy to enhance photocatalytic CO, reduction efficiency. Uniform, ligand-
free metal nanoparticles of Ag, Cu, Pd, and Pt loaded on TiO, surfaces were investigated for the
photoreduction of CO, using water as the reductant. According to the reported results, Ag was the
most active for CO production, while Pd and Pt primarily generated hydrocarbons such as methane
and ethane. Furthermore, amine-modified TiO., provided a 2.4-fold enhancement in CO,
photoreduction activity compared with bare TiO,'.

Table 7. Summary of recent results for photocatalytic CO: reductions using metal doping or metal co-catalysts.

Photocatalyst Reactants Reactor Radiation Product Yield
(umol g
h1)
Pt-Ru/TiO, CO; + H0O Gas-closed Xe lamp (320~ CH., 38.7
circulation 780 nm)
system
Fe/TiO, CO; +H» Continuous Hg lamp (252 CH., 166
flow quartz nm)
Ag/TiO, CO, + H,O Continuous Xe lamp (365 CH,, C,Hs, 0.42,0.10,
flow reactor nm) CoH,, 0.12,1.9
C,HsOH
Ni-Bi/TiO;,  CO:+ Na,SO, Batch photo- Hg lamp (350 CH,4, CH,, 24,211,
Cu/Cu+/TiO, reactor, Quartz nm) CO 7.8
Xe lamp (350
nm)
Ag/TiO,, Pt NaHCO; + Cell, Hg lamp (350 CO, CH,, 1.9,11.9,
Au/R-TNTs H,O Photochemical nm) C,Hs 28.8
reactor, Quartz ~ LED light (365
cell nm)
Pd/TiO,-N CO, + Quartz cell Hg lamp (320- CH, 360.0
NaHCO;3 390 nm)
Pt/TiO,-N, CO, + H,O Continuous LED light (365- C,H¢, CO 8.3,3.9
Au/TiO,(Ar) flow reactor 530 nm)
Ru-TiO,— NaHCO; + Glass Reactor Xe lamp (320 CH,, C,Hs,, 0.87,31.6
H>O vapor nm) CH,

Recently, the performance of CO, photoreduction to CHy over Ru supported on partially
reduced TiO. (1% Ru-TiO,-) was investigated, showing a significant increase in photocatalytic
activity compared with both Ru-TiO, and TiO,-, with a CH, yield of 31.6 pmol g1 h-1162,

TiO, was modified with Au, Ag, Pd and Pt to produce monometallic and bimetallic samples.
Diffuse reflectance Spectroscopy showed significant differences in light-harvesting capacity between
bare TiO, and the metal-loaded samples. A lower band gap in the photocatalyst corresponded to
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higher photocatalytic efficiency. All these metals are also capable of SPR (Figure 13), especially gold,
which has a plasmonic band visible at 560 nm, and silver, with a lower intensity around 460 nm.
Platinum behaves similarly to silver, although its SPR bands are usually found at lower wavelengths,
depending on the size of the nanoparticles®: .
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Figure 13. UV-Vis diffuse reflectance spectra (DRS): (a) monometallic and (b) bimetallic titania-based
photocatalysts, together with the corresponding Kubelka-Munk transformations (r = ¥2) plotted as a function of
band gap energy in (c) and (d). The step observed at 565 nm is attributed to instrumental effects. Reproduced

from % under the Creative Commons Licence.

Pt@Bi-TiO, photocatalysts were synthesised using a two-step method involving Bi doping via
sol—gel and Pt deposition via photodeposition for CO, photoreduction. The reaction was conducted
in a batch gas—solid photoreactor under UV irradiation, where pure TiO, produced CO with only
minor amounts of CH,. According to various published studies, introducing Pt into TiO2 causes CHa
to become the major product. This shift in selectivity is due to the redox potential of CO2, as CHs, the
most reduced single-carbon product, requires eight electrons and therefore has a less negative
potential. Pt nanoparticles act as electron traps with a reduction potential less negative than that of
the conduction band of TiO, facilitating the reduction of COz to CHa. Therefore, TiO, produced
methane with a yield of 3.3 umol g after 10 hours of reaction, while this value reached 20.6 umol g
for 3 wt% Bi and 1.5 wt% Pt (1.5Pt@3Bi-T). When the photo-deposition method was used to introduce
Pt onto TiO,, Pt nanoparticles tended to locate on specific surface sites of TiO, where photo-generated
electrons could more easily reach them. Thus, Pt nanoparticles did not disperse randomly but instead
concentrated on sites that facilitate more efficient extraction of electrons from the conduction band of
TiO,. Moreover, the introduction of basic Bi onto the surface of TiO2 enhanced the chemisorption of
CO, a vital initial step in CO2 photoreduction. X-ray diffraction patterns indicated the presence of
Bi2Ti207, which was uniformly dispersed in the Bi-modified samples. This phase assisted in stabilising
COz by forming carbonate species, as shown in Figure 1516,

Both theoretical and experimental studies indicate that when an element with an oxidation state
lower than that of the host elements (which is +4 for Ti* in TiOz) is doped into TiOy, it tends to create
oxygen vacancies to balance the lower electrical charge. An oxygen vacancy can be filled by one of
the two CO: oxygens, which alleviates cleavage of the C=O bond'®.
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Figure 15. CO2 photo-reduction mechanism on 1.5Pt@3Bi-T. Readapted from'®.

TiO; nanostructures doped with various concentrations of Fe were synthesised using the sol-gel
process, followed by annealing at 470°C. Doping with 2 wt% Fe resulted in the highest rates of CO,
photoreduction, producing approximately 0.35 pumol g~ min™! of CO and 0.67 pmol g™ min~! of CH,,
both higher than those of pristine TiO,. UV irradiation generated intrinsic electrons in the conduction
band and holes in the valence band of the Fe-doped TiO, nanostructures, while additional electrons
were supplied by donor defects such as oxygen vacancies and interstitial titanium. Moreover, Vo-
related defects on the surface of Fe-doped TiO: contributed additional electrons, resulting in more
electrons and holes than in pristine TiOz. The prolonged charge-carrier lifetimes were attributed to
the formation of Fe*/Fe? and Fe*/Fe* levels on the surface. The optical band gaps in Fe-doped
samples decreased due to the introduction of defect levels within the TiO: forbidden band gap, as
shown in Figure 16164,
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Figure 16. Proposed band gap diagram and pathway of charged carriers under UV irradiation. Readapted

from!164,

CuxO-doped TiO:2 catalysts were prepared and used for CO: photoreduction to produce CHs in
a two-dimensional flow reactor, where the gas stream passes over a thin catalyst layer under UV
light. Analysis of the photocatalysts indicates that the oxidation state of Cu changes during the
reaction, altering the catalyst's physicochemical properties. Core-level and valence-band
spectroscopies were used to construct a band diagram for the most effective catalyst, revealing a Z-
scheme structure!s. Moreover, selecting an appropriate hole scavenger, such as ethanol, and
optimising its concentration increased CHs production rates to 117 pmol CH4 geatr! h™' under low-
power LED irradiation. Another study reported the use of sacrificial agents in photocatalysis and
examined the role of ethanol in the photoreduction of CO2 to CHs using Cu-P25 photocatalysts in a
flow reactor. Increasing the ethanol concentration resulted in higher CH4 production, achieving a
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yield of 235 umol CHa ger! h™' with an ethanol flow rate of 0.25 umol min™ in the gas stream,
highlighting the crucial role of the sacrificial agent in the reaction.

A mesoporous photocatalyst for CO, photoreduction was developed and optimised by
integrating TiO, with a mesoporous carbon (CMK-3) template, followed by removal of the template.
A detailed investigation of silver doping strategies using photodeposition and synchronous doping
techniques was also conducted. By examining the effects of acid/base behaviour and charge-carrier
recombination rates on CO, photoreduction performance and product selectivity, it was found that
the impact on CO, photoreduction followed the order: Lewis acid sites > Lewis basic sites > charge-
carrier recombination rates. The proposed mechanism indicates that Lewis acid sites govern H*
production and regulate the rates and selectivity of CO and CHas production, as shown in Figure 17.
Furthermore, the irradiation-induced Lewis acid/base behaviour of the photocatalyst was
demonstrated by NHs/CO: temperature-programmed desorption. The most promising catalyst
achieved 96% CHas selectivity and an eleven-fold higher yield compared to commercial TiO2 P25166.
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Figure 17. Schematic illustration of the proposed mechanism of Ag-doping on the CO: photoreduction.
Readapted from'e®.

A Ce-doped TiO, aerogel with oxygen vacancies anchored on chitosan-derived oriented
carbonaceous structures (Ce-TiO,@CS) was synthesised using the sol-gel method combined with
freeze casting, supercritical drying and heat treatment. The CH, and CO yields were 9.45 umol g
h and 42.26 umol g h?, respectively. Ce-doping in pristine TiO; introduced impurity levels within
the band gap, effectively extending the light response range into the visible region. In addition, the
rapid recombination of electrons and holes was mitigated by the two-phase microstructures, while
the swift electron transfer rate was facilitated within the oriented porous carbon framework. Through
doping, Ce* replaced Ti* in the TiO: lattice, generating oxygen vacancies. This modification
enhanced the utilisation of photo-induced electrons for CO: conversion and simultaneously formed
basic sites. The carbonaceous (CS) aerogel acted as a carrier, enhancing light absorption and
facilitating charge carrier transfer, while the Ce-doped TiO2 (Ce-TiO2) aerogel served as the active site
for CO2 photoreduction's”.

Noble metals such as Pt and Au, as well as transition metals including Ni-doped nanoflakes,
were investigated when assembled on TiO2@carbon microrods with a high specific surface area and
rutile crystal structure, synthesised via a solvothermal method. The Pt-doped catalyst showed
improved hydrogen production efficiency and increased CHa selectivity, while the Ni-doped catalyst
exhibited significant CO:z reduction activity. Both Ni and Au promoted higher selectivity towards
CO. The results showed that significant differences in activity among the tested catalysts ranked in
the following descending order: Ni-TiO.@C > Au-TiO2@C = TiO2@C > Pt-TiO2@C. One possible reason
for the superior activity of the Ni catalyst compared to Pt and Au was its lower activation energy for
CO: dissociation. Additionally, XPS results indicated that Ni existed in both metallic Ni and NiO
states. The presence of Ni in higher valence states reduced the CO binding energy, increased the
activation barrier for concurrent hydrogenation of CO, and promoted CO production. Based on the
amounts of CO and CHs produced, the Ni-doped catalyst achieved the highest CO yield with a
selectivity of 88%, while the Pt catalyst showed the highest CHs yield with a selectivity of 41%. The
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metal-free TiO2@C catalyst exhibited 100% CO selectivity. The increased selectivity of Pt towards CHa
was attributed to the prolonged photoinduced electron lifetime facilitated by the Schottky junction
formed at the Pt-TiO: interface, as well as higher efficiency in charge separation, which led to greater
electron efficiency. Moreover, Ni surfaces, being highly oxophilic, enhanced CO: dissociation, while
Pt surfaces, which were less oxophilic, promoted CH4 formation'.

A strategy was proposed for fabricating reduced graphene oxide (rGO)-wrapped Ag/TiO,
nanofibres. Coaxial electrospinning with a negative electric potential was used to align rGO along
the direction of the electric field while to facilitate the electrohydrodynamic transport of Ag* ions to
the surface of the fibres. This process resulted in the fabrication of rGO-wrapped Ag/TiO, nanofibres
(NFs) with a well-concentrated and uniformly distributed Ag layer between the rGO and TiO, after
thermal treatment. This surface-concentrated Ag layer enhancing the transport and collection of
photogenerated electrons during CO, reduction and improved light harvesting efficiency by
extending the response from UV to visible light. By adjusting the rGO content during electrospinning,
a thin (1-2 nm) rGO monolayer was successfully wrapped around the Ag/TiO, NFs without blocking
light. This rGO layer provided an additional pathway for interfacial charge transfer between Ag,
TiO2, and rGO, thereby enhancing charge separation and electron enrichment in the ternary
nanocomposite (rGO/Ag/TiO2) for CO: conversion. As a result, the rGO/Ag/TiO: nanofibres
demonstrated superior COz-to-CHa photoreduction performance under visible light, with a CHa yield
more than 25 times higher than that of bare TiO2 nanofibres without Ag and rGO. Furthermore, the
complete wrapping of rGO around the entire fibre structure improved the structural stability of the
ternary nanocomposite. This stability enabled the rGO/Ag/TiOz nanofibres to maintain high CO-to-
CHa4 photoreduction efficiency consistently over six repeated testing cycles (17 hours)s.

Mixing TiO, with Mo2C has recently been proposed to enhance the photocatalytic conversion of
CO2 to methanol under visible light, although further work is required to improve process
performance. In this context, employing p-type semiconductors such as Cu20 through co-doping
strategies can improve charge redistribution owing to its narrower bandgap, as well as increase
reaction selectivity towards methanol. A continuous visible light-driven CO: photoconversion
process to methanol was developed in an optofluidic microreactor using Cu20/Mo2C/TiO:2
heterostructures. Notably, the production of CHsOH per gram of photocatalyst per unit time was
significantly enhanced by incorporating Cu20 into the heterostructures. This demonstrated the
positive synergistic properties of the investigated photocatalytic structures, where improved visible
light absorption, enhanced photoexcitation delocalisation, and reduced recombination rates of
photogenerated charges contributed to increased CO: photoreduction selectivity towards CHsOH.
The Cu20/M02C/TiO2 materials exhibited a narrower optical bandgap, enabling better absorption of
solar energy in the visible range and more efficient excitation of electrons from the valence band to
the conduction band. This superior photocatalytic performance was likely due to improved
separation and transfer of photogenerated charge carriers in the heterostructures®.

An electrochemical method was developed to create a series of POM@TiO: hybrid catalysts by
loading individual polyoxometalate (POM) clusters onto anatase TiO: nanotubes. The high electron-
accepting and storage capacities of POMs improved the separation of photogenerated electrons and
holes in these hybrid catalysts, resulting in efficient CO: photoreduction and water oxidation.
Systematic testing showed that adjusting the redox properties and electron-accepting capabilities of
POMs significantly influenced the concentration of photogenerated holes reaching the surface in the
POM@TiO: composites, thereby enhancing water oxidation and promoting CO: reduction. Various
characterisations revealed that P2Mois exhibited the best electron acceptance and storage abilities.
Consequently, P-Mo1s@TiO2-1 (where 1 represents the POM concentration, mM) significantly
improved CO: photoreduction activity, achieving an electron consumption rate of 1.26 mmol g for
CO»-to-CH30OH conversion, which was 11 times higher than that of pure TiO2 nanotube arrays'®.

The effect of different metals (Cu, Ag, Au) on enhancing the photocatalytic reduction of CO, by
TiO, was investigated. Incorporation of these metals improved light absorption and reduced charge
recombination, with the charge carrier lifetime increasing from 0.21 ns to approximately 1.2 ns, thus
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enhancing overall photocatalytic efficiency. Among the metals studied, Au showed the highest
electron selectivity for H, (>97%), while Ag and Cu showed greater selectivity for CO, reduction
(~20% for Cu). The study highlighted the critical role of intermediate stabilisation in determining
reaction pathways and final products'”. For example, Ag and Cu facilitated different pathways,
including the carbene and formaldehyde routes, respectively, leading to distinct final products. To
increase CO selectivity, it was essential to design the catalyst surface to favour weak CO adsorption.
CO-TPD measurements showed that Ag sites effectively stabilised weakly adsorbed CO", resulting
in higher CO selectivity compared to Cu. Meanwhile, Cu's higher CHsOH formation rates were
attributed to improved stabilisation of reactive M=O species, which promoted the conversion of CHa
to CHsOH. Cu also stabilised CH3O" intermediates more effectively, enhancing methanol production
via the formaldehyde route. In contrast, Ag's stabilisation of CH>" indicated a greater tendency for
the carbene pathway, leading to CHa as the final product!”.

