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Photocatalytic techniques are considered clean, sustainable and cost-effective in energy conversion and

environmental restoration. The large band gap, light harvesting limitation and rapid electron–hole pair

recombination can suppress the photocatalytic efficiency in photocatalytic applications. Metal deposition

has become one of the most important technical means to improve photocatalytic efficiency. This study

has dealt with photocatalytic hydrocarbon and hydrogen production from the acetic acid solution with

simultaneous in situ Cu deposition on TiO2 photocatalyst surface. Due to having favorable redox potential

and work function values, the photodeposition and Schottky junction formation of Cu occurred smoothly

on the TiO2 surface, which further contributed to accelerating the interfacial charge transfer and

photocatalytic activity. The reaction conditions (Cu2+ loading, reaction pH and initial concentration of acetic

acid) were optimized to enhance photocatalytic methane production. Under the optimum condition, the

Cu/TiO2 photocatalytic hydrocarbon production was maximum (4136 mmol g−1), approximately 9 times

better than those obtained with pure TiO2 (450 mmol g−1). The surface morphological and optical properties

of photodeposited Cu/TiO2 samples were characterized before and after the photocatalytic reaction with

utmost precision and thoroughness using a TEM, XPS, DRS, PL, N2 adsorption–desorption isotherm and BET

surface area analysis. The DRS and PL study confirm that in situ Cu-deposition on TiO2 reduced the energy

bandgap and improved the light-harvesting area, photogenerated electron–hole pair separation and

migration efficiency, respectively. Cycle experiments disclose that the simultaneous Cu-deposited

photocatalyst has excellent stability and reusability. A reaction mechanism was proposed for the

photocatalytic hydrocarbon formation from the acetic acid by Cu/TiO2 photocatalytic reaction.
1. Introduction

In 2015, the “Paris Agreement” attempted to limit global
warming by reducing greenhouse gas emissions, especially
carbon dioxide (CO2) emissions from the burning of fossil fuels
(coal, oil and natural gas), the major contributor to climate
change.1 Clean energy sources (solar, wind, hydropower,
geothermal, biomass and nuclear energy) can help to establish
decarbonization attempts.2 The utilization of multiple energy
resources can release various hazardous and poisonous
compounds into the environment.3 Meanwhile, with the
depletion of natural non-renewable energy resources, demand
increases for the development of renewable and eco-friendly
energy resources.4 In the past few decades, numerous
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researches were conducted for the effective ways to the energy
demands5 and environmental remedies.6 Although there are
several ways to produce methane, including natural gas
extraction, steam reforming, pyrolysis, anaerobic digestion and
Sabatier, the photocatalytic transformation of organic
substances is an alluring strategy for the production of hydro-
carbons considering the environmental issues.7 Recently, pho-
tocatalytic techniques have been effectively employed in organic
synthesis, detoxication, water splitting, nitrogen xation, CO2

reduction and energy production due to their readily avail-
ability, photostability and less toxicity.8 They can boost the
chemical reaction in the visible, infrared and ultraviolet light
ranges.9 The catalyst's crystal size, surface area, electron–hole
pair recombination rate, and applied light wavelength affect its
photocatalytic activity.10,11 A positive hole (h+) forms as a result
of an electron (e−) moving from the valence band (VB) to the
conduction band (CB) when the energy of the irradiation light is
equal to or higher than the energy band gap (Eg) of the photo-
catalyst. Finally, the reduction and oxidation of the target
structure are performed by the photogenerated electrons and
positive holes.12
© 2025 The Author(s). Published by the Royal Society of Chemistry
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TiO2 has been one of the many semiconductor-based pho-
tocatalysts due to its advantageous electrical and optical
characteristics, thermodynamic and chemical stability, crys-
tallinity, non-toxicity, resilience to corrosive conditions and
comparatively low cost.13,14 Nevertheless, because of the quick
recombination of photogenerated holes and electrons (h+/e−)
and the high band gap (Eg = 3.2 eV), TiO2 itself works better in
the ultraviolet (UV) region only.15 Metal deposition appears to
be a viable strategy to overcome these wavelength limitations,
whereby the specic interaction between the metal and TiO2