A controlled synthesis of Cu-doped TiO, with varying exposed facets was demonstrated to
selectively photocatalyse the reduction of CO2 to CH, using a topological transformation from MIL-
125 (Ti) precursors. Notably, the optimal Cu/TiO2 (001) catalyst, with its round, cake-like structure,
showed high photocatalytic activity for CO2 reduction, achieving a CHs yield of 40.36 umol g h!
and a selectivity of 94.1%. These values were significantly higher than those for TiO2(001) (4.7 pmol
g h'and 52.6% selectivity), Cu/TiO2(101) (14.73 pmol g h™' and 78.9% selectivity) and Cu/TiO2 (001
+101) (18.95 umol g h™' and 69.6% selectivity). Both experimental and theoretical analyses showed
that the (001) facet of the Cu/TiO: photocatalyst enhanced CO:zadsorption and activation, while Cu
ion doping improved the efficiency of photogenerated charge separation and transfer. This study
highlighted the importance of combining facet engineering with ion doping to develop high-
performance photocatalysts for the selective reduction of CO: into multi-electron products!!.

5.2. Modification of g-CsNa-based catalysts

Recently, the development and application of composites comprising noble and non-noble metal
nanoparticles with g-CsN, has become a significant research focus in the field of g-CsNs. An ion-
loading pyrolysis method was used to in situ anchor Pd single atoms and twinned Pd nanoparticles
onto ultra-thin graphitic carbon nitride nanosheets (PdTP/PdSA-CN) for highly efficient
photoreduction of CO:. The electronegative nitrogen sites in g-CsN4 connected Pd single atoms (SAs)
and Pd-twinned particles (TPs), forming Pd-N bonds with strong electronic metal-support
interactions (EMSI) and enabling directional electron transfer from Pd-TPs to Pd-SA sites'”2. The
optimised PATP/PdSA-CN demonstrated significantly improved photocatalytic activity for CO,-to-
CO conversion compared with bare g-C3N,, PASA-CN and PdTP-CN, achieving a CO evolution rate
of up to 46.5 pmol g with complete selectivity. The Pd-TPs acted as electron donors, increasing
electron density at the catalytic centres of single-Pd sites via the N ligands in the g-CsN, networks.
This downshifted the d-band centre, facilitating carbonyl desorption for CO production.
Furthermore, the incorporation of Pd-TPs improved light absorption and promoted charge transport
and separation!72.

A dual-site single-atom catalyst was developed by incorporating adjacent Sn(II) and Cu(I)
centres into a CsN, framework. This configuration resulted in a significant enhancement in HCHO
production, driven by a four-electron transfer mechanism proceeding via the ‘OCHO intermediate.
While the Sn-based sites alone favoured HCOOH formation, the introduction of isolated Cu sites
enabled an alternative reaction pathway, promoting the selective generation of HCHO. Under
optimised conditions, with a Sn precursor mass ratio of 3:1, the system achieved a maximum HCHO
productivity of 259.1 umol g and a selectivity of 61% in 24h. This selectivity for HCHO was
significantly higher than that of other metal-embedded CsNi photocatalysts. The generation of
HCHO was believed to occur via the two-electron reduction of HCOOH, as supported by the in-situ
FTIR peak at 1637 cm™!, which was attributed to "HCHO intermediates adsorbed at the dual-atom Sn—
Cu sites. This study provided new insights into multi-electron transfer mechanisms in dual-atom
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catalytic systems, where specific intermediates were selectively stabilised through the synergistic
action of heteronuclear dual-atom sites!”.

The g-C3N4/BioBrsS;; S-scheme heterostructure was synthesised by in situ deposition of
Bi1sBrsS,; onto porous g-CsNy nanosheets. Density functional theory (DFT) simulations revealed
distinct Fermi levels for BBS and P-CN, leading to the formation of a built-in electric field at their
interface. This field served as a crucial driving force for carrier migration, facilitating the transfer of
electrons from the CB of P-CN to the VB of BBS via the S-scheme mechanism. Additionally, the CS
bond served as an efficient charge transport channel between the BBS and P-CN interface,
significantly reducing the charge-transfer energy barrier across the interfaces and further enhancing
the charge-transfer process in the S-scheme. These strategies collectively contributed to the improved
photocatalytic CO, reduction activity of the BBS/P-CN heterojunction. Notably, under visible-light
irradiation (420 nm), the optimised BBS/P-CN heterojunction achieved a CO evolution rate of 32.78
pmol g1 h-l. Furthermore, the BBS/P-CN heterojunction demonstrated excellent cycling stability,
maintaining over 90% of its activity after 25 hours across five cycles!?.

Single-atom Ni on g-C;N; was fabricated using a high-energy ball milling method. The
photocatalyst containing 0.32 wt% single-atom Ni achieved the highest CO, reduction rate of 19.9
pmol g1 h71, even without a sacrificial agent. The well-dispersed single-atom Ni active sites on the
substrate surface enhanced the cleavage of m-bonds in the C=O group, lowered the Gibbs free energy
for CO; adsorption on CN, and facilitated the spontaneous adsorption and activation of CO,. The
photo-excited electrons were efficiently transferred through the conduction band of CN to the
uniformly distributed single-atom active sites, while the photo-excited holes remained in the valence
band of CN to react with H,O, generating O, and H*. This uniform distribution of single-atom Ni on
CN significantly reduced the overall activation energy barrier by optimising the reaction pathway,
resulting in more efficient photocatalytic conversion of CO, to CO. Consequently, the catalytic
activity was more effective than that of other CN-based photocatalysts!7.

A two-step photoinduced process was used to fabricate an AuCu/PANI/g-CsN4 heterostructure
photocatalyst, in which a polyaniline (PANI) conducting layer and an AuCu alloy cocatalyst were
sequentially deposited onto graphitic carbon nitride (g-CsN4) nanoflakes. Under simulated sunlight,
the CO production rate of the AuCu/PANI/g-CsN4 photocatalyst was 1.3 times greater than that of
AuCu/g-CsNg, 2.3 times greater than that of PANI/g-CsNs, and 5.4 times greater than that of pure g-
CsNa. The enhanced photocatalytic performance of AuCu/PANI/g-CsNs was attributed to several
factors. First, the PANI layer improved CO: adsorption and electron transfer. Second, AuCu
nanoparticles increased light absorption and accelerated charge separation. Finally, the AuCu
cocatalyst provided efficient active sites for COz conversion. Furthermore, the AuCu/PANI/g-CsNa4
photocatalyst exhibited stable performance during extended photocatalytic CO:2 reduction tests!?e.

A method for preparing g-C3N4/ZnO nanocomposites is proposed in'”7, based on refluxing a zinc
salt solution in methanol with pre-formed g-CsN4, using KOH in methanol as the precipitating agent.
Ultrafine ZnO nanoparticles were in-situ grown and decorated on ultrathin g-CsN, layers, forming a
well-defined interface. This arrangement not only facilitated efficient charge transfer and separation
but also increased the number of active sites available for CO, adsorption and activation. The
hybridization of ultrathin g-CsN, layers with ZnO nanoparticles enhanced the chemisorption
capacity of CO,/H,O, which was crucial for the photocatalytic CO, reduction process. In the CZ-40
composite, the proton-coupled electron transfer (PCET) process for CO, photoreduction was
enhanced, resulting in higher selectivity for CH, production and an overall increase in photocatalytic
activity for CO, reduction. In contrast, single g-CsN4 showed lower H,O chemisorption than the
composite, leading to higher selectivity for CO production. However, its lower CO, chemisorption
resulted in significantly reduced overall photocatalytic activity for CO, reduction. Additionally, the
ultrathin g-C3Ny layers may affect H;O and CO, adsorption behaviours differently. HO molecules
on the solid surface can enhance the mass transfer of CO, from the gas phase to the solid surface,
thereby increasing CO, adsorption. This improvement supports the acceptance of photogenerated
electrons for CO, reduction via the PCET process.
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In another study, ultrasmall subnanometre Ni- and Mn-oxo clusters (with an average diameter
of 0.8 nm) were uniformly anchored on customised chitosan oligomer functionalised ultrathin g-CsN,
nanosheets, using OH and NH, groups in chitosan as coordination sites. The optimised Ni and Mn
co-modified photocatalyst, developed by adjusting the metallic molar ratio, showed a remarkable 22-
fold increase in CO: conversion rate under solar irradiation and a 20-fold increase in quantum
efficiency at 405 nm compared to pristine g-CsNa. Under solar irradiation, photogenerated electrons
and holes excited from carbon nitride are captured by the Ni- and Mn-oxo clusters anchored by the
pre-modified chitosan molecules. The Ni-oxo species enhance the catalytic function for CO:
reduction, while the Mn-oxo species facilitate H20 oxidation. Consequently, the synergistic effects of
the Ni- and Mn-oxo clusters result in dual modulation of charge carriers, significantly improving
charge separation and enhancing photoactivity for CO2 reduction reactions!7s.

Copper/zinc oxide/graphite nitrogen carbide (Cu/ZnO/g-CsNs) was synthesised using a
hydrothermal method. The 3 wt% Cu/ZnO/g-CsNa4 photocatalyst showed significant production rates
of CHas (40.7 pmol g1 h1), CO (65.1 pumol g h™!) and CHsOH (92.5 umol g h™'), which were 38.3,
77.1 and 58.1 times higher, respectively, than those of pure g-CsNi. Under UV and visible light,
Cu/ZnO/g-CsNs was continuously excited, generating electron-hole pairs. The electrons in the CB of
g-CsNas migrated to the surface of ZnO, while the holes generated in ZnO moved to the VB of g-CsNa.
This process reduced electron-hole pair recombination, resulting in the accumulation of excited
electron-hole pairs. The accumulated holes in the VB of g-CsN4 oxidised water molecules adsorbed
on its surface to produce Oz and protons. Concurrently, electrons accumulated on the surface of ZnO
effectively reduced CO2 molecules adsorbed on the ZnO surface to form CO, CHs, and CHsOH with
the aid of protons. Cu nanoparticles acted as an electron reservoir, capturing electrons and preventing
the recombination of photogenerated electron-hole pairs. Additionally, these nanoparticles supplied
additional electrons to the CO: reduction process, significantly enhancing the photocatalytic
performance!”.

In another study, Cux«S5/g-CsNs4 composite photocatalysts were synthesised using a
straightforward solvothermal method. The composite showed significantly improved CO:
photoreduction activity for CO and CH4 compared with both pure g-CsN4 and Cu2«S under UV-Vis
and even near-infrared light. This improvement was attributed to effective interfacial contact and the
formation of S-C bonds, which increased the number of active sites for CO2 photoreduction and
facilitated better separation of photogenerated electrons and holes. Additionally, the composites
exhibited improved CO: adsorption capacity, further promoting the CO: reduction process. In the
reduction of CO2 to CO, HCOOH served as a key intermediate and the reduction of HCHO to CHa
also occurred with the composite photocatalyst'®.

The g-CsN4/MnP composite catalytic material was prepared using phosphate anchoring. This g-
CsN4/MnP composite showed superior photocatalytic activity for CO2 reduction under specific
conditions: a g-CsN4/MnP mass ratio of 100:1, H20 as the solvent, and 6 mL of TEOA additive. Its
photocatalytic efficiency was five times greater than that of pure g-CsNa. In the COz reduction process
with g-CsNs semiconductor composites, the MnP complex acted as a crucial co-catalyst. Loading MnP
onto the g-CsNa catalyst significantly reduced the recombination rate of photogenerated electron-hole
pairs and enhanced catalytic performance’s!.

Doping CsN, photocatalysts with metals can increase surface area, enhance visible light
absorption, reduce electron-hole pair recombination, accelerate electron transfer to the catalyst
surface, and raise redox potential. Single Ni atoms were effectively anchored to g-CsN, nanosheets
using boron-oxo species through a simple ion exchange method. The dative interaction between the
B atom and the sp? N atom of g-CsN4 ensured high dispersion of boron-oxo species, with O atoms
coordinating with individual Ni(Il) sites to form a distinctive six-oxygen-coordinated structure. The
optimised single-atom Ni photocatalyst, comparable to Pt-modified g-CsNs nanosheets,
demonstrated an excellent CO: reduction rate, producing CO and CHi as products. Under
illumination, the single Ni sites, fully coordinated by O atoms, efficiently captured photoelectrons
and preferentially activated adsorbed water molecules to generate H atoms. These active H atoms
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then interacted with CO», leading to the production of CO and CHa through a distinct hydrogen-
assisted CO:z reduction pathway, as shown in Figure 1882,
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Figure 18. Hydrogen-assisted CO: reduction process mechanism over single-atom Ni-OB-CN photocatalyst.
Readapted from'®2.

Layered porous Ru-loaded and La-doped g-C3N4 nanosheets were synthesised through a one-
step calcination process, followed by in situ photo-deposition of Ru. The resulting material exhibited
excellent photocatalytic performance for CO, reforming of methane under visible light. The
productivities of CO, C;Hs, CH;OH and CH;CH(OH)CH; were 133, 154, 251 and 133 umol h™' g,
respectively. CO,-TPD and CH4TPD tests, together with theoretical calculations, indicated that the
enhanced photocatalytic activity was due to the synergistic interaction between bimetallic Ru and La
composites. The spatial separation of the valence band maximum and conduction band minimum
effectively inhibited recombination and promoted the separation of photogenerated carriers. In other
words, the excited electrons migrated to the CB, located around the La atoms, to participate in the
reduction of adsorbed CO,, while the holes moved in the opposite direction towards the VB to engage
in the oxidation process's.

A rapid synthesis method for producing efficient composite photocatalysts was reported,
employing a one-step microwave molten salt heating technique. Potassium ions (K*) were
incorporated into the interlayer cavities of polymeric carbon nitride (PCN), while CoN nanoparticles
selectively formed on the potassium-doped PCN. The resulting catalysts exhibited interesting
photocatalytic performance, achieving a CHs productivity of 45.71 umol g-! h-' with a selectivity of
98.18% under visible light. XPS, UV-Vis and photoelectrochemical analyses indicated that the
superior photocatalytic performance of the composite was attributable to several factors: expanded
light absorption, improved charge transfer pathways, enhanced carrier separation and transfer
efficiency, and increased CO:z adsorption capacity resulting from the loading of CoN'#¢. Additionally,
the introduction of K ions shifted the selectivity of CO: photoreduction from CO to CHs, both
kinetically and thermodynamically, as confirmed by experimental results and DFT calculations.

The impact of CuO and Sr-doped nanoparticles as cocatalysts on g-CsNs was investigated. First,
Sr was intercalated into the g-CsN4 framework to reduce the interlayer distance and enhance the
electrical transport properties, improving its performance in CO: photoreduction. Sr doping
increased the electron density, facilitating the eight-electron CO2 reduction to CHs and enhancing
CHa selectivity while reducing CO production. The photocatalytic behaviour of Sr-doped g-CsN4 was
influenced by the amount of Sr loaded, with optimised Sr intercalation leading to improved CHs yield
and selectivity. Nevertheless, Sr intercalation also accelerated H20 reduction to Hz. Adding CuO to
SrCN significantly improved selectivity for CO: photoreduction by affecting the rate of electron
consumption in reductive reactions. The presence of CuO notably increased the rate of CO:
photoreduction while suppressing H2O reduction to Hz. Furthermore, integrating CuO further

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.1590.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 April 2026 d0i:10.20944/preprints202604.1590.v1

36 of 81

increased CHas selectivity in CO:z photoreduction to over 90%. This improvement was attributed to
the synergistic effect of enhanced CO: chemisorption and increased electron density on the surfaces
of CuO and Sr-doped g-CsNs, resulting in higher CHa yield and selectivity!#.

The interaction interface and synergistic effects between magnesium nitrate hydroxide and
molybdenum phosphide (Mg-MoP) were optimised to enhance polymeric CsNs. The resulting
functionally tailored Mg-MoP/PCN exhibited high efficiency in catalysing the conversion of CO, to
CH, in pure water, achieving a rate of 24.45 umol h™! g and a selectivity of 95.3%. Characterisation
showed that the catalytic sites were located on the outer layer of Mg, while the interfacial layer of
MoP played a crucial role in transferring photogenerated electrons within the Mg-MoP/PCN
composite. The precise interfacial positioning of MoP and Mg was essential for optimising both
selectivity and activity in CH4 production. Extensive investigations using light-irradiated XPS, in situ
FTIR and DFT calculations revealed that the interfacial MoP layer acted as the electron collection site,
enhancing electron transfer and improving catalytic activity. The outer Mg layer improved selectivity
by promoting CO, adsorption and stabilising CO" intermediates!ss.

ZnO-gCsNy heterostructures with varying g-C3;Ny4 content (15%, 50% and 85%) were synthesised
by precipitating ZnO onto the g-CsN, surface at room temperature using an alkaline solution. The
satisfactory photocatalytic performance of the analysed materials during CO, conversion was
primarily attributed to two factors: (i) the enhanced stability of ZnO achieved through its coupling
with the g-C3N, surface and (ii) the formation of type-II heterostructures that facilitate the migration
of photogenerated charges and increase the photocatalyst's reduction potential. Additionally, it is
important to note that a direct Z-scheme mechanism may also be possible, as the CO, photoreduction
experiments were conducted under UV irradiation. This enabled the photoactivation of both
semiconductors (ZnO and g-C3N,), potentially enhancing the reduction potential of the
heterostructure, since CO; reduction could occur in the conduction band of g-CsN,, which has a
higher reduction potential than that of ZnO?.

Mesoporous g-CsNs (MCN) with a high specific surface area was synthesised by producing a
mesoporous structure to investigate the relationship between CO, adsorption capacity and
photocatalytic CO, reduction activity. Ag particles, serving as co-catalysts, effectively enhanced
charge separation efficiency and increased photocatalytic activity. The mesoporous structure of g-
CsN; significantly increased its specific surface area and improved CO, adsorption capacity, while
Ag particles efficiently separated the photogenerated charges and ensured that more electrons were
available for CO, reduction. Consequently, the CO evolution rate of Ag/MCN reached 1.66 pmol g!
h™1, which was 2.81 and 2.41 times higher than that of pristine MCN and 1.0% Ag/BCN, respectively.
This improvement was attributed to the synergistic effect between the mesoporous structure and Ag
particles, as it enabled CO, molecules to migrate rapidly to the reaction sites (Ag particles) and
accelerated CO, consumption'?’.

An unsaturated edge confinement strategy was employed by coordinating single-atomic-site Ni
on bottom-up synthesised porous g-CsNs with few-layers (referred to as Nis-CN) using a self-limiting
method. In this Nis-CN system, a few isolated Ni clusters were distributed along the edge of g-CsNs,
which helped stabilise the non-edged single-atomic-site Ni species, thereby achieving a high density
of single-atomic active sites. This photocatalyst exhibited a CO generation rate of 8.6 pumol g h!
under visible light illumination, 7.8 times higher than that of pristine CN (1.1 umol g h™!). X-ray
absorption spectrophotometric analysis revealed that the cationic coordination environment of the
single-atomic-site Ni centre, formed by Ni-N doping and intercalation within the first coordination
shell, enhanced the synergistic N-Ni-N connection and facilitated interfacial carrier transfer. The
predicted photocatalytic mechanism confirmed that the introduced unsaturated Ni-N coordination
effectively bound COz, accelerated the rate-determining step for intermediate formation, and resulted
in enhanced CO generation!'ss,

Pt single atoms anchored on C3N4 nanosheets with a unique Pt-N, coordination were designed
and synthesised. Compared with CN, the synthesised Pt1@CN photocatalyst exhibited enhanced CO,
photoreduction activity and 100% CO selectivity, outperforming most previously reported single-
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atom anchored CsNgs-based photocatalysts for CO, photoreduction using H,O as a reductant.
Moreover, Pt1@CN exhibited excellent long-term photocatalytic stability. Experimental and
theoretical results revealed that the Pt-N4-coordinated single atoms acted as active sites, promoting
the dynamic transfer of photogenerated charge carriers, adsorption and activation of CO2 molecules,
generation of the ‘COOH intermediate, desorption of “CO, and evolution of CO, thus accounting for
the enhanced CO: photoconversion with high CO selectivity'®.

5.3. Non-metal doping and desorption

Non-metal doping is another strategy for materials modification, widely used with TiOz. Like
metal doping, non-metal doping has been employed to enhance the solar harvesting of TiO:
composites. As shown in Figure 19, non-metal dopants reduce the bandgap of TiO2 by introducing
new energy levels above the valence band, allowing easier electron promotion from the valence band
to the conduction band. The most common non-metal dopants are N, C, S and P, which have been
used to lower the TiO2 bandgap and thus enhance visible light absorption'®.

Substitutional non-metal doping introduces defect states that narrow the band gap and enhance
visible light absorption. However, at high dopant concentrations, the density of beneficial defects
decreases due to defect clustering or recombination effects, reducing photocatalytic efficiency.
Photocatalytic activity often decreases as non-metal doping increases because the defect density
declines at higher doping levels. Therefore, non-metal doping requires careful consideration to
maintain an appropriate defect level while optimising dopant concentration for improved visible
light absorption and enhanced photocatalytic activity!3* 191,

PureTiO, Metal doped TiO,  Non-metal doped TiO,
Tiad Tiad Ti3d
* Eg=3.2eV Non-metal
A387.5nm i gt 0DC]
02p 02p 02p

Figure 19. Schematic illustration of band structure of the pure, metal doped and non-metal doped TiO2.

Readapted from!,

According to the literature, C-doped TiO, synthesised from a glucose precursor enhanced the
activity of CO, photoreduction to produce CH3OH. The highest photocatalytic activity was observed
with 6 wt% glucose loading (6C-TiO), yielding 19.5 mmol g* h* of CH30H, twice that of pure TiO,
(9.5 mmol g h™1)12, Self-assembled C-doped TiO, nanoparticles were also used in a direct Z-scheme
heterojunction with a three-dimensional hierarchical petal structure of flower-like 3-Bi,Os. As the C-
TiO, content increased, CO production reached a maximum rate of 31.07 umol g* h™* with 100%
selectivity. This rate was more than 9.5 times higher than that of pure TiO, and was among the highest
reported for TiO,-based heterojunction photocatalysts!®.

Doping commercial TiO, powder with nitrogen has been reported to enhance activity for CO,
photoreduction. The average CH, production rate was 0.191 pmol g1 h™194,

Co-doping is a common strategy that employs an electron donor-acceptor pair to reduce charge
recombination in non-metal doped TiO,. Recently, a Cu/P co-doped g-CsN,@TiO, photocatalyst was
used to improve visible light-driven CO, photoreduction. The results showed that P and Cu doping
increased the specific surface area, reduced the band gap energy and recombination rate, and
extended light absorption into the visible region. The optimum CH3OH production yield was
reported as 859 umol g over a 10 h test, corresponding to an average productivity of 85.9 umol g
h-1, which was 5 and 11.6 times higher than that of g-CsN4 and TiO, respectively.

TiO2 co-doped with carbon and nitrogen, featuring numerous oxygen vacancies (designated as
C/N-TiO2-Vo), was synthesised using a hydrothermal method. Several characterisation techniques
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confirmed that the carbon and nitrogen originated from N,N'-dimethylformamide (DMF), while the
oxygen vacancies were primarily generated by isopropyl alcohol (IPA), which acted as a reducing
agent. Co-doping with carbon and nitrogen provided additional active sites, further enhancing COz
activation. According to UV-Vis results, compared to pure TiOz, C/N-TiO2 exhibited enhanced light
absorption, with the absorption edge of C/N-TiO:-Vo extending to around 410 nm due to the
introduction of oxygen vacancies. The material demonstrated 100% selectivity for the photoreduction
of CO2 to CO, significantly higher than the selectivity of C/N-TiOz2 (80.03%) and pure TiO2 (67.22%).
Compared to TiO2(101), the introduction of carbon, nitrogen and oxygen vacancies in the C/N-TiO»-
Vo material increased the density of states (DOS) at the conduction band edge, enhancing electron
transport. Additionally, several defect levels were created, which promoted the separation of photo-
generated carriers, thereby improving the photocatalytic reduction of COz. In the electron localisation
function (ELF) analysis of TiO2(101) and C/N-TiO2-Vo, the presence of carbon, nitrogen and oxygen
vacancies in the latter, facilitated electron excitation and accumulation around the Ti atoms near the
oxygen vacancies. This led to electron enrichment on the Ti atoms, enhancing the material's efficiency
in separating photo-generated carriers'®.

Boron and nitrogen co-doped titanium dioxide (TiO:) nanosheets with a surface area of 136.5
m?/g were synthesised using ammonia borane, an environmentally friendly and multifunctional
reagent. This method was necessary to introduce surface defects on TiOz. Tested for the photo-
reduction of CO: with steam under simulated sunlight, they demonstrated approximately 3.5 times
higher CO production compared to pristine TiOz under the same conditions. Optical measurements,
both steady-state and transient, indicated that a reduced band gap, abundant defect states and a
higher conduction band energy enhanced light absorption efficiency and facilitated charge transfer
at the catalyst/CO: interface. Charge redistribution resulting from B and N doping increased surface
polarisation, which was further enhanced by oxygen vacancies, leading to significant charge
accumulation on the CO2 molecule. This activation of CO: lowered the energy barrier for reduction,
enabling the generation of intermediate products and facilitating electron transfer at the interface!?.

Cu-loaded Nb and N co-doped TiO, aerogels were synthesised via a sol-gel process, followed
by supercritical CO, drying and annealing under controlled atmosphere. When exposed to a full-
spectrum Xe lamp, the TiO, aerogel absorbed photons across both UV and visible wavelengths,
promoting the transition of electrons from the valence band to the conduction band and generating
electron-hole pairs. The incorporation of Nb and N doping may not only facilitate charge separation
but also expand the range of light absorption, particularly in the visible spectrum. The high specific
surface area of TiO2 aerogels enabled efficient COz adsorption and provided abundant active sites for
reactions. Simultaneously, Nb and N doping, together with CuxO loading, enhanced the optical
properties of TiO:z and the dynamics of charge carriers, increasing the activity for the photoreduction
of CO:z to methanol, with a productivity of 1.69 mmol gear? h1197,

According to the literature, the Bi2MoOs/Ni-N co-doped TiO:2 composite was synthesised using
a hydrothermal method followed by a solvothermal process. This composite was employed for CO:
photocatalytic conversion under visible light irradiation. The results showed that incorporating
nickel and nitrogen into TiO: resulted in a higher surface area and a narrower bandgap than pure
TiOz. This modification also improved the efficiency of electron-hole separation by reducing CO:
adsorption on the catalyst surface. The Ni-N co-doped TiO: sample exhibited a significant
improvement in CO: conversion, achieving a rate nine times higher (67.9 umol/g) than that of
undoped TiO2 (3.2 umol/g). This enhanced photocatalytic activity was attributed to nitrogen and
nickel co-doping in TiO2, as well as the heterojunction structure. Together, these factors increased
light absorption capacity and improved charge carrier separation efficiency'®.

A mild synthesis method was developed to prepare a mesoporous spherical N-doped TiO:
photocatalyst with site-selective deposition of redox co-catalysts. Nitrogen doping promoted the
formation and stabilisation of Vo in TiO:. Introducing nitrogen into TiO: efficiently improved
methane selectivity. Nitrogen doping also reduced the bandgap of titanium dioxide, expanding its
light absorption range. Furthermore, the generated oxygen vacancies enhanced its capacity to adsorb
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and activate CO2. Suitable dual co-catalysts can be precisely loaded onto N-TiO2, with the Pt co-
catalyst selectively deposited at the oxygen vacancies and CoOx clusters dispersed around these
vacancies. Photoelectrochemical and optical measurements revealed that Pt serves as the primary
active centre for CO2 adsorption and activation, while CoOx is responsible for H>O oxidation and
proton transfer. The designed composite achieved a maximum CHs production of 409.17 umol/g,
which was 180 times higher than that of pure TiO2'*.

Ni and I co-doped TiO: nanoparticles with a mixed anatase-brookite phase were prepared using
a hydrothermal-calcination technique. The synergistic effect of co-doping not only broadened the
photo-response range, generating abundant photo-generated carriers, but also formed a TiO:
anatase-brookite phase heterojunction with a suitable band structure for COz reduction. This enabled
efficient transfer and separation of carriers. Impurity doping improved the CO2 adsorption capability
of the TiO: catalyst, leading to a significant improvement in its photocatalytic CO: reduction
performance. In addition, theoretical simulation results indicate that co-doping with Ni and I
enhanced the light absorption capability of TiO, materials. After 15 hours of light exposure, the
optimised Ni/I-TiO, produced 3.49 pmol/g of CO, 158.25 umol/g of CH, and 246.30 pmol/g of O52%.

A hybrid catalyst composed of well-structured TiO, hollow spheres and N-doped carbon dots
(CDs) was developed for photocatalytic CO, reduction to CH4 under simulated sunlight. Electron
microscopy revealed a porous hollow sphere structure uniformly decorated with N-doped CDs. With
increased CD content in the composites, the CH4 formation rate also increased, reaching a maximum
of 26.8 pmol h? g which contained 2 wt% CD. H2 production with this catalyst was minimal,
achieving 98% selectivity for CHs. Furthermore, the catalyst exhibited stability across multiple runs
without significant loss of efficiency?!.

A hydrophobic Ni@N-doped TiO-HCP (HCP = hydrophobic carbon paper) photocatalyst has
been developed to inhibit Hz evolution and enhance CO: conversion efficiency. The photocatalyst
features vertically aligned thin TiO: nanosheets with oxygen vacancies and nitrogen doping,
contributing to strong CO: chemisorption, efficient spatial separation and migration of
photogenerated carriers and high light absorption. Additionally, the HCP substrate improved the
mass transfer of reactant molecules by reducing water transport and increasing CO: adsorption,
while also preventing the photocatalyst surface from being covered by hydrophobic reagents, thus
maintaining abundant reactive sites. When transitioning from a solid-liquid to a gas-liquid-solid
interface, the TiO2-HCP photocatalyst primarily produced CO rather than Hy, effectively suppressing
hydrogen evolution. Notably, both the rate and selectivity for CH4 increased with N-doping and Ni
loading on the TiO>-HCP catalyst. In a gas-liquid—solid CO2 photoreduction system without any
sacrificial agent, the CH4 production rate of Ni@N-doped TiO2-HCP reached 134.17 umol m2h-' with
a high selectivity of 74.6%, representing 21.6-fold and 2.3-fold increases compared to TiO.-HCP and
N-doped TiO2-HCP, respectively?2.

Titania-based ternary composites were prepared using a two-step process. First, pure and N-
doped titanium dioxide powders were synthesised by the Pechini method. These powders were then
impregnated with 3% by weight cerium and copper oxide particles. The findings showed that
materials derived from a urea precursor incorporated nitrogen atoms into the titanium dioxide
structure and inhibited particle growth, resulting in broader particle size distributions and reduced
interparticle porosity, thereby increasing specific surface area values. The higher anatase phase
content in nitrogen-doped composites was attributed to a more ordered structure. N-doped titania
formed at a lower temperature due to the additional energy released from the combustion of the
carbon matrix, which promoted phase crystallisation. These results also indicated that N-doped
titania-based materials exhibited a greater potential for Ti** defects. The N-TiO2/CuQO sample showed
the highest formic acid production, ca. 2 mmol g1 h-' approximately 40 times greater than that of pure
TiO2. Meanwhile, N-TiO2/CeO2/CuO showed significantly increased Hz evolution, about six times
higher than pure TiO2'%2

In g-CsN,, ion doping altered the band structure and created electron or hole traps that
prevented the recombination of photogenerated carriers, resulting in a red shift in the spectral
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response range. This significantly improved visible light utilisation and enhanced photocatalytic
activity. The type, concentration, and preparation method of the doped ions influenced the
photocatalytic performance of g-C;N,%. Highly crystalline poly(triazine) imide was modified by
incorporating non-metallic boron to produce two B/PTI catalysts: Bi/PTI, with boron deposited in the
six-fold cavity of the structure and Bs/PTI, where boron substituted for carbon in the framework. In
the Bs/PTI system, boron incorporation weakened the partial conjugation of PTI, leading to the
formation of new frustrated Lewis pairs that activated nitrogen sites for CO, reduction. This process
followed the hydrogenation mechanism of adsorbed H atoms or protons, producing CO and CHa,.
Additionally, boron introduced impurity states into PTI, which helped preventing carrier
recombination and enhanced photon utilisation efficiency. Bs/PTI was easily synthesised, had low
formation energy and high thermal stability. This provided valuable theoretical insights for
designing non-metallic CO, reduction catalysts.