determines whether or not the catalysts' characteristics may be
improved. The redox potential of Cu is situated between the VB
and CB of TiO2, which allows Cu for smooth deposition on the
TiO2 surface. Similarly, the larger work value of Cu than the
TiO2 favored the Schottky-junction formation and enhanced
the photocatalytic efficiency by hindering electron–hole
recombination. 1978, Kraeutler and Bard rst reported
methane production from acetic acid solution using the Pt-
loaded TiO2 photocatalyst.16 Previously, the insertion of
metals (Ag, Au, Pd, Pt, Co, Cu, Mg, Ni, Sn, Fe, Mn, Au, La, Ru
and Rh) into the TiO2 lattice also resulted in a reduction in the
energy band gap and a slower rate of (h+/e−)
recombination.17–24 Mozia et al. reported the physicochem-
ical,25 suspended26 and Fe-modied7,27 effects of TiO2 photo-
catalytic decomposition of acetic acid for hydrocarbon
evolution under UV light (365 nm) irradiation at room
temperature. Heciak et al.28 and Amorós-Pérez et al.29 also re-
ported the Cu-modied TiO2 catalytic production of biogas
(mainly CH4) and hydrogen under UV light irradiation at room
temperature. Asal et al. also looked at the synthesis of methane
from acetic acid over La3+-modied TiO2 and found that the
output was marginally enhanced under the same reaction
conditions, the output was marginally enhanced.23 Betts et al.
reported the P25 TiO2 photocatalytic alkane production from
acetic acid and propionic acid.30 Recently, Cao et al. reported
signicantly enhanced methane production from acetic acid
using the platinized TiO2 under argon and CO2 conditions.31

However, combining TiO2 with inexpensive, readily available
metal oxides (Fe2O3, SnO2, Al2O3, ZnO, Ag2O, NiO, Cu2O and
CuO) also signicantly enhanced the photocatalytic efficien-
cies in various magnitudes.32–41

The present work mainly focused on photocatalytic hydro-
carbon (primarily methane) production from aqueous acetic
acid solution employing TiO2 with in situ simultaneous photo-
deposition of copper under atmospheric conditions. Compared
to other reports, the Cu/TiO2 photocatalyst demonstrated more
efficient methane synthesis and the simultaneous Cu deposi-
tion on TiO2 was a relatively straightforward process. Finally,
the photocatalytic reaction smoothly proceeded under ultravi-
olet (365 nm) and visible light (405 nm) irradiation without any
noble expensive metals (Ag, Au and Pt).

2. Experimental section
2.1. Materials

All the reagents were analytical grade and used as received
without further purication. CH3COOH (99.7%) and CuCl2
© 2025 The Author(s). Published by the Royal Society of Chemistry
(95.0%) were purchased from FUJIFILM Wako Pure Chemical
Corporation, Cu(CH3COO)2$H2O (99.0%) was purchased from
Kanto Chemical Co., Ltd., TiO2 (P-25) photocatalyst was
purchased from Degussa Co., Ltd., Germany (anatase 75%,
rutile 25%, surface area 53 m2 g−1, particle size 25 nm) and CuO
(surface area 29 m2 g−1, particle size 33 nm) was purchased
from Sigma-Aldrich Chemicals Pvt. Ltd.

2.2. Characterization

The surface morphology was analyzed by transmission electron
microscope on JEM-2100 TEM (JEOL, Japan) and the surface
structure characteristic of the products was recorded on X-ray
photoelectron spectroscopy PHI Quantera SXM photoelectron
spectrometer with Al Ka radiation. Optical properties were
inspected by the UV-vis diffuse reectance sorption (DRS)
spectroscopy on the JASCO V-750 UV-vis instrument equipped
with an integrating sphere adaptor in the wavelength range of
200–700 nm. Photoluminescence (PL) spectroscopic measure-
ment was carried out by Shimadzu uorescence spectrometer
(RF-5300PC, Japan). The photocatalysts' BET surface area, total
pore volume and average pore size were assessed from the N2

adsorption–desorption isotherm utilizing a BELSORP-miniII
(MicrotracBEL) apparatus.