A photocatalyst composed of zero-dimensional black phosphorus quantum dots integrated with
one-dimensional carbon nitride nanotubes achieved a CO: reduction rate to CO of 44.6 umol g h-1.
The reduced electron lifetime in these composites indicated that interfacial charge transfer occurred
via a non-radiative pathway. Furthermore, the improved separation efficiency of photoinduced
charge carriers could be attributed to the edge-state effect, the quantum confinement effect of QDs,
and the formation of electron transfer channels between QDs and the nanotubes. The higher
photocurrent intensity observed indicated greater photo-response efficiency, while the lower
resistance value confirmed enhanced conductivity. The hybrid photocatalyst not only enhanced light
absorption but also promoted the separation and transfer of photoinduced charge carriers?*.

A 3D S-doped g-CsN4/2D O-doped g-CsN, step-scheme heterojunction was prepared using a
hydrothermal method followed by calcination. An S-scheme heterojunction is a type of
semiconductor heterojunction used in photocatalysis to enhance charge separation and improve
photocatalytic performance. S-scheme heterojunctions are characterised by selective recombination
of photogenerated electrons and holes at the interface of two distinct semiconductors. The optimised
sample exhibited significantly higher CO, photoreduction conversion rates compared to the control
groups, including the S-doped, the O-doped and bulk. O and S as dopants improved charge transfer
efficiency and light absorption. The production rates of CO and CH,, increased by 2.18 and 1.77 times,
respectively. This design not only effectively separated photogenerated electron-hole pairs but also
provided a large surface area and a high number of active sites for multi-electron reactions®.

Visible-light-driven gas-phase photocatalytic CO:z reduction to CHs was achieved by designing
a three-component Au/doped CsN4/TiO2 composite photocatalyst. A high-quality CsNs/TiO:z
heterojunction was formed by integrating low concentrations of doped graphitic carbon nitride with
commercially available TiO2 UV-100. This heterojunction enhanced visible light absorption and
charge-carrier separation. Additionally, small Au nanoparticles (approximately 3 nm) were
selectively deposited onto the TiO: surfaces, serving as electron traps and cocatalysts, while also
contributing surface plasmonic effects. The doped g-CsNs material, especially when carbon-doped,
showed enhanced visible light absorption. Furthermore, B and C doping in CsNs, which lowered the
conduction band position, played a significant role in achieving high CHa selectivity. The 0.77 wt%
Au/0.59 wt% C-CsNa4/TiO2 composite photocatalyst, providing an optimal balance of these factors,
achieved a continuous CHs production rate of 8.5 umol g™ h™! under visible light for at least 10 hours.
This level of performance was unprecedented for continuous gas-phase CO:z reduction with water as
a reducing agent, without the need for additional sacrificial agents2.

Phosphorus/boron co-doped, highly porous carbon nitride nanosheets were successfully
synthesised using a green, dual gas-blowing-assisted thermal condensation method. The
incorporation of both phosphorus and boron, along with the porous structure and surface groups,
enabled fine-tuning of the band structure and electronic properties of graphitic carbon nitride, and
also activated the nitrogen atoms located between phosphorus and boron. This activation generated
active sites for the CO: reduction reaction. This synergistic modification approach simultaneously
optimised the physicochemical, morphological, optical and electronic properties of the carbon
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nitride, resulting in enhanced photocatalytic activity and selectivity. The CO yield increased to 22.45
pmol g1 h™! under visible light irradiation, approximately 12 times higher than that of pristine
graphitic carbon nitride, due to extended visible light absorption, effective charge separation, rapid
charge transfer and injection, and improved adsorption capacity?”.

5.4. Catalyst modifications with carbon-based materials

The synthesis of hybrid carbon-based compounds, including semiconductors, is an interesting
approach because carbon-based materials are widely available, inexpensive, have a large specific
surface area, exhibit significant corrosion resistance, possess strong electrical and thermal
conductivity and offer adjustable surface properties?®. Graphene, graphene oxide (GO), reduced
graphene oxide (rGO), carbon nanotubes (CNTs) and carbon quantum dots (CQDs) are the carbon-
based materials most frequently used in TiOz-based catalysts for CO2 photoreduction?®.

Porous hyper crosslinked polymer TiO, graphene composite photocatalysts were evaluated
under visible light irradiation, exhibiting a surface area of 988 m? g and a high CO, adsorption
capacity of up to 12.87 wt %, with a CH, production activity of 27.62 umol g-! h-120, In another case,
graphene modified TiO; spherical shells were used, where the double-sided modification increased
the contact area of the structure, enabling more efficient separation of photoelectrons from both sides
of the shell, with CO as the main product and only a small amount of CH, detected?!!.

Reduced graphene oxide-TiO, composites were synthesised, achieving a CH;0H productivity
of 2.33 mmol g1 h™'. This was achieved by modifying the band gap and promoting the separation of
photogenerated carriers. CuxO-doped TiO; photocatalysts were combined with CNTs, resulting in a
CH, production rate of 117 pumol g h™ under low-power LED lighting. Achieving such CH,
generation rates required careful selection of a hole scavenger and gradual adjustment of its
concentration?? 165212,

Other studies have shown that combining TiO, nanostructured materials, especially TiO,
nanotubes (TNTs) and nanorods (TNRs), with reduced graphene oxide and carbon quantum dots
significantly enhanced photocatalytic CO, conversion. For example, rGO-modified TNTs have been
developed as visible light-sensitive catalysts for converting CO, to CH,, and the incorporation of rGO
improved the efficiency of electron-hole separation. The enhanced photocatalytic activity was
confirmed by an increase in CO, to CH, conversion to 9.27%, twice that achieved with TNTs
(5.12%)2.

In another study, TNTs were modified with biomass-derived CQDs and the composite obtained
by mixing 10 mL of CQDs solution with TNTs produced 13.55 and 3.54 mol g! h™* of CO and CH,,
respectively, corresponding to 2.4- and 2.5-fold higher values compared to bare TNTs?4.

A rod-like TiO,-modified rGO composite was developed for visible light-driven CO,
photoreduction, exhibiting a high specific surface area of 287.3 m?/g and a pore volume of 0.72 cm?/g,
which enabled rapid intraparticle molecular transfer and efficient reactant adsorption (Figure 20).
The total carbon yield obtained with TiO—rGO was 15.7 times higher than that of pure P25. In
addition, the carbon conversion in P25-rGO composites was more than six times higher than that
observed for pure P25215,

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.1590.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 April 2026 do0i:10.20944/preprints202604.1590.v1

42 of 81

14 o

- A s MeOH 1B 19.85 2138

i Chy 204

10 . EtOH =1
© = DVE B4+ thied
© 8] o |
S IS
= =" 9.70
B 5 T 875 “ 523
£ 4l L s

P25 G-15Ti G-20Ti G-25Ti G-15P G-20P G-25P P25 G-15Ti G-20Ti G-25Ti G-15P G-20P G-25P
14
C 104 D
12 y
—=p25 A —+—G-20P
S 10{ —=—G-20P S84 G2
E —e—G-25P E —=—G-20Ti
5 8 . G-20Ti 56 - G2sTi
o 4 v G-25Ti °
o g 44
5 4 =
s 2 o]

2 4 2 3
Reaction time (h) Reaction time (h)

Figure 20. Activity of rGO-modified TiO2 composites for the photocatalytic CO2 reduction. (a) yields of MeOH,
CH,, EtOH and DME, (b) total carbon yields for different catalysts. (c) and (d) individual yields of methanol and
methane, respectively. Readapted from?'.

According to the literature, urchin-like TiO, with a rutile crystal structure was synthesised under
acidic conditions. When carbon (C) powder was introduced during the reaction, the rutile TiO,
transformed into a biphasic structure of rutile and anatase, which has been reported to improve
charge separation. In the presence of C/Ag@TiO,, the productivities were 5.46 pmol g-! h™! for CH,
and 1.51 pmol g h™ for CO, with CH, constituting 78.3 mol% of the total. This suggests that the
addition of carbon (C) promoted selectivity in CO, reduction while limiting the formation of CO?2s,
According to Electrochemical Impedance Spectroscopy (EIS) and Mott-Schottky (MS) curves, the
absorption peaks of the samples were centred around 350 nm, with C/Ag@TiO: showing the highest
absorption within the visible light spectrum. The photogenerated electrons in the conduction band
of anatase readily transferred to the rutile conduction band, which has a lower Fermi level, and then
moved to the Ag surface. The addition of Ag increased the molar ratio of CHs to CO, indicating that
Ag facilitated enhanced electron transfer. Furthermore, carbon (C) showed a high capacity for H0
adsorption, allowing photogenerated holes to accumulate on its surface and directly decompose H.0
to form H*. This accumulation of electrons and H* ions promoted the conversion of COz to CHs,
thereby reducing CO production?.

Figure 21. CO:2 photoreduction mechanism over C/Ag@TiOz. Readapted from?'°.
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The effect of adding carbon spheres (CS) in proportions from 0.05 to 1.00 g per 1 g of TiO, was
investigated. The photocatalysts were evaluated in a liquid-phase system under alkaline conditions,
with the suspensions exposed to UV-Vis irradiation for 6 hours. The identified products of CO,
photoreduction were H,, CO and CHa. Incorporating 10 wt% CS into TiO2 enhanced CO production.
Intermolecular interactions within the materials may have a more significant impact on the CO:
photoreduction process than factors such as pore size distribution or increased CO:z adsorption
capacity. Conversely, the enhanced adsorption capacity resulting from the addition of CSs could
potentially benefit the performance of the photocatalyst?!7.

5.5. Dispersion on supports

The dispersion of TiO2 on various supports may enhance the electronic properties, product
selectivity, and pore structure of the catalysts. Drawbacks include a low mass transfer rate and
limited light absorption. TiO2 photocatalysts can be immobilised on substrates such as fibres,
membranes, glass, carbonaceous materials, silica and clays by dip coating or spin coating. Due to its
better controllability, dip coating is recommended over spin coating 53134 218,

The photocatalytic activity of dip-coated Pt/TiO, supported on mesoporous silica was
investigated for CO, photoreduction to CH,, showing significant production of CH,; and CO, while
only small amounts of CH;OH were formed. Supporting Pt/TiO. on mesoporous silica-maintained
selectivity for CH, generation and enhanced activity?"®. According to the literature, the photocatalytic
activity of glass-supported NiO/TiO, photocatalysts was investigated for the photoreduction of
gaseous CO; into hydrocarbon fuels. It was observed that the distribution of Ni, Ti and O atoms on
the surface of these photocatalysts was stable, and the BET surface area changed only slightly as NiO
loading increased. The absorption edge of the photocatalysts shifted towards the visible region. CH,
was the main product, with maximum production (4.69 mmol g after 90 min) recorded at 10 wt%
NiO/TiO; loading, which was twice that of pure TiO22.

According to the literature, ordered mesoporous silica, known for its large surface area and
stability, was used as a support for dispersing TiO,. Two sets of photocatalysts with varying Ti
contents and support pore sizes were synthesised and evaluated for their microstructures,
photoelectric properties, and CO, photocatalytic reduction efficiency in both solid-gas and liquid-gas
testing modes. During the solid-gas reaction, a clear trend was observed: increasing the pore size of
the support resulted in higher yields of both CH4 and CO. Similar trends were observed in the liquid-
gas reaction, yielding CH;OH?1.

According to the literature, two silica-based materials (SBT10 and SBA-15) with different types
and amounts of porosity were investigated as supports for TiO, in gas-phase CO, photoreduction
with H,O. The enhanced catalytic activity of the SBT10 composite, which outperformed pure TiO,
despite containing only 10 wt% of the photoactive phase, was attributed to its large specific surface
area. The excellent adsorption properties of this mesoporous silica created a substantial reagent
reservoir on its surface, which was then progressively converted by the TiO, nanoparticles. The
hydrophilicity of SBA-15 and the weak interaction of CO:2 with the non-functionalised silica surface
were thought to induce competitive absorption of H20 during the reaction, thereby enhancing the
hydrogen evolution reaction in this composite. Despite the weak CO: bonding, the large specific
surface area allowed a small amount of CO2 to be trapped within the pores when the catalyst was
exposed to a dark CO: flow, which was then photoconverted upon irradiation with H.0222,

According to the literature, photocatalytic CO, reduction in HO was enhanced by introducing
Co-doped TiO, supported on graphene (rGO) as a photocatalyst. Reduced graphene oxide (rGO)
increased light absorption capacity, thereby promoting activity and methanol selectivity.
Furthermore, the presence of reduced graphene oxide promoted activation of adsorbed water,
facilitating the formation of surface hydroxyl groups. This process led to the formation of adsorbed
formate (HCOO") intermediates, which were subsequently reduced at the active sites of titanium (Ti).
After 7 hours of irradiation, methanol yields were 32.3 umol get! for TiO,, 730 pmol ger! for Co-
doped TiO; and 936 pmol ger! for Co-doped TiO,/rGO after 7 h irradiations®2.
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Pt-TiO2 photocatalysts supported on carbon-based materials were prepared using electrostatic
self-assembly. The catalytic activity correlated with the particle size and distribution of the active
metal, which were influenced by the type of carbon-based support used. The effectiveness followed
this order: multi-walled carbon nanotubes > single-walled carbon nanotubes > reduced graphene
oxide > activated carbon. The increased photocatalytic activity of the composites was attributed to
their lower band gaps compared to anatase TiOz, which enabled them to absorb visible light.
Furthermore, the combined effect of adding Pt and carbon materials prolonged the lifespan of charge
carriers, further enhancing the photocatalytic activity of the composites for CH4 production!#.

A multifunctional material combining RuOxTiO: with zeolite 13X enhanced solar-driven
methane production. The hybrid material RuO: (4.0%)-TiO: (26.3%)/Z13X, prepared by solid-state
impregnation (mechanical mixing), showed superior performance under simulated sunlight (0.75 W)
at 150 °C. After 100 minutes, 88% CO: thermo-photoreduction was achieved, resulting in a specific
CHa4 production rate of 29.2 mmol g h and an apparent quantum yield of 20.7%. The zeolite’s
porous structure prevented the formation of large Ru particles and ensured uniform dispersion
across the bifunctional catalyst. However, its reusability declined after three cycles below 250 °C due
to water accumulation from the Sabatier reaction. As zeolite 13X preferentially adsorbs water over
CO,, this led to RuO: double hydration and consequent changes in the Ru oxidation state??.

The rGO/TiO,/Cu and rGO/TiO, nanocomposites were synthesised for the production of CHa
and CO from CO, photoreduction with water vapour under simulated solar light. An efficient one-
pot method was proposed for directly synthesising the composites in a supercritical CO,—ethanol
medium, which showed better photocatalytic performance than traditional preparation methods. The
study examined the impact of varying amounts of rGO as the support on the physicochemical
properties and photocatalytic activity of the composites . Absorbance in the visible spectrum
increased significantly when TiO: nanoparticles were supported on rGO in a supercritical CO:
medium. The absorption threshold of the composite was higher (indicating a reduced bandgap) as
the rGO to TiO: ratio increased. This effect was even more pronounced when the binary
nanocomposite was doped with Cu, which enhanced electron transfer and increased photocatalytic
activity. In the COz reduction process using simulated solar light and rGO/TiO: binary catalysts, CHa
production was minimal compared to CO, regardless of the rGO/TiO: ratio in the composite.
Catalytic activity improved with increasing TiO2 content, up to an rGO/TiOz ratio of 50% . The catalyst
containing equal percentages of rGO and TiO: exhibited a CO:z conversion rate 2.4 times higher than
that of P25. When this composite, with equal percentages of rGO and TiO2, was loaded with 1 wt%
Cu, the production rates of CHs and CO were 22 and 2.6 times higher, respectively, than those of TiOz
P25 nanoparticles??.

A leaf vein-like 2D-1D g-C3N4/P-MWNTSs donor-acceptor semiconductor was synthesised using
a co-grinding and calcination method. CO, photoreduction experiments confirmed significantly
improved performance compared to pure carbon nitride under UV-Vis and visible light irradiation,
as well as good catalytic stability. The incorporation of P-MWNTSs enhanced the photoabsorption and
photoelectric conversion capabilities of g-CsN,?°. The S-C heterojunction further improved the
separation efficiency of photogenerated electron-hole pairs at the interface of Schottky-like barriers.
In this leaf-vein-structured catalyst system, one-dimensional P-MWNTSs were uniformly distributed
on the surface of two-dimensional carbon nitride, acting as electron acceptors and effectively
adsorbing CO:2 molecules. This distribution significantly increased the contact probability between
CO:2 molecules and photogenerated electrons, thereby enhancing CO: photoreduction performance.

g-CsNs was deposited onto nitrogen-doped rutile TiO2 nanorods via in situ deposition, resulting
in the formation of a core/shell step-scheme (S-scheme) heterojunction. The synthesised
heterojunction containing 55 wt% g-CsNa achieved the highest CO: photoreduction activity (33.35
umol of CO) without additional co-catalysts or external sacrificial agents. The N-doped rutile TiO2
core exhibited a small bandgap (~2.68 eV), enabling effective visible-light absorption. Furthermore,
the uniform growth of the g-CsNs shell on the nanorods induced a strong interaction between the
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components, promoting electron transfer and the S-scheme heterojunction improved charge
separation and optimised redox capabilities?2s.

Figure 22 illustrates the bandgap structure and the proposed mechanism for the CO,
photoreduction process, adapted from the paper by Li et al.?".
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Figure 22. On the left band gap structure and on the right COz photoreduction process of CMR-3. Readapted

from??7,

A 2D-1D-2D multi-interfacial electron transfer scheme was developed using a g-
CN4/MWNTs/rGO composite. Regarding the reaction mechanism, UV- or visible light-activated
pure carbon nitride generates electrons and holes in the conduction band (CB) and valence band (VB)
of g-CsNa. The photogenerated electrons are transferred to the rGO via two pathways: from carbon
nitride to P-MWNTs to rGO, or directly from g-CsNa to rGO, both driven by the built-in electric field
at multiple interfaces. Furthermore, the 7t-7t conjugation effect at the interfaces of g-CsN+/P-MWNTs
and g- CN4/rGO further enhanced the electron generation process within pure CN2. The
photogenerated holes in the valence band of CN were captured by triethanolamine (TEOA),
effectively preventing the recombination of photogenerated carriers. The reaction of CO2 with H20
formed H2COs, which then dissociated into 2H* and COs?~. CO2 molecules adsorbed on the catalyst
surface reacted with photogenerated electrons and H* ions to form CO molecules, which could either
desorb from the catalyst surface as CO gas or remain adsorbed to undergo further reactions. The
latter could react with additional electrons and H* ions to produce CHs molecules. Finally, CHs gas
can be desorbed from the catalyst, following a typical 2/8 electron reduction process.

5.6. Surface sensitisation and heterojunctions

Surface sensitisation is another strategy for enhancing the efficiency of photoexcitation processes
and expanding visible light harvesting capacity. The semiconductor is used primarily as a charge
carrier rather than as an electron and hole generator, and the process is rapid. Dyes are the most
commonly used sensitisers, with the dye acting as a light harvester and the semiconductor serving
as an electron acceptor. Light-sensitised squaraine dyes were synthesised and combined with TiO, to
produce dye-sensitised catalysts. After an induction period, the photodegraded squaraine was found
to act as an effective photosensitiser under irradiation above 400 nm, achieving a turnover number
for CO production of 165 over 70 h'%,228 229,

The most widely used method to enhance the photocatalytic performance of TiO: is
heterostructure synthesis. Two compatible semiconductors are combined to form a heterostructure,
which performs better than each semiconductor alone' 2. For example, combining surface-
modified TiO2 nanoparticles with RGO and CeO: effectively promotes the conversion of CO:2 to
CH30H and C2HsOH. The modified TiO2/RGO/CeO:2 photocatalysts produced CHsOH (641 pumol g
h1) and C:HsOH (271 pumol g h™), seven times more than pristine TiO2%1.
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According to the charge carrier separation process, three types of TiO:-based heterojunctions
can be distinguished: type II, direct Z-scheme, and S-scheme heterojunctions. Recent research on this
topic has been summarised elsewhere® 102 232233, The following sections present several examples of
Z-scheme and S-scheme heterojunctions. The classical Z-scheme heterojunction describes a
photocatalytic system in which two semiconductors are independently excited by light, and the less
energetic electrons and holes recombine across their interface. This recombination preserves only the
most reducing electrons in one semiconductor and the most oxidising holes in the other?*2%,

In contrast, the S-scheme model emphasises Fermi-level alignment and the formation of a strong
built-in electric field at the interface. Instead of requiring two full photoexcitation events, the S-
scheme relies on selective recombination driven by this internal field. As a result, charge migration
becomes directional and occurs only for the low-energy carriers, while the high-energy carriers
remain spatially separated. This makes the S-scheme physically more realistic for many modern
heterojunctions. Both schemes produce strong redox carriers, but they differ in the mechanism that
leads to this separation. The Z-scheme is governed by geometry and band alignment, whereas the S-
scheme is field-driven’# 2523,

The type II heterojunction is one of the most widely used configurations and can be formed by
combining a semiconductor with a higher conduction band with another that has a lower valence
band?®. High CH, productivity was achieved using g-CsN4/TiO, photocatalysts under irradiation
with an 8 W UV lamp for 4 hours?¥. Figure 23 also shows the photoreduction mechanism of modified
TiO,/RGO/CeO; photocatalysts leading to CH;OH and C,HsOH.
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Figure 23. Heterojunction photocatalysts for CO2 photoreduction: (a) the photoreduction mechanism of modified
TiO,/RGO/CeO; photocatalysts and (b) the CH;0H and C,HsOH yields for different photocatalysts. Readapted

from!102,

A hierarchical g-CsN4@TiO:z hollow sphere was synthesised by assembling a TiO: shell onto the
surface of a hollow carbon nitride sphere (HCNS). The photocatalytic performance showed a
synergistic effect between the g-CsN4 and P-25 components, achieving a CHsOH productivity of 11.3
pmol gcat™ h'. This rate was over 10 and 5 times higher than that of pristine P-25 and g-CsNs,
respectively. As previously mentioned, the heterojunction facilitated rapid electron transfer at the
semiconductors interface and improved the separation of electron-hole pairs, as shown in Figure 24.
Additionally, the carbon nitride hollow structure enhanced light harvesting in the visible range and
induced multiple light reflections within the interior cavity?4.
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Figure 24. Illustration of the CO: photodegradation mechanism over g-CsNs«@TiO2 hollow nanosphere.
Readapted from?:!.

In another study, a porous core-shell photocatalyst was developed by combining TiO:
nanoparticles with graphitic carbon nitride using self-assembled supramolecular precursors,
achieving productivities of 26.89 umol g-! h* for CO, 8.91 umol g' h™' for CHs and 1.61 umol g h!
for Hy, all significantly higher than those of the pristine semiconductors. The confined space within
the core-shell structure played a major role by enhancing the concentration of reactants and
increasing their likelihood of interacting with the catalyst. This same confinement at the core-shell
interface also improved electron transfer through the Z-scheme concept?.

A heterojunction nanocomposite photocatalyst combining ZnIn,S, and TiO, was investigated,
exhibiting higher yields of CO and CH, than those achieved with both semiconductors alone. The
high CO yield with ZnIn,S, was attributed to its negative reduction potential of -0.71 eV. In contrast,
the CHy, yield was higher with TiO,, which has a less negative reduction potential of -0.37 eV. A
nanocomposite containing 15 wt% ZnlIn,S, yielded 1754 umol/g for CO and 481 pmol/g for CH, in 10
h experiments?32.

The ratio of the AgVO;/Ag/TiO, nanowire composite was optimised by adjusting the mass ratio
between AgVO; and TiO, nanowires using a hydrothermal method. Lower methanol productivity
was attributed to the formation of larger Ag metal and AgVO; particles, resulting in a reduced specific
surface area at lower AgVO; loadings. As the AgVO; loading increased to 50 wt% and 75 wt% on
TiO,-NWs, aggregation of AgVO; and Ag particles led to poor dispersion and lower surface area,
causing a decrease in CH3OH production yield to 6626.5 and 5603.3 pmol g™ h, respectively. In
contrast, a 25 wt% AgVOs loading on TiO,-NWs catalysts achieved the highest productivity (9561.3
pmol g™ h! after 2-8 hours of accumulation time)*.

An S-scheme mechanism was proposed to explain the charge transfer process, as illustrated in
Figure 25. According to this mechanism, photoexcited electrons from the conduction band of AgVO;
are transferred to the valence band of TiO, nanowires, where they recombine with holes present in
this material. As a result, electrons with stronger reduction potential remain in AgVOj3, while holes
with higher oxidation potential remain in TiO,, boosting the photocatalytic reactions. Additionally,
the SPR effect of metallic Ag on the photocatalyst surface also contributes to the enhancement of
photocatalytic activity.
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Figure 25. Band Structure and Charge Transfer Mechanism of AgVOs/TiO,-NanoWires (NWs). (a) the TEM
image of the 25 wt% AgVO;/TiO-NWs photocatalyst, (b) the band energy positions after contact between the
semiconductors and the proposed charge transfer mechanism under light irradiation, and (c) the S-scheme
charge transfer mechanism for the AgVO3/TiO,-NWs system under irradiation. Readapted from*.

V2AIC@V:05 was supported on TiOz and immobilised on a honeycomb structure using the sol-
gel dip-coating technique*?. Reducing CO: with water using the V:AIC@V205/TiO> composite
primarily produced CO with a small amount of CHs. However, the yields of CHs and Hz increased
significantly when CO:z was reduced via the bi-reforming of methanol, as shown in Figure 26. The
partial oxidation of V205 formed heterojunctions between V:AIC/TiO: and V:05/TiO2, which
effectively separated photoinduced charges and reduced recombination. Under UV light irradiation,
electrons were initially generated on TiO: and then transferred to V205 due to its lower conduction
band position compared to TiOz. Simultaneously, holes moved from the valence band of V205 to TiO:
because of their suitable relative potentials. In addition, the strong interphase interaction and high
dispersion of TiO2 on V:2AIC facilitated effective electron transfer towards V:AIC. A recent

breakthrough revealed that V2C and TiO: have appropriate Fermi levels, enabling efficient electron
transport at the interface.
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Figure 26. Mechanism of photocatalytic CO2 reduction using a water/methanol mixture. Readapted from?®.

ZnSe-sensitised hierarchical TiO, nanosheets encapsulating MIL-125(Ti) hollow nanodisks were
designed, forming a sandwich-like structure through a series of solvothermal and selenylation
reactions, using MIL-125(Ti) nanodisks as the precursor. TiO, nanosheets were transformed from
MIL-125(Ti) and grew in situ on both sides of the MIL-125(Ti) shell, forming sandwich-like hollow
nanodisks. The MIL-125(Ti)/TiO; ratio could be adjusted by varying the solvothermal time. The
ternary hybrids provided enhanced light utilisation and numerous accessible active sites due to their
bimodal pore-size distribution and hollow sandwich-like heterostructure. The multi-channel charge
transfer routes in the ternary heterojunctions enhanced charge transfer and separation, extending the
lifespan of the charge-separated state and increasing CO, photoreduction performance. The
optimised ternary hybrid achieved significant yield rates for CO (513.1 umol g h-1) and CH, (45.1
umol g1 h1)2,

TiO2/CsPbBrs S-scheme heterojunctions were prepared by facet engineering of TiO2 to modulate
the internal electric field. This method aimed to control charge transfer dynamics and enhanced
photocatalytic activity. The composite material achieved a CO yield of 12.5 umol h-! with a selectivity
of 90.2%, which was 15.6 times higher than that of pristine T-101 TiO2. This improvement was
attributed to the exposed facets of TiOz, as T-101/CsPbBrs exhibited a CO yield 5.6 times higher than
T-001/CsPbBrs. XPS and EPR analyses provided evidence of electron migration between the
components, confirming the S-scheme mechanism of charge transfer in TiO2/CsPbBrs
heterostructures. DFT calculations indicated that the increased Fermi level gap between T-101 and
CsPbBrs generated a stronger internal electric field with more pronounced band bending, creating a
larger driving force compared to the T-001/CsPbBrs heterostructure, and effectively eliminating
unnecessary photoinduced charge carriers??”.

A one-dimensional catalyst was synthesised using oxygen-deficient blue TiO: to enhance
electron mobility and increase visible light absorption. Additionally, hexagonal ZnIn2Ss nanosheets,
which have a small bandgap and improved visible light absorption, were used to form effective
heterostructures. The constructive interaction between these two materials promoted efficient charge
transfer from ZnIn2Ss to blue TiOz. This significantly improved the activity and selectivity of the CO:
conversion processes, with CHs productivity ten times higher than that of ZnIn:Ss alone, while bare
blue TiO2did not produce CHa. The high activity was attributed to the accumulation of electrons and
the increased CO binding energy intensified by oxygen vacancies, which promoted the subsequent
protonation step. However, a high loading of blue TiO: in the composite materials led to lower
activity and selectivity, as it can completely cover ZnIn2Ss, limiting the exposure of ZnIn2Ss facets and
thus inhibiting charge transfer and separation?.

Russelite Bi2WOs has been extensively documented for its effectiveness in the photocatalytic
degradation and mineralisation of various pollutants and organic compounds. These materials
exhibit a perovskite-like structure with hierarchical morphologies, which endows them with
exceptional optoelectronic properties. Bi2WQe/TiO: heterojunctions have been developed and tested
for gas-phase CO: photoreduction efficiency under UV light, to stimulate the excitation of both
semiconductors. Bi2WQOs primarily facilitated the production of CO and Hz, with smaller amounts of
CHa4 and C2H4O. In contrast, coupling Biz2WQOs with TiOz semiconductors resulted in a 39.8-fold and
2.7-fold increase in CHa4 production compared to bare Bi2WQOs and TiO, respectively. The composite
material also produced H2and CO, as well as smaller amounts of C2H4Oz, C2Hs, and C2Hs. The highest
CHa yield was 15.9 umol gt after 15 hours of UV illumination, exceeding the yields obtained with
either individual material, due to the more effective charge transfer mechanism in the heterojunction.
Photoelectrochemical measurements showed enhanced charge transfer in the hybrids, with a
decrease in charge transfer resistance upon illumination. Additionally, charge dynamics studies
revealed a prolonged lifetime of photogenerated carriers in the hybrids and slower recombination
rates, resulting from improved charge transfer in the heterojunction, so that reduction and oxidation
occurred on TiO:2 and Bi2WOe, respectively. Moreover, surface composition studies showed
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preferential adsorption of CO:2 as carbonate or bicarbonate species on TiO: active sites, which
participated in both the reaction and deactivation pathways2#.

A bifunctional dual-vacancy modified hollow heterojunction photocatalyst was also studied for
the photoreduction of CO, to CO, coupled with the selective oxidation of benzyl alcohol to
benzaldehyde. CO and benzaldehyde were produced with productivities of 105 and 323.5 pmol g
h7, respectively. A synergistic catalytic effect arose from the hollow heterostructures: TiO, with
oxygen vacancies (TiO,) and Zng.;«Cdo.sS with zinc vacancies. The nanoparticles of the latter
material were anchored in situ on the exterior of the TiO; shell, ensuring a close interface between
the two components. During this process, partial reduction of TiO, generated TiO,-, with oxygen
vacancies. The hollow structure provided more active sites and enhanced light absorption for CO,
photoreduction combined with benzyl alcohol oxidation, while the compact Z-scheme heterojunction
facilitated carrier separation in the composite?*.

CuCo254 thiospinel was prepared with a hierarchical yolk-shell hollow structure using a cost-
effective solvothermal method without surfactants or templates. This structure enhanced multiple
scattering and reflections, maximising photon utilisation. Furthermore, Bi-modified TiO:2 was
encapsulated in the thiospinel using the isoelectric point-assisted calcination technique, ensuring
close contact between the two materials and, in principle, preventing random coupling, according to
Figure 27%. This resulted in the formation of a Z-type heterojunction (CCS@3B-TiO2). The CHs and
COyields were 42.2 and 25.5 pumol g, respectively, which were ten times higher than those achieved
with pure TiO: for methane production. Bi ions enhanced light absorption and promoted the
separation and transfer of electron-hole pairs. Furthermore, the formation of a secondary phase,
Bi2Ti207, was observed on the TiO: surface, imparting surface basicity and stabilising CO:z and the
lower oxidation state of Bi** compared to Ti#". This facilitated the introduction of oxygen vacancies
and modified the electronic properties™.