2.3. Photocatalytic methane evolution

All the photocatalytic hydrocarbon and hydrogen production
experiments were carried out in a heat resistance Pyrex glass
vessel (inner volume: 123 mL). The photocatalyst (50 mg of
TiO2) and co-catalyst (5.6 ppm of CuO, 0.45 wt% of Cu2+ relative
to the weight of TiO2) were dispersed in 40 mL of aqueous acetic
acid (1.0 M) solution, heated to 50 °C with constant stirring,
then illuminated by UV-vis (365 nm, ∼12.0 mW cm−2) and
visible light (405 nm) for 3 h, respectively. The produced
hydrocarbon was examined by gas chromatography (GC-353B,
GL Science, Japan) using a ame ionization detector. The
column was packed with Porapak Q (mash, 80–100) and the
carrier gas was N2 (99.9%, 29.5 mL min−1). Similarly, the
evolved hydrogen and consumed oxygen were analyzed using
a gas chromatographer (GL Sciences, GC-3200) equipped with
a thermal conductivity detector, with the injection part, column
and detector maintained at 50 °C.

3. Results and discussion
3.1. Effect of metallic source on photocatalytic methane
production under UV/vis irradiation

The effect of metallic source on photocatalytic methane
production from the aqueous solution of acetic acid using TiO2

with in situ simultaneous deposition of copper was studied
under UV light (365 nm) irradiation (Fig. 1a). The photocatalytic
methane production with pure TiO2 was 450 mmol g−1. The
larger band gap (3.2 eV) and rapid electron hole-pair recombi-
nation are responsible for the poor catalytic activity. Due to the
simultaneous deposition of Cu2+ ions from CuCl2, methane
production increased 4.5-fold. Further, the individual deposi-
tion of Cu(CH3COO)2 and CuO as Cu2+ ion sources elevated
RSC Adv., 2025, 15, 5316–5326 | 5317



Fig. 1 (a) Effect of Cu sources on the photocatalytic methane production from acetic acid solution, and (b) comparison of hydrocarbon
production rates under UV light (365 nm) irradiation.
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methane production by 7.7 and 7.9 folds, respectively. 9.2 times
enhanced methane was achieved from the physical mixing (PM)
of CuO and TiO2 compared to sole TiO2. The redox potential of
Cu2+ is 0.342 V vs. standard hydrogen electrode (SHE). It could
be reduced by the photocatalyst when the CB of the semi-
conductor is more negative than the reduction potential of the
Cu2+.42 The CB and VB edges for the TiO2 photocatalyst are –

0.46 V and + 2.7 V vs. SHE, respectively.43 As a result, the pho-
todeposition of Cu2+ on the TiO2 surface generally occurred
during the photocatalytic reaction and its metal reduction is
also thermodynamically feasible.44
3.2. Comparison of hydrocarbon production rate under UV
light irradiation

The comparison of hydrocarbon production rate using TiO2

with simultaneous photodeposition of copper ions under UV/vis
light irradiation with the extension of irradiation time was
studied, as presented in Fig. 1b. The methane production rate
gradually increased with the increase of irradiation time. All
Cu2+ ion sources showed almost similar efficiency with or
without physical mixing conditions. The physical mixing of
CuO/TiO2 showed little improvement in ethane production due
to the favorable cyclic conversion of CuO / Cu2+ / Cu1+ /

Cu0. The metallic copper (Cu0) further reacts with dissolved
oxygen and regenerates the CuO, reaching a cyclic redox reac-
tion (eqn (1) and (2)). Since it was observed that the simulta-
neous photodeposition of copper on the TiO2 enhanced the
photocatalytic methane production, optimal conditions such as
Cu2+ ion concentration, acetic acid concentration and reaction
pH were optimized.
3.3. Photocatalytic performance conditions