Rigid sphere Core-shell Yolk-shell Yolk-shell
CuCo-gly CuCo-gly@CCS CuCo-gly@CCS cCcs

Figure 27. Scheme of CuCo254 yolk-shell hollow spheres. Readapted from®.

Silver and cadmium sulphide nanoparticles, with an average particle size of less than 20 nm,
were loaded onto the surface of TiO, nanotubes (Ag/CdS/TNTs) using sodium dodecyl benzene
sulfonate, increasing the number of surface-active sites on the nanocomposites. Photocatalytic
experiments with triethanolamine and acetonitrile as sacrificial agents yielded a CO productivity of
1456 umol g* h™'. Additionally, Ag/CdS/TNTs nanocomposites exhibited a Hz evolution rate of 3700
umol g1 h™1, which was twice that of pure TiO, due to the formation of a S-scheme heterojunction?#.

TiO,-Cu,ZnSnS, nanocomposites were prepared via a one-step hydrothermal procedure for
visible light-driven production of CO and CH,. The enhanced photocatalytic activity of the hetero-
integrated nanocomposites was attributed to their small nanocrystal size, large surface area with
more active sites, enhanced absorption of visible light and facilitated interfacial contact between TiO,
and Cu,ZnSnS,, which promoted electron migration, suppressed recombination of photo-induced
charges, and enhanced the redox capabilities of charge carriers. Increased charge separation occurred
due to electric field-induced drift resulting from the formation of a p-n junction at the interface of n-
type TiO; and p-type Cu,ZnSnS.2%.

Hybrid-phase MoSe2 nanosheet-coated Cu-doped TiO: nanofibres effectively absorbed light
across an extended band edge, exhibited prolonged charge carrier lifetimes and facilitated rapid
charge transport via an S-scheme mechanism. In terms of morphology engineering, MoSe:
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nanosheets with varying proportions of the 1T phase and abundant active sites were synthesised,
influencing their interaction with the reaction environment to enhance CO: photoreduction by
creating highly hydrophobic surfaces. However, excessive MoSez, particularly when the 2H phase
predominates on the Cu-TiO2 nanofibre surface, reduced active site density and introduced a light-
screening effect. Moreover, excessive MoSez accumulation on the Cu-TiOz surface can promote charge
carrier recombination, thereby reducing the photocatalytic efficiency?®.

Pb? ions in PbO-decorated TiO2 composites induced the transformation of brookite TiO2 quasi-
nanocubes (pristine TiO2) into heterophase junctions comprising brookite nanorods and anatase
nanoparticles. The 1.0% PbO/TiOz sample achieved the highest CHs and CO productivities of 53 and
6 umol g h, respectively, with an overall photoactivity (total consumed electron number) of 437.7
pmol g h'. This corresponded to a 33.2-fold increase compared to pristine TiO2. Moreover, the
brookite/anatase TiO: heterophase junctions effectively suppressed photogenerated charge
recombination, while the presence of PbO with these heterophase junctions enhanced CO:z adsorption
and activation processes®!.

S-scheme heterojunction of TiO2/g-CsNs was formed, followed by a hydroxyl group removal
from the surface of the catalyst by mild-temperature hydrogen reduction, creating active sites rich in
vacancies. The CO: photoreduction rate to produce CHs without additional hole scavengers except
pure water was approximately 27.4 umol g1 h'' with 93.6% selectivity, 39 times higher than pristine
g-CsN4 and 5.6 times higher than TiOz. Characterisation techniques including photoluminescence,
time-resolved photoluminescence, femtosecond transient absorption spectroscopy and
electrochemical impedance spectroscopy have demonstrated that the defects promoted ultrafast
charge carrier transfer pathways and enhanced interactions at heterojunction interfaces. Moreover,
H: reduction of the photocatalyst improved the transfer of light-excited charges to the surface, hence
boosting its strong redox capabilities in photocatalytic reactions?>2.

The Co304/Ti*-TiO2/NiO hollow core-shell heterojunction demonstrated significantly enhanced
photocatalytic performance compared to bare TiOz. This included H: evolution (2135 pmol g h, a
ca. 80-fold increase) and CO: photoreduction (Hz/CHs/CO = 34.85/132.25/12.65 umol g h', ca. 30-fold
increase), along with improved CO2 photoreduction selectivity. These enhancements were attributed
to the synergistic effects of Ti** ions and oxygen vacancies and of dual p-n junctions within the
heterojunction structure. In particular, the Ti*-TiOz, with shallow donor levels induced by Ti*/Vo,
not only enhanced solar harvesting efficiency, but also lowered the threshold for H-O" to H* and "*CO
to “CHO reduction, so improving the selectivity for hydrogen evolution reaction and methane
production. This included boosting H* diffusion and the adsorption of H2O/CO2/'CO. Furthermore,
the dual p-n junction, with a suitable potential gradient, efficiently improved the separation and
transport of photogenerated carriers. The synergistic effects of Ti**/Vo and dual p-n junctions ensured
a balanced generation, separation, and transportation of photo-generated charge carriers. This
facilitated rapid electron diffusion into water for the photoreduction of H:0 to Hz and CO2
photoreduction to CHs/CO23.

Binary Cu BTC@TiO, catalysts with adjustable inner cavities were synthesized using copper-
based metal organic framework octahedrons via a solvothermal reaction. The inner Cu-BTC
octahedrons were selectively etched into hollow octahedral structures using HF. Subsequently, Cu-
BTC@CuSe@TiO: hollow octahedrons (HOs) were created through a selenization reaction. These
structures exhibited several beneficial properties, such as abundant active sites for CO2 adsorption
and reduction reactions, a shortened charge transfer distance to mitigate electron-hole recombination
and internal reflection/scattering effects that enhanced solar light utilisation. Furthermore, the
formation of dual p-n heterostructures between p-type CuSe and n-type semiconductors (Cu-BTC
and TiOz) effectively facilitated spatial separation and migration of charge carriers. CO production
rate was 72.3 umol h-! g* with 100% selectivity?54.

In order to enhance sunlight utilisation, improve the separation and transfer efficiency of
photogenerated electron-hole pairs, and optimise the reaction on the catalytic surface, a
CulnS:/C/TiOz2 hierarchical tandem heterostructure has been designed. Various in-situ
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characterisations and DFT simulations revealed that CQDs not only served as a co-catalyst but also
acted as a bridge between TiO2z and CulnSz. This bridging role facilitated the efficient separation and
concentration of photogenerated electron-hole pairs while effectively preventing their
recombination. This structure significantly enhanced the performance due to the construction of a
tandem heterojunction electron transfer mechanism, which enabled electrons to flow in an orderly
and directional manner, significantly increasing the number of effective electrons involved in the
protocatalytic reaction process?®.

A CsPbBrs@mesoporous TiO:2 beads S-scheme heterojunction was synthesised by incorporating
CsPbBrs perovskite QDs into the pores of titania. The CO: photoreduction performance was
examined in a COz-saturated ethyl acetate and water mixture. The heterostructure increased the
photocatalytic efficiency, resulting in close contact and strong interaction, which ensured efficient
electron transfer between them. This electron transfer created a built-in electric field from CsPbBrs to
TiO2, which promoted the formation of the S-scheme heterojunction?3.

Covalent organic frameworks (COFs) have demonstrated significant potential in forming S-
Scheme junctions, which feature both spatial separation and a robust redox capability of
photogenerated charge carriers. S-scheme TiO2/COF heterojunctions were investigated. When T-001
and T-110 TiO: were combined with COF, their activity for photocatalytic CO: reduction was
significantly enhanced. With an optimal amount of coupled COF, T-001/COF achieved a
photocatalytic CO2 reduction rate of 2.5 pmol g, which was approximately 4.2 times greater than
that of T-001 nanosheets alone, even if lower than other simpler materials. When the weight ratio of
COF exceeded 3%, the photocatalytic activity for CO2 reduction was suppressed. Samples with 101
facets exhibited a boost of 14.5 times in activity. For instance, T-101/3% COF achieved a photocatalytic
CO2 reduction rate of 11.6 umol h-! with a selectivity of 95% for CO. The transfer of electrons between
each component was demonstrated by XPS and EPR, confirming the S-scheme pathway of charge
transfer?>.

Similarly, a van der Waals heterojunction composite, integrating g-CsN, with nitrogen vacancies
and COF, demonstrated CO evolution rate for the heterojunction 45 and 15 times higher than that of
g-C3N4 and g-C3N4/COF, respectively. Additionally, the m-mt stacking interactions helped stabilise
nitrogen vacancies during the reaction. Consequently, g-CsN4(NH)/COF demonstrated proper
selectivity and stability in the photocatalytic reduction of CO, to CO. Both experimental and
theoretical results indicated that the S-scheme system effectively integrated CO, capture, activation
and charge transfer features?s.

The composite material TiO.@CTF-Py (Covalent Triazine Framework) connected the inorganic
semiconductor to a nitrogen-rich, porous, conjugated and coordinating organic structure through
covalent bonds. When modified with Co?, this composite served as an effective photocatalyst for
converting CO2to CO with high selectivity, using water as the electron donor and operating without
the need for external photosensitisers or sacrificial agents. The 60-TiO2@CTF-Py composite exhibited
the highest performance, achieving 43 pumol g™ h=' CO productivity and a selectivity of 98.3%. UV-
Vis light exposure promoted electrons in both nano TiOz2 and CTF-Py materials. The excited TiO2
electrons transferred to CTF-Py and finally accumulated at the metal sites for CO: reduction, while
the positively charged holes gathered in the TiO2 VB for H2O oxidation. The performance was
attributed to its porous structure, which promoted CO: adsorption and diffusion, to the Z-Scheme
heterojunction structure and to the covalent bonding within TiO:@CTF-Py that allowed efficient
separation and migration of photogenerated electrons*.

TiO2 nanoflower composites with the UiO-66 metal organic framework were investigated and
the results indicated that the composite, particularly the one containing 25% UiO-66, significantly
enhanced the CHs and CHsOH production compared to the separated components, as usual
increasing the separation of electrons and holes (e7/h*) and enhancing the CO:z adsorption capacity.
The efficiency of electron-hole separation and transfer was assessed using transient optical current,
impedance spectroscopy and photoluminescence?®.
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TiO2 was activated to enable CO2 reduction under visible light by adding Bi2MoOs as an electron
donor, achieving 27.1 pumol g methanol production. Introducing Bi2MoOs nanoparticles into Vo-
modified TiO: facilitated the electron transfer across the interface. This enabled TiO: active sites to
adsorb CO:, while photogenerated charges from Bi2MoOs facilitated CO: reduction reaction, as
testified through photophysical and photoelectrochemical characterisations®.

Photonic crystals composed of TiO2 nanotube arrays with periodically modulated diameters
were synthesised using a precise charge-controlled pulsed anodisation method and adorned with Au
nanoparticles. CO2 photoreduction was tested at various irradiation wavelengths and illumination
sequences. The spectral composition of incident light could be employed to freely switch
photoreduction pathways between a methane-producing route and a plasmonic Z-scheme that
generated HCHO and CO. Under simulated sunlight, CHs was observed as the dominant product,
achieving 302 umol g™ h? productivity with 89.3% selectivity. Conversely, HCHO and CO were
primarily produced (420 umol g h™* and 323 umol g h7, respectively) under visible + UV light?61.

A 0D/1D Cu2«S/TiO2 S-scheme photocatalyst was synthesised using a solvothermal method. The
CHs production rate was 14.1 umol h™, approximately 3.9 times greater than that of pure TiO2. By
integrating Cuz«S with TiOz to form an S-scheme heterojunction, the charge separation and reduction
activity of the hybrid photocatalyst were enhanced efficiently compared to pure TiO2. The uniformly
distributed Cu2-S improved light absorption and CO: adsorption of the hybrid photocatalyst.
Moreover, the photothermal effect due to the SPR of Cu2+S synergistically increased the efficiency for
the CO2 photoreduction?62.

A series of Bi2WOs/TiO2 composite photocatalysts with varying ratio of Bi2WOs nanosheets to
TiO2 nanobelts was synthesised using a hydrothermal technique. A methane yield of 11.95 umol g
in 8h experiments was achieved and DRS indicated that the Bi2WOs nanosheets extended TiO:'s light
absorption into the visible spectrum, achieving an apparent bandgap as small as 1.9 eV. The
physicochemical and optical properties of the photocatalysts demonstrated improved CO:
adsorption and the formation of the heterojunction effectively facilitated charge carrier transfer,
prolonging the separation time of photoinduced charge carriers and thereby enhancing
photocatalytic performance. Additionally, the reduced recombination rate of electron-hole pairs
contributed to increase the CO: photoconversion efficiency?26.

The photocatalytic efficiency of g-C;N4 demonstrated heavily influenced by the recombination
probability of photogenerated carriers. When g-CsN, was combined with other semiconductors, an
internal electric field was created at the heterojunction interface, leading to band bending. This
formed a close-contact interface that enhanced the transfer and separation of free charges, addressing
the issue of poor visible light absorption. The formation of heterogeneous interfaces, along with
suitable electronic structures and band gap configurations, can effectively boost photocatalytic
activity. For instance, an efficient COz photoreduction catalyst was produced by embedding ZIF-67-
derived CosOs hollow polyhedrons into a 3D graphitic carbon nitride using a NaCl template,
followed by loading Ag through photo-deposition. The composites were characterised by two
simultaneously created heterojunctions: a p-n junction between Co3Os and g-C:N: and a metal-
semiconductor junction between Ag and g-CsNa. In this system, CosOs acted as a hole (h*) trapping
site and Ag served as an electron (e’) sink, enabling spatial separation of charge carriers. The
composites demonstrated higher transient photocurrent responses compared to pure components,
indicating rapid separation and transfer of the photogenerated electron-hole pairs. When Ag was
further deposited onto the composites, the resulting metal doped ternary compound exhibited the
highest photocurrent density?¢.

A series of ternary NiAl layered double hydroxide/g-CsN4/CQDs photocatalysts has been
synthesised for the photoreduction of CO2 to CO using a hydrothermal method. CQDs with
nanometric sizes of 3 to 4 nm were uniformly distributed on the surface, forming tight junctions. This
well-dispersed arrangement of CQDs facilitated the transfer of photogenerated charge carriers
between interacting heterojunctions, reducing their recombination by effectively enhancing the
separation of electron-hole pairs. The photocatalytic performance under full-spectrum irradiation
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was significantly improved by CQDs addition, even in the absence of sacrificial reagents or
photosensitisers: CO yield of 20.67 pmol g*' h' was obtained and attributed to a type-II
heterojunction for charge transfer2.

A lead-free double perovskite Cs:2TeBrs was combined in a heterojunction with g-CsNa. Electrons
from g-CsNa naturally migrated across the interface to Cs2TeBrs and this created a space charge layer
at the interface, where g-CsNa: became positively charged and Cs:TeBrs negatively charged,
establishing an internal electric field. The latter drove the photoinduced electrons in the CB of
Cs2TeBrs to recombine with the photoinduced holes in the VB of g-CsNa. As a result, g-CsN4 and
Cs2TeBrs were enriched with strong electron and hole concentrations, respectively. This S-scheme
charge transfer mechanism offered efficient separation of photoinduced carriers and the retention of
the powered redox potentials of the hybrid material2.

A two-step hydrothermal calcination tandem synthesis strategy was introduced, involving the
incorporation of CQDs into g-CsN4 to produce ultra-thin nanosheets. This approach ensured the
creation of a heterojunction with a thin structure, increased surface area and improved crystallinity.
The integration of CQDs triggered a structural reconfiguration in g-CsNs, which revealed abundant
built-in electric fields on its surface and enhanced the optical properties of CQD/g-CsNs, reducing
charge recombination and improving electron exchange efficiency, which accelerated the
photocatalytic reduction process. The CO productivity resulted 48 umol g-! h™, three times higher
than that of pure g-CsN+7.

A durable S-scheme heterojunction was created, consisting of 3D ZnO hollow spheres encased
by 2D g-CsNa layers. The electrostatic attraction between the components aided in the exfoliation of
the g-CsN4 layers and enhanced the overall stability of the photocatalyst framework. The g-CsN4/ZnO
photocatalyst achieved a CH4 production rate approximately 40 times higher than pure ZnO and 7
times higher than pure g-CsNa4. This improvement was due to the extended light absorption and
reduced charge carrier recombination. Additionally, EPR was employed, beyond conventional
methods, to investigate charge transfer within the S-scheme heterojunction. A noticeable shift in the
relevant EPR band was observed after forming the g-CsNs/ZnO heterostructure, demonstrating the
occurrence of electron transfer?e®.

2D/2D g-CsN4/BisTaOsCl heterojunction catalysts were prepared using an electrostatic self-
assembly method in an acidic solution. The charge separation efficiency was demonstrated by higher
photocurrent density of the composite than that of Bi;TaOsCl and g-Cs;N,, suggesting that the
formation of the heterojunction enhanced the separation of photogenerated electrons. Additionally,
a sharp increase in photocurrent was observed for upon illumination. This occurred because
photogenerated electrons and holes transferred to and accumulated on the surfaces of BisTaOsCl and
g-C3Ny, where they then recombined with species in the electrolyte, resulting in a decrease in
photocurrent. The photocatalytic performance of a sample with top-to-top facet coupling surpassed
that of lateral-top combination, emphasising the additional significance of facet coupling?®.

The simultaneous proton reduction to H; and CO, reduction to CO was observed upon
irradiation of a hybrid photocatalytic system comprising a black phosphorus/Co@CsN,
heterojunction. Specific H,/CO syngas ratios ranging from 1 to 5 were achieved by adjusting the black
phosphorus loading in the system, with a linear increase in the H,/CO ratio. The most effective
formulation produced 69 umol g h™! with a syngas ratio of 2 . Moreover, the addition of CoCl,
enhanced the H; production, providing an alternative method to control H,/CO syngas ratios using
lower black phosphorus loading?™.

g-CsNynanosheets were chosen as the primary photocatalyst, onto which rod-like CeO, and rGO
were deposited to create a 2D-1D-2D sandwich photocatalyst structure. The photocatalytic CO,
reduction tests demonstrated that the construction of a multi-interface S-scheme structure
significantly enhanced electron transfer efficiency, which was crucial for improving CO,
photoreduction efficiency. Additionally, the S-scheme electron transfer mode maximised the redox
potential of the charge carriers. The integration of rGO introduced various contact interfaces across
different dimensionalities (2D-1D; 1D-2D; 2D-2D), serving as electron transfer channels that further
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boosted electron transfer efficiency and CO, adsorption capacity. Moreover, the m-mt conjugated
structure of CN enhanced the photogenerated process of m-electrons. This was hypothesised as: after
excitation, electrons in the CB of CN can transfer to the surface of rGO via a Schottky-like barrier at
the 2D-2D mt—mt conjugated interface. Additionally, a portion of the electrons from the CB of CeO, can
rapidly recombine with the photogenerated holes in the VB of CN through the 1D-2D interfacial
contact and another fraction of electrons from the CB of CeO, can migrate to the rGO surface across
a 1D-2D Schottky-like barrier interface?.

A cascade Z-scheme g-C3N4/BiVO,; heterojunction has been engineered through dual
modifications involving phosphates and Ag nanoclusters for CO, reduction in pure water.
Phosphates were incorporated at the interface using a simple impregnation method. At the same
time, Ag nanoclusters were deposited on the CN surface via a light-induced in-situ deposition
technique under a low-temperature environment created with liquid N,. The optimised
heterojunction achieved a CO production rate of approximately 48 umol g with 97% selectivity,
representing a 24-fold increase if compared to pristine BiVO,. When the two single semiconductors
were excited under light illumination, electrons in the CB of BiVO, rapidly recombined with holes in
the VB of CN, aided by the phosphate interfacial modification, following the Z-scheme charge
transfer pathway. The Ag nanoclusters captured the electrons separated in the CB of CN. The strong
affinity of CO, for Ag and its subsequent activation significantly promoted the production of COOH*
intermediates. Additionally, the enhanced CO desorption properties of the modified Ag contributed
to high selectivity in CO conversion?s.

Carbonised pomelo peel was utilised as a waste biomass precursor to construct a ternary
heterojunction with carbon nitride, including BiOCIBr nanosheets enriched with Vo), rich in N and
O vacancy defects through secondary calcination combined with in situ growth. Under visible light
irradiation, the CO production rate reached 22.9 umol g h™l. Importantly, this heterojunction also
demonstrated CO; reduction capability under infrared light, with a CO productivity of 3.28 umol g
h, indicating its potential for effective sunlight utilisation. The formation of the heterojunction and
the introduction of defect-induced donor energy levels created a built-in internal electric field and an
interfacial electron transfer channel, which enhanced the separation and movement of
photogenerated electrons. The 3D porous structure of the biomass derived carbonaceous material
and its biomimetic flower-like morphology extended the spectral absorption range. It also acted as
an electron acceptor, photothermal cooperative centre and CO, adsorption activation site,
contributing to an improved internal electric field?”.

An S-scheme composite was developed by in-situ growing tetragonal a-AgMoQO, nanoparticles,
sized between 5 and 30 nm, onto ultrathin porous g-CsN4 nanosheets. The nanosheets effectively
supported the nanoparticles, forming a composite and enhancing charge separation within the
carbon nitride material, while preserving the strong redox capability of the composite and offering
increased availability of adsorption sites for CO,. CO and CH, productivities resulted 6.98 and 0.38
pmol g™ h1, respectively?72.

A composite consisting of Au nanoparticles modifying hexagonal g-CsN, tubes, g-CsN4 and CdS
was developed and the incorporation of nanotubes enhanced the dispersion of the catalyst during
the photocatalytic process. The addition of Au nanoparticles improved the photoelectric conversion
efficiency of the g-CsNi/CdS type II heterojunction and increased the separation efficiency of
photogenerated carriers within the composite. In COz photoreduction experiments, the yields of CO
and CH4 were approximately 55.4 pmol g and 8.6 umol g7, respectively, after 4 hours of UV-Vis
light exposure, ca. five times greater than that of the nanotubes/g-CsNs composite, with appropriate
stability?7.

ZnIn2Ss nanosheets were also incorporated onto hexagonal g-CsNs tubes using an in-situ growth
method. The composite demonstrated CO production rate of 883 umol g h™' and an apparent
quantum efficiency of 8.9% for CO at 420 nm, which was approximately 13 times and 2.4 times higher
than that of the two pristine materials, respectively. This was attributed to the hierarchical structure
of the composite, which significantly improved light absorption and reduced electron migration
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distance and to the S-scheme heterojunction, which facilitated the efficient migration and separation
of photogenerated electron-hole pairs?.

A hollow spherical Z-scheme SnS:/g-CsN4/C photocatalyst was developed using a morphology-
inherited strategy. Biomass mabospores served as both the precursor for creating the hollow spherical
structure and the carbon source. The g-CsNs+ and SnS: nanosheets were tightly anchored onto the
surface of the mabospores-derived carbon spheres. This Z-scheme heterostructure demonstrated a
5.5-fold increase in activity for CO2 photoreduction to CO, achieving a productivity of 40.86 umol g
h-'. Experimental and theoretical calculations revealed that the enhanced photocatalytic activity of
the composite was due to the development of an internal electric field between g-CsNs and SnSz, and
to the reduction of the energy barrier for generating the essential COOH* intermediate during CO:
reduction??.

Hydroxyl-modified g-CsNs/flower-like Bi20.COs composites with covalently bonded
heterointerfaces were prepared using a direct mechanical mixing method. These composites
demonstrated activity under visible light, with a CO productivity of 26.69 umol g-' h-1. Additionally,
the photocatalyst maintained stability over four cycles. OH, groups played critical roles in enhancing
CO: photoreduction for the synthesised heterojunction photocatalyst. They modified the surface
charge of g-CsNs, allowing it to be uniformly deposited onto the surface through electrostatic
attraction, which led to a consistent heterostructure. These groups facilitated the formation of
covalent Bi-O-C bonds between CN and bismuth oxycarbonate, thereby significantly improving the
migration of photogenerated carriers across the two phases. The interaction between Bi** ions and
OH groups promoted the formation of numerous stable Vo on the bismuth oxycarbonate surface,
enhancing light absorption and charge separation. In addition, OH modification increased the
photocatalyst's surface affinity, leading to greater adsorption of CO: and H:0 molecules and
effectively driving the photocatalytic reactions?.

A versatile strategy based on CQDs was employed to induce a confined co-assembly process,
enabling the integration of ultrafine WO3;/CQDs with g-C3N4 and resulting in the formation of a
compact S-scheme heterojunction. Operating without the need for sacrificial reagents, the optimised
photocatalyst exhibited a high selectivity of 99.5% toward CO production, reaching a maximum
productivity of 31 umol g' h' in a gas—solid phase reaction system. It was concluded that the CQDs
played a crucial role in the precise, quantum-sized assembly of high-density WOs nanocrystals on
the g-CsN4 matrix surface, preventing aggregation, they served as efficient hole reservoirs, capturing
and quenching more photo-induced holes from the valence band of WOs. This process synergistically
enhanced the S-scheme interfacial charge transport between the reduction photocatalyst g-CsNs and
the oxidation photocatalyst WOs. Furthermore, in situ FTIR and DFT simulations revealed that the
regulated electronic structure, resulting from the strong interactions within the heterostructure,
promoted the adsorption and activation of CO2 molecules?””.

An ultrathin dimensionally matched S scheme BisNbO7/g-C3N, heterostructure was designed,
enabling highly selective photocatalytic CO, reduction to CH, as confirmed by C isotopic
measurements. The optimised sample exhibited a CH, productivity of 38 umol g™ h™'. Additionally,
it remained stable after 10 reaction cycles and 40 hours of simulated solar irradiation without any
sacrificial reagents. The BisNbO;/g-CsN4 composites achieved 90% selectivity for CH, production
over CO. Since CO, adsorption was crucial for effective photoreduction, the CO, adsorption
isotherms of the composite material revealed higher CO, adsorption capacity compared to the single
semiconductors?’s.

A Z-scheme g-C3N,4/8-Bi,Os heterojunction photocatalyst was proposed, being formed through
the self-assembly of nitrogen-vacant g-CsN, nanosheets and £-Bi,Os; micro-flowers. This system
achieved CO evolution rate of 30.56 pmol g™ h™! under simulated solar light, without the need for
any cocatalysts or sacrificial agents. The enhanced CO, photoreduction activity was attributed to the
distinctive Z-scheme charge transfer mechanism and efficient surface nitrogen vacancy sites. Detailed
mechanistic analyses revealed that the Z-scheme heterojunction facilitated electron accumulation in
CsNy while keeping holes in £-Bi,Os, significantly improving the separation of photogenerated
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carriers. Additionally, the unique nitrogen vacancy sites stabilised the *COOH intermediates,
reducing the most energy-intensive step in converting *COOH to *CO, which resulted in a more
favourable free energy profile for the CO, photocatalytic process?”.

A heterojunction photocatalyst composed of electrochemically exfoliated graphene and g-Cs;N,
was developed with varying graphene loadings through an impregnation-calcination process. Their
performance in CO, photoreduction was assessed in a continuous-flow reactor under visible light
irradiation. The results showed that the most effective photocatalyst, with 0.075 EG-CN, achieved the
highest CH, production rate of 21.32 umol g™ h' after 6 hours of light irradiation. Characterisation
analyses demonstrated that incorporating graphene into the photocatalyst improved visible light
absorption and accelerated the transfer and separation of photogenerated electron-hole pairs?®.

A surface-modified heterojunction composite of g-CsN, on faceted ZnSe was designed to
improve the transfer of photogenerated electrons (e”) and holes (h*) between the two semiconductors.
The products of reaction were CO, H; and CH4 under UV-visible light over 6 hours. In the proposed
mechanism, photogenerated holes moved from the VB of ZnSe to the VB of g-C3;N,4, while electrons
migrated from the CB of g-CsN, to the one of ZnSe?!.

The ternary composite catalyst g-CsN4/TizCo/MoSe, was synthesised using a hydrothermal
method, retuning CO and CH, productivities of 29.87 and 17.94 pmol g h, respectively. The
enhanced catalytic performance was primarily attributed to the full-spectrum optical absorption,
resulting from its integration with MoSe, materials. The formation of the g-CsN4/MoSe; S-scheme
heterojunction further improved the efficiency by offering multiple pathways for photogenerated
charge migration. Additionally, the inclusion of Ti;C; contributed abundant active sites for the CO,
catalytic reaction, and its excellent electrical conductivity facilitated the efficient transfer of
photogenerated electrons and holes?32.

A S-scheme CeO,/g-C3Ny heterojunction was developed using a two-step calcination method.
This heterojunction demonstrated the ability to regulate CO/H; ratios in syngas from 1:0.16 to 1:3.
The optimal composite achieved CO and H; production rates of 1169.56 umol g-* h-' and 429.12 umol
g h, respectively. As shown in Figure 28, electrons migrated from the VB to the CB as expected
upon irradiation. Simultaneously, a photosensitiser, [Ru(bpy)s]>* in its excited state, underwent
metal-to-ligand charge transfer and was reductively quenched by triethanolamine (TEOA), forming
the reduced species [Ru(bpy)s]*. The electrons from [Ru(bpy)s]* were then transferred to the CB of
CN, restoring [Ru(bpy)s]** to its initial state. Driven by a built-in electric field, some electrons on the
CB of CeO, were captured by Ce* ions, reducing them to Ce*, while others moved to holes in the
valence band of CN and recombined with them. The remaining photogenerated electrons in the CB
of CN possessed enhanced reduction activity. These electrons were exploited by the CO, adsorbed
on the catalyst surface, some of which were indirectly provided through the photosensitised electron
transfer mediated by [Ru(bpy)s]Cl»6HO, and reacted with protons supplied from TEOA as a
sacrificial agent to produce CO. Meanwhile, the holes in the VB of CeO, oxidized TEOA to TEOA*2%,
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Figure 28. Proposed mechanism of CO2 photoreduction over S-scheme CeO,/g-C3N,4. Readapted from?*.

The photocatalytic conversion of CO2 and H20 using an externally reflected photoreactor has
been studied on an rGO-bridged g-CsN4/ZnV:0s S-scheme heterojunction. The 4% rGO-bridged g-
C3Ns/ZnV205 (1:1) nanocomposite achieved the highest CHsOH yield, reaching 6246.1 umol gear. This
yield was 1.34 and 1.51 times greater than that of the g-CsNs/ZnV20s (1:1) and ZnV20s photocatalysts,
respectively?®. Incorporating rGO into the g-CsNs/ZnV20s nanocomposite formed an S-scheme
heterojunction that enhanced solar fuel production by improving charge separation. rGO acted as a
mediator, facilitating electron transfer between g-CsNi and ZnV:0e. This g-CsNs/rGO/ZnV:20e
structure promoted faster electron transport from the ZnV:0s CB to the g-CsNi VB due to lower
electrical resistance at the rtGO/ZnV:0s and rGO/g-CsNu interfaces compared to g-CsN4+/ZnV20s alone.

An urchin-like g-CsN4/NiAl layered double hydroxide heterojunction was formed using a self-
sacrificing template method. The hollow core was made of g-CsNi nanoparticles, on which NiAl
nanoplates grew in situ. The photocatalytic CO production rate of g-CsN4/NiAl reached 27.02 pmol
g1 h™, which was 4.8 times higher than that of pure g-CsNs and 7.2 times higher than NiAl alone.
The spiny surface and hollow structure of g-CsNi/NiAl provided a large specific surface area,
enhancing mass transfer and reactant capture. Additionally, the charge transfer between the
components improved the separation of photogenerated charge carriers, leading to more efficient
photon utilisation?s.