Numerous operational factors, including catalyst and co-
catalyst loading, substrate initial concentration and reaction
pH, can affect the photocatalytic redox reaction. The following
factors were optimized to achieve the maximum methane
production under 12 h of UV/vis light illumination at 50 °C,
whereas Cu(OAc)2 was used as a Cu2+ ion source throughout the
optimization reactions.
5318 | RSC Adv., 2025, 15, 5316–5326
3.3.1. Effect of Cu2+ ion concentration. The effect of the co-
catalyst (Cu2+) concentration on the photocatalytic hydrocarbon
production activity using TiO2 with simultaneous deposition of
Cu under UV/vis light irradiation was investigated (Fig. S1a†).
Various amounts of Cu2+ were simultaneously introduced into
the acetic acid solution along with the TiO2 to determine the
impact of co-catalyst loading on the photocatalytic hydrocarbon
production rate with constant stirring conditions. The insertion
of Cu2+ on the TiO2 disclosed improved photocatalytic perfor-
mance. The work function value of Cu (4.65 eV) is larger than
the work function of TiO2 (4.50 eV). A larger work function of
metal ions is favorable for forming the Schottky junction effect
at the metal-TiO2 interface. As a result, metal with appropriate
work functions can facilitate electron transfer, assist in over-
coming the Schottky energy barrier and enhance photocatalytic
efficiency.44–46 Experimental results indicated that methane
production gradually increased with the increase of Cu2+

concentration, reaching a maximum of 5.6 mg L−1 (0.45 wt% of
Cu2+ relative to the weight of TiO2), achieving the highest
methane production (4136 mmol g−1). The further increase of
Cu2+ loading decreased the methane production due to the
coagulation of Cu2+ and the incident light blockage on the
photocatalyst surface.47

3.3.2. Effect of CH3COOH concentration. In the photo-
degradation of organic compounds, the degradation rate
increases to a certain point due to the rise of reactant concen-
tration. The effect of acetic acid concentration on Cu/TiO2

photocatalytic hydrocarbon production was studied under UV/
vis light irradiation (Fig. S1b†). The amount of methane
production sharply increased with the increase in acetic acid
concentration from 0 to 1.0 mol L−1. However, the highest
amount (4730 mmol g−1) of methane was evolved at 2.0 mol L−1

concentration of acetic acid, further increase of the reactant
concentration, the production became steady due to the excess
adsorption of acetic acid on the Cu/TiO2 photocatalyst and
reached saturation level.48 With an increase of the initial
concentration of acetic acid from 1.0 mol L−1 to 2.0 mol L−1, the
methane production rate was not so high compared to the
concentration, which resulted in 1.0 mol L−1 being considered
© 2025 The Author(s). Published by the Royal Society of Chemistry
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the optimum concentration and all the further experiments
were carried out accordingly.

3.3.3. Effect of reaction pH. The pH of the reaction
medium and the charge on the catalyst's surface can affect the
adsorption and dissociation of the reactant. The pH effect on
Cu/TiO2 photocatalytic hydrocarbon production was assessed
by varying the pH from 1.5 to 3.5 (Fig. S1c†). 0.1 M HCl and
0.1 M NaOH reagents were used for the pH adjustment. The
point zero charge (PZC) of TiO2 P25 was approximately pH= 5.2
and the photocatalyst surface became chargeless at PZC and
had no interaction with polar substances like acetic acid.49 The
photocatalytic degradation process is inuenced by the PZC of
TiO2 and the dissociation constant (pKa) of acetic acid (pKa =

4.76). The surface of TiO2 becomes positively and negatively
charged when the pH is less and more than pHPZC, respectively.
At lower pH (pH < pKa), acetic acid remains unchanged and at
relatively higher pH (pH > pKa), CH3COO

− ions were produced.
When pH > pHPZC, the TiO2 surface is negatively charged and
the adsorption of CH3COO

− ions on TiO2 surface is difficult
because of static repulsion.47,50 Herein, due to the increase of
reaction pH from 1.5 to 2.5, the methane production sharply
increased from 36 mmol g−1 to 4136 mmol g−1. With a further
increase in pH from 3.5, the methane production rapidly
decreased from 4136 mmol g−1 to 1886 mmol g−1. Numerous
investigations have demonstrated the crucial effect of reaction
pH and charge on the photocatalyst surface, which can signif-
icantly affect the degradation of different carboxylic acids.47
3.4. Effect of irradiation time

The effect of irradiation time on Cu/TiO2 photocatalytic
hydrocarbon and hydrogen production from aqueous acetic
acid solution was studied under UV/vis light irradiation
(Fig. 2a). The amount of hydrocarbon production increased
with the increase in irradiation time. In particular, CH4 and
C2H6 production sharply increased up to 30 h and 28 h (Fig. 2a,
and S2a†), respectively. Further, the methane production
remains steady till 96 h of irradiation. At the beginning of the
reaction, in the presence of the optimal amount of dissolved
oxygen, the number of electrons decreased, which was utilized
for proton reduction, induced hydrocarbon production and
reduced hydrogen generation. As a result, hydrogen production
Fig. 2 (a) Effect of irradiation time on Cu/TiO2 photocatalytic CH4 prod

© 2025 The Author(s). Published by the Royal Society of Chemistry
increased sharply aer 32 h of continuous irradiation
(Fig. S2b†). Meanwhile, oxygen in the system decreased sharply.
The metal Cu0 had been photo-precipitated on the TiO2 surface
due to the shortage of oxygen (Fig. S3†). As a result, methane
and ethane production continued to increase until about 30 h
but leveled off aer the oxygen disappeared. The role of O2

consumption during the Cu/TiO2 photocatalytic reaction
favored hydrocarbon production and reduced hydrogen gener-
ation (Fig. S2c†). Herein, CuO dissolves in the acetic acid
aqueous solution and exists as Cu2+ ions. The Cu2+ ions were
rst reduced to metallic Cu0 on the TiO2 surface by reacting
with the photogenerated electrons (eqn (1)). However, no
discoloration was observed aer 24 h of UV light irradiation.
Aer 48 h of irradiation, the discoloration occurred due to the
complete photo-precipitation of metallic Cu on the TiO2

surface, which suggests no existence of dissolved oxygen in the
reaction system (Fig. S3b†). The Fermi level can be induced
toward greater negative potentials using Cu nanoparticles,
which can store photogenerated electrons.51 Therefore, it was
assumed that the photo-precipitated metallic Cu was also dis-
solved in the acetic acid aqueous solution. To observe this,
a considerable amount of metallic Cu powder was dissolved in
the acetic acid solution and continuously stirred for 8 h at 50 °C,
where a prolonged dissolution rate was observed (Fig. S3a†).52

Therefore, in this system, the proportion of Cu metal directly
dissolved in the aqueous acetic acid solution was tiny and it was
considered that the Cu metal reacted with oxygen in the system
and was oxidized to CuO (eqn (2)) before being dissolved in the
aqueous acetic acid solution.53 Further, the color change of the
solution was compared before and aer the reaction. In addi-
tion, the discolored solution returned to its initial color by
introducing atmospheric oxygen into the reaction system for 3 h
at 50 °C at continuous stirring conditions (Fig. S3b†).

Cu2+ + e− / Cu+ + e− / Cu0 (1)

Cu + O2 / CuO (2)

Therefore, it was considered that the metal Cu was oxidized
to CuO again and dissolved in the aqueous acetic acid solution.
It re-exists as Cu2+ ions; this conversion was hampered due to
uction, and (b) stability test results of CH4 production.

RSC Adv., 2025, 15, 5316–5326 | 5319
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the absence of oxygen (Fig. S3c†). From the GC-TCD analysis,
the oxygen in the system completely disappeared in about 30 h
of illumination (Fig. S2c†). The solution began to change color
almost at the same time. Therefore, oxygen plays a vital role in
this system. Methane and ethane production continued to
increase until about 30 h and nally leveled off aer the
complete vanishing of oxygen.

3.5. Reusability and stability test

To assess the stability and reusability of the Cu/TiO2 photo-
catalysts, the hydrocarbon and hydrogen production from the
acetic acid solution was carried out for eleven consecutive cycles
(Fig. 2b and S4†). The reactor was fully evacuated before starting
a new cycle. The photocatalytic methane production slightly
increased till the fourth cycle due to the proper catalytic acti-
vation. Further, the production remained almost unchanged till
the tenth cycle compared to the rst cycle (Fig. 2b). For the
ethane production (Fig. S4a†), a slight decrease was observed
till the h cycle and a further slight elevation was found and
became almost the same as the rst cycle, indicating the
excellent catalytic durability and reusability of Cu/TiO2.54

Compared to the rst cycle, hydrogen production improved
catalytic performance until the last cycle (Fig. S4b†). As
mentioned earlier; oxygen favored the oxidation of acetic acid to
produce methane. Every cycle consumed almost the same
amount of oxygen and became near zero in 24 h of Cu/TiO2

photocatalytic reaction (Fig. S4c†) for hydrocarbon production.

3.6. Visible light-driven methane production with Cu/TiO2

The photocatalytic methane production from aqueous acetic
acid solution utilizing TiO2 with simultaneous photodeposition
of Cu from different sources (CuO, CuCl2 and Cu(CH3COO)2)
was studied under visible light irradiation (405 nm) to explore
the visible light response. The DRS result (Fig. 6a) proved that
the simultaneous deposition of Cu on TiO2 has increased the
light absorption ability of Cu/TiO2 than the pure TiO2. No
methane was detected from the photolysis of acetic acid.
Similarly, no methane was tranced from the photocatalytic
reaction of CuO due to its smaller band gap (1.2 eV) and faster
electron–hole pair recombination rate.55 Due to the large
bandgap (3.2 eV), pure TiO2 works better under ultraviolet light
Fig. 3 (a) Effect of Cu sources on the photocatalytic methane produ
production rates under visible light (405 nm).

5320 | RSC Adv., 2025, 15, 5316–5326
region only. Herein, a small amount of methane (0.4 mmol g−1)
was achieved from the photocatalytic reaction of pure TiO2 P25
due to the less activation under visible light irradiation and fast
undesirable electron–hole pair recombination. The deposition
of specic metals on the TiO2 surface signicantly improved its
photocatalytic efficiency.56,57 The same amount of methane (0.4
mmol g−1) was obtained from the catalytic reaction of CuO/TiO2.
Furthermore, using CuCl2 as a Cu2+ ion source increased the
photocatalytic methane production by 3.5-fold compared to
pure TiO2. The prior physical mixing of CuO/TiO2 does not
inuence methane production due to the physical condition of
CuO. However, the formation of Cu2+ ion and further reduction
to metallic Cu0 occurs inside the aqueous solution of acetic
acid. The highest amount of methane (29 times compared to
TiO2 P25) was obtained using Cu(OAc)2 as a copper ion supplier
in simultaneous Cu deposition on TiO2. The physical state and
dissociation rate of Cu(OAc)2 responded better than that of CuO
and CuCl2 under visible light irradiation.

3.7. Comparison of hydrocarbon production rate under
visible light irradiation

The photocatalytic hydrocarbon production rate from the acetic
acid solution under visible light irradiation using TiO2 with
simultaneous deposition of Cu2+ was also investigated. The Cu2+/
TiO2 (CuO) photocatalytic methane production (39 mmol g−1) was
relatively higher than that of the physical mixing (32 mmol g−1)
condition (Fig. 3b). Moreover, the highest production (2.4 times
of CuO/TiO2) was obtained using Cu2+/TiO2 (Cu(OAc)2) photo-
catalysts under the same conditions. The co-catalytic perfor-
mance of CuO was relatively lower than Cu(OAc)2 due to the
lower solubility and dissociation. It's considered to produce
more hydroxyl ions when dissolved in an aqueous acetic acid
solution and the photogenerated holes are occupied by hydroxyl
radicals. On the other hand, copper acetate behaves the opposite
way and works smoothly under visible light irradiation due to its
relatively faster dissociation.58 Meanwhile, a trace amount of
ethane was also detected at the mentioned conditions.

3.8. Characterization

3.8.1. XPS analysis. XPS studies were performed to inves-
tigate the surface chemical composition and electronic state of
ction from acetic acid solution, and (b) comparison of hydrocarbon

© 2025 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 XPS (a and b) survey spectra and high-resolution spectra of the studied catalysts (c) in the region of Cu 2p and (d) binding energy at varied
conditions.
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Cu/TiO2. The survey and high-resolution spectra of Cu 2p of the
studied catalyst are presented in Fig. 4a–d and the binding
energy is depicted in Table S2.† From the experimental results
(Fig. 4c), two characteristic peaks for Cu 2p3/2 and Cu 2p1/2 were
detected at 933.8 eV and 953 eV, respectively, corresponding to
Cu2+ (Fig. 4, Table S2†). A satellite peak was observed at 942 eV,
indicating the presence of divalent Cu, which was seen in the
pure CuO but considerably smaller in the fresh CuO/TiO2 due to
the low content of Cu.59 Aer 3 h of irradiation by UV (365 nm)
and visible (405 nm) light, no Cu compound was detected.
However, the Cu 2p3/2 peak was re-existed at 932.7 eV aer 48 h
of UV irradiation. During the simultaneous photodeposition of
CuO into the aqueous acetic acid solution, Cu2+ ions rst form
following the dissolution process. It further reduced to metallic
Cu0 on the TiO2 surface by reacting with the photogenerated
electrons (eqn (1)). Further, Cu0 is oxidized to CuO by reacting
with the dissolved oxygen and dissolved in the aqueous acetic
acid solution and re-exists as Cu2+ ions (Fig. S3c†), due to this
cyclic conversion, at a certain point Cu ion was not detected. In
addition, although CuO/TiO2 was simply kneaded with CuO and
TiO2 in an agate mortar, the peak position of CuO shied
slightly to the lower energy side.29,60 This is considered to be
caused by interaction with TiO2 due to kneading.

3.8.2. Morphological investigation. The morphological
change of Cu/TiO2 before and aer the irradiation was charac-
terized by TEM analysis. Fig. 5a depicts the formation of
a nanocluster of loaded Cu2+ on the surface of TiO2.61 In
contrast, aer 3 h of UV (365 nm) light radiation, the nano-
structure of CuO notably decreased. A small amount of
© 2025 The Author(s). Published by the Royal Society of Chemistry
fragmented Cu2+ nanoparticles were detected around the
surface edge of TiO2 (Fig. 5b).62,63

3.8.3. BET analysis. To check the specic surface area and
pore structure, the N2 adsorption–desorption isotherms of the
catalysts were measured at 77 K. Fig. S5(a–d)† depicted the N2

adsorption–desorption isotherms of TiO2 and Cu/TiO2 before
and aer the irradiation. The effect of load Cu2+ on the surface
area of TiO2 was investigated. All the catalysts were classied as
type IV in the IUPAC adsorption–desorption isotherm classi-
cation and there are H3-type hysteresis loops were found
between P/P0 = 0.6 and P/P0 = 1. It is proven that the tested
catalysts are mesoporous materials.64,65 Table S1† illustrates the
surface area and pore structure parameters of tested catalysts.66

The irradiation decreased the BET surface area, total pore
volume and average pore diameter. Though the pore volume
and diameter gradually reduced with the increase in irradiation
time, the BET surface area remained unchanged aer 3 and 48
hours of irradiation (Table S1†).

3.8.4. DRS analysis. The light-harvesting capability of the
following catalysts was characterized by ultraviolet-visible
diffuse reectance spectrum (DRS) analysis. From the
“Kubelka–Munk (K–M)” transformation (Fig. 6a), CuO/TiO2

showed absorption in the visible region before the irradiation
due to the presence of CuO (inset).67 CuO can absorb light of
broad wavelengths but has no signicant photocatalytic activity
due to a smaller bandgap. Aer the irradiation (3–48 h), the
catalyst had almost no absorption in the visible region. Still, the
absorption in the ultraviolet region was signicantly higher
than that of the before irradiation.
RSC Adv., 2025, 15, 5316–5326 | 5321



Fig. 5 TEM images of Cu/TiO2 (a) before and (b) after 3 hours of irradiation.

Fig. 6 (a) DRS spectra, (b) Tauc-plot and (c) PL spectra of the studied catalysts.
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Further, the Tauc equation was implemented to calculate the
energy bandgap as follows;

ahn = A(hn − Eg)
n (3)

(ahn)1/n = A(hn − Eg) (4)

where a denotes the absorption coefficient, h is the Planck
constant, n is the light frequency, A is the characteristic constant
and Eg is the bandgap energy, respectively. Electronic inter-
band excitation helps to determine the transition steps; when
n = 1/2, it depicts the direct transition and n = 2 stands for the
indirect transition, respectively. For anatase-type titanium
oxide, n = 2 is set because the inter-band excitation is an
5322 | RSC Adv., 2025, 15, 5316–5326
indirect transition.68 From eqn (4), the bandgap energy can be
obtained by plotting (ahn)1/n on the vertical axis and hn on the
horizontal axis and extrapolating a straight line (Fig. 6b). Where
the energy band gap of fresh CuO/TiO2 was found 2.92 eV,
which indicating the Cu deposition on the TiO2 surface signif-
icantly reduced the bandgap. Further, the energy band gap of
Cu/TiO2 was increased to 3.17 eV and 3.25 eV aer 3 h and 48 h
of light irradiation, which indicates the state change of Cu due
to the photocatalytic reaction.

3.8.5. PL analysis. The photoluminescence (PL) spectral
technique was utilized to examine the catalysts' electron hole-
pair separation and migration efficiency. The smaller peak of
the photoluminescence spectrum indicates the suppression of
the recombination of photogenerated electron–hole pairs. From
© 2025 The Author(s). Published by the Royal Society of Chemistry
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the experimental results (Fig. 6c), the recombination of elec-
trons and holes is considerably capable of suppressing CuO/
TiO2 before irradiation compared to P25 TiO2. Comparing the
catalyst aer 3 h and 48 h irradiation, the peak was smaller in
the sample aer 48 h irradiation, suggesting that more metallic
Cu2+ was photo-deposited on the TiO2 surface and delayed the
recombination rate. The possible reasons for the improved
photocatalytic activity of Cu/TiO2 are either increasing light
absorption or effectively capturing the photoinduced electrons
due to the proper amount of oxygen vacancies and Cu ions on
the TiO2 surface. Where Cu ions can work as electron traps to
reduce the recombination rate of h+/e− pairs (eqn (1)). There-
fore, both Cu2+ and Cu+ ions are able of accepting the photo-
generated electrons.69
3.9. Photocatalysis mechanism

To better understand the simultaneous Cu-deposition on the
TiO2 in photocatalytic hydrocarbon and hydrogen production
from acetic acid solution, a possible reaction mechanism has
been proposed combining the mentioned theories and experi-
mental consequences (Fig. 7). Electron transfer to the conduc-
tion band of CuO is feasible due to its location just below the
conduction band of TiO2 under the UV light irradiation. For the
same reason, the hole transfer from TiO2's valence band to
CuO's valence band is permitted