An innovative 2D/2D Schottky junction photocatalyst was developed, consisting of TisC,Tx
modified defective g C3N4 nanosheets with carbon vacancies (TisC,Tx/Vc CN), prepared via a self-
assembly technique. In the Ti;C,T,/Vc-CN system, energy disorder drove the dissociation of excitons
into free charge carriers within the carbon vacancy defect states, resulting in the generation of more
photogenerated carriers for the photocatalytic CO, reduction reaction. Given the lower Fermi energy
level of Ti3C,Tx compared to Vc-CN, the photogenerated electrons transferred from Ve-CN to TisCoTx
due to the formation of a Schottky junction, further enhancing charge separation efficiency. This
charge transfer led to electron accumulation on the TisC;Tx surface, which was beneficial for
converting CO, to CO. The combined effects of improved exciton dissociation and directional charge
transfer, induced by the Schottky junction in the 2D/2D Ti3C,T,/Vc-CN junction catalysts, worked
together to enhance photocatalytic CO, reduction activity2s.

The photocatalytic CO, reduction and electron transfer mechanisms in the TizC,T,/Vc-CN
system are presented in Figure 29, where (a) shows the photocatalytic CO, reduction process under
light irradiation and (b) illustrates the electron transfer mechanism in the heterostructure.
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Figure 29. Photocatalytic CO: and electron transfer mechanism reduction process of TisC2Tx/Vc-CN. (a)

photocatalytic CO, reduction process under light irradiation; (b) electron transfer mechanism in the

heterostructure. Readapted from?%.

A study was reported regarding the development of a well-designed 2D/1D g-C3N./CeO,
visible-light-driven photocatalyst using a straightforward method. The binary photocatalyst
demonstrated outstanding photocatalytic degradation performance, achieving a 99.07% removal rate
of RhB within 120 minutes and a rate constant (k) of 0.0361 min~!, which remained above 95% over
four cycles. Remarkably, it showed high activity in converting CO, to CH, rather than CO during
CO; photoreduction. The CH, productivity reached 14.63 pmol g h=, which was 26.13 times higher
than the CO generation rate of 0.56 pmol g h'. This exceptional activity could be attributed to the
well-matched band gaps of CeO, and g-CsN,, which provided favourable thermodynamics for both
the built-in electric field and the S-scheme mechanism. Consequently, carriers involved in the S-
scheme transfer process exhibited enhanced oxidation-reduction capabilities and a more effective
separation rate’.

Direct Z-scheme catalysts, consisting of graphitic carbon nitride (g-CsN,) nanosheets decorated
with three-dimensional ordered macroporous WQO;, were produced using an in-situ colloidal crystal
template method. The photonic crystal structure enhanced visible light absorption and improved
light energy utilisation. The Z-scheme architecture effectively boosted the separation efficiency of
photogenerated electron-hole pairs, with a CO production rate of 48.7 umol g h™'. The electron
transfer pathway in the photocatalyst was also discussed?*.

A type-II heterojunction of Zny.,Cdo.sS/g-CsNy nanocomposites for CO, photoreduction to
produce CH3OH was prepared using a combination of sonication and hydrothermal methods. Due
to the enhanced photoelectric performance provided by the heterojunction, an optimised sample with
a g-C3Ny to ZnCdS/CN mass ratio of 30% exhibited a CH3;OH production rate of 11.5 + 0.3 umol g
h, 2.6 times higher than that of Zn.,Cdo.sS and 2.7 times higher than that of g-C3N4. The activity and
photostability were attributed to the formed heterojunction, that also reduced photocorrosion?®.

A 2D/2D Nb20s/g-CsNs S-scheme heterojunction photocatalyst was successfully developed
using a in situ calcination method from a niobic acid/urea precursor for gas-solid CO: reduction
reactions. Under simulated solar irradiation, the optimised sample achieved total C1 product yields
(CHs and CO) that were 6.7 times and 5.3 times higher than those produced by pristine Nb20Os and g-
CsNs nanosheets, respectively, without the need for sacrificial agents or co-catalysts. This was
primarily attributed to the close Nb-O-C charge transfer bridge and to the 2D/2D interface contact?s.

A plasma-assisted strategy was used to construct a g-CsN,/Bi/CQDs heterojunction with efficient
charge separation and active for CO; reduction. The CQDs, enriched with various functional groups,
played a key role in the in-situ confinement of plasmonic Bi species, leading to a high-density and
uniform distribution of Bi/CQDs closely anchored on the surface of g-CsN; nanomeshes. These
embedded plasmonic quantum dots, characterised by high electrical conductivity, enhanced light
absorption and promoted the generation of additional hot carriers, thereby improving the overall
photocatalytic performance. Importantly, the built-in electric field, driven by differences in work
function, effectively directed hot electrons from the Bi clusters to the CB of g-CsNi while
photoinduced holes in both the Bi clusters and g-CsNs were directed into adjacent CQDs reservoirs
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through multiple interfacial charge transfer channels. This arrangement resulted in photocatalytic
activity and recyclability for COz-to-CO conversion. Specifically, the optimised photocatalyst
achieved the highest CO reduction yield of 22.7 umol g* h™!, which was 15.4 times higher than that
of pristine g-CsN42%7.

In another study, a series of catalysts composed of hollow spherical Bi2M0oOs and ultrathin g-
CsNu were synthesised using a co-solvothermal method. The g-CsNs component enhanced visible
light absorption and reactant adsorption. The presence of variable valence molybdenum ions
(Mo*/Mo¢*) on the surface of Bi2MoOs helped reduce electrochemical impedance and improve the
separation and transfer of photogenerated electron-hole pairs. Notably, the optimal catalyst, with an
18.87% Mo*/(Mo>+Mo*%) ratio, achieved the highest CO production of 139.50 pmol with 96.88% CO
selectivity. In-situ DRIFTS analysis revealed that visible light irradiation promoted the formation of
COOH* species from CO2 and HCOs~. DFT calculations confirmed that the activation energy for
converting COOH* to CO* species, the rate-limiting step, was lowered by the Z-scheme
heterojunction formed in the g-CsNs/Bi2MoOs catalysts, facilitating the selective production of CO
through CO2photoconversion?s,

Various Z-scheme photocatalysts, specifically y-FexOs/g-CsNs4 composites, were synthesised
using straightforward methods such as calcination and impregnation-precipitation. The catalytic
performance of these materials was tested for COz photoreduction in the gas phase, where methane
was the primary product, and no CO was detected. The highest CHs productivity was 2.9x102 pmol
g1 h™ (pay attention to the values mistakenly written in the abstract with misinterpretation of the
numbers reported in their own Figure) greater than that of bulk g-CsNs, but by far lower than
reasonable benchmarks?®°.

Reaching high-efficiency and long-term CO: photoreduction in an aqueous environment
remained a challenge for CsPbBrs-based catalysts due to their limited moisture resistance. To address
this, multifunctional melamine foam and g-CsNs were chosen to modify CsPbBrs for CO2 reduction
in pure H20. The 3D structure of the foam supported CsPbBrs, preventing its degradation from direct
contact with water. Additionally, the high porosity enhanced H20O evaporation, facilitating better
mixing of CO: with water vapor. The composite achieved a productivity of 975.57 umol g h-, with
an electron consumption rate of 2571.27 umol g h-'. Moreover, the strong surface hydrophobicity
and excellent photothermal properties resulted in stable photocatalytic activity, with no significant
reduction in CO and CHas yields after continuous operation for 76 hours?®.

The Z-scheme LaCoOs/g-CsNs heterojunction has been explored for its effectiveness in the
photoinduced reduction of CO:z into CO and CHa. In this heterojunction, LaCoOs was uniformly
distributed within the g-CsNi nanotexture, facilitating electron-hole separation due to strong
interfacial interaction. CO productivity was 135.2 umol g h™ when 15% LaCoOs was loaded onto g-
CsNy, representing a 1.2 increase compared to using either pure LaCoOs and g-CsNa. Similarly, CHs
production improved with respect to single semiconductors alone..

Carbon doped In,O; hollow tubular structures were synthesised by calcining MIL-68(In) as a
sacrificial template, followed by combination with g-C3N4 through a hydrothermal process to form a
C-InyOs/g-C3Ny heterojunction. The hollow tubular design, carbon doping and type-II heterojunction
of C-In20s/g-CsNs+ enhanced light absorption and promoted the separation of photogenerated
electron-hole pairs, thereby significantly improving the photocatalytic CO: reduction activity.
Among the variants, C-In20s/g-C3Ns-5 demonstrated the highest CO2 reduction efficiency, achieving
CO production at 153.42 umol g h' and CH4 production at 110.31 pmol g h-1291,

g-CsNs/W1sOs9 nanocomposites were synthesised through a solvothermal method for solar-
driven CO: photoreduction. The g-CsN4 sheets were found to enhance the dispersibility of WisOu
while ensuring good contact between them. Photo/electrochemical measurements indicated that the
g-CsNs-W1sOu9 heterojunction effectively promoted the separation and migration of photoinduced
charges, leading to its improved activity?2.

A van der Waals heterojunction was constructed between two-dimensional materials, namely
layered BizO4Cl and g-CsN4 The weak van der Waals interactions within the BizO4Cl/g-C3Ny
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composite enabled the formation of a moderate bandgap and an internal electric field, which
contributed to the efficient separation of photogenerated electron-hole pairs. As a result, the
Bi304Cl/g-CsN, heterostructure exhibited enhanced photocatalytic CO, reduction performance when
compared to the individual BizO4Cl and g-CsNs components. The optimised BisOsCl/20%g-CsNa
composite achieved the CO and CH4 production rates of 6.6 and 1.9 umol g*h", respectively?%.

Defective g-CsN4/CeO2 heterojunctions were developed to enhance the photocatalytic reduction
of CO2. The incorporation of g-CsNs into CeO: created additional Vo, providing a more stable
environment for electron supply and reducing the rate of photogenerated electron-hole
recombination. Additionally, CO2-TPD analysis indicated that light increased the CO2 adsorption
capacity of the composite catalyst, further enhancing its catalytic activity. The productivity of pure
CO yield for a 5 wt% g-CsN4/CeO: composite was 45.66 pmol g in 6h, 25 times greater than that of
pure CeOz. This composite also exhibited good cyclic stability and high selectivity, with CO identified
as the primary product through in-situ infrared analysis. The improved charge separation and
reduced free energy of CO: reduction contributed to the enhanced CO: conversion efficiency®+.

The activity of bare graphitic carbon nitride in the photocatalytic reduction of CO2 was
comparable with the photocatalysts based on TiO:, despite the very remarkable advantage of being
active under solar light. In contrast, when these two materials were coupled and a heterojunction was
formed, the CsNu sheets provided the sites for the adsorption of COz, while the presence of TiO2
mitigated the high recombination rate of the former material by enhancing the separation of the
charges long enough for the reaction to occur®. The results obtained at 18 bar, pH 14, with 31 mg L!
of photocatalyst and 1.67 g L' of Na,SOj after 6 h of reaction are presented in Figure 30.
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Figure 30. H, and HCOOH productivity and hole scavenger conversion for the different photocatalysts: (a)
productivity results and (b) hole scavenger consumption for the different photocatalysts (TE = thermally
exfoliated C3Ny; P25 = TiO, P25 from Evonik; FSP = TiO, prepared by flame spray pyrolysis) Readapted from®.

6. Quantification of stored energy as a mean to compare different results

Given the widely different reaction conditions and materials, a real comparison between the
produced materials is almost impossible, as clearly visible from the above reported widely spread
claims. In order to comparatively understand the success of such measures, some quantifiers have
been recently suggested to have a practical sizing of the efficiency of the process to compare different
solutions?0 23 63,

One may calculate first the amount of energy stored in the produced products based on the LHV
(or HHYV), the lower or higher heating values of the products. This levels off the comparison between
cases in which multiple products are formed or where the productivity is stated differently, according
to equations 6.1 to 6.3.
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Stored power (—
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= Productivity (W
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M
) X LHV or HHV (k—;) Equation (6.1)
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The exposed surface of the photoreactor is a measure of the average area that exposes the
catalyst. This is simply calculated as equal to the surface of catalytic layers in the case they are
immobilised on well defined supports (e.g. glass sheets). Otherwise, for slurry reactors it is calculated
differently depending on the reactor geometry and lamp position. In case of reactors irradiated from
top the exposed area is assumed as the top cross section of the reactor, receiving light. In case of
reactors containing an immersed lamp (in axial position), it is considered as the logarithmic mean
between the lamp surface and of the reactor surface.

Figure 31 presents the calculation of the exposed photoreactor area for slurry photoreactors with
an immersion lamp. Ap,g corresponds to the logarithmic mean between the cylindrical surface of the
photoreactor, considering its internal diameter (Areactor = TDreactorL), and that of the lamp (Alamp =
TDlampL). The logarithmic mean is calculated as Amg = (Areactor = Alamp) / In(Areactor / Atamp).

Incident li ht( MJ )
nciaent ti _—
g day kgcas

= Irradiance (day mz)
2

m
X Exp.photoreactor surf. ( ) Equation (6.2)

cat

Finally, the efficiency of the reaction is calculated as the ratio between the stored power and
incident energy. Variations of this calculation to cope with the effective fraction of light absorbed by
the photocatalyst, based on its absorption edge are discussed in the same references.
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Figure 31. Photoreactor Exposed Area.

7. Conclusion and future perspectives

Many research works have been done till now and still working to improve the performance of
photocatalysts, mostly TiO2 and g-CsNy, for photoreduction of CO2. However, there are still a lot of
issues that need to be resolved for the practical application of the photocatalysts to efficiently use
sunlight and CO: to produce hydrocarbon fuels. The suggestions that can be applied are below.

A significant challenge is producing a cost-effective synthesis approach that produces enough
photocatalysts. Future studies should focus on creating novel synthesis methods that make use of
inexpensive, ecologically friendly and non-toxic precursors to create recyclable photocatalyst
materials.

Light absorption is the first step in photocatalysis and higher absorption causes higher electron-
hole carriers production on the photocatalytic surface, which improves photocatalytic CO: reduction.
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Therefore, a key point in the process of producing solar fuels is improving visible light harvesting
and/or increasing the intensity of irradiance, e.g. using solar concentrators.

The performance of a photocatalyst for the reduction of CO: also depends on the charge
separation process. After the generation, the electron and hole must be successfully separated and
transferred to the surface of the photocatalyst to begin the redox reaction cycle. If this process is not
completed as quickly as possible, the charge carriers will recombine. Most of the published research
used noble metals as a co-catalyst to boost charge separation efficiency, however, these metals are
expensive and should match the band energy of the semiconductor.

More recently, different semiconductors have been coupled through properly engineered
junctions to catch two birds with one stone. On one hand, the junction may function to improve the
charge separation, on the other, depending on the band gap and band potentials, both the materials
can be visible sensitive, improving at once also the light harvesting properties of the hybrid
photocatalyst.

The ability of photocatalytic CO: reduction to generate a variety of products is typically
acknowledged. Product selectivity is crucial for understanding the CO:2 photoreduction mechanism
and optimising targeted products. Both the redox potential and the surface density of electrons have
a significant impact on the end product. Therefore, by modifying the TiO: band structure, the
selectivity of photocatalytic CO: reduction can be managed. Furthermore, developing a rigorous,
dependable, and stable system for product detection is fundamental. This aspect also hinders direct
comparison between published results. Therefore, it is suggested that future publications may report
stored energy and the efficiency calculated as here proposed, through a very pragmatic definition, to
allow a safe comparison of the results.

Lastly, other than the synthesis and modification of photocatalyst material, photocatalytic
reactor design and understanding the reaction mechanism are other major areas CO: photoreduction
to hydrocarbon fuels. The yield of CO: photoreduction is primarily influenced by the photocatalytic
material, used photoreactor and the intensity of incident light. However, appropriate reactor design
and greater comprehension of the reaction mechanism in a photoreactor are the only ways to enhance
the performance of photocatalytic materials.

The overall yield of the products has been the focus of CO: photoreduction investigations to
date. To have a better understanding of the mechanism on the TiO2 surface detailed research still
should be done. On a large scale, the mechanism, reaction routes and kinetic and thermodynamic
studies of the CO: photoreduction process are still poorly understood.

More research will lead to a better knowledge of the process occurring on the surface of the
photocatalyst, which will improve the utilisation of photocatalytic materials. A complete and
sustainable research on photocatalytic COz reduction to solar fuels and its potential as a long-term
strategy to address greenhouse gas emissions and energy production will be provided by this kind
of approach.
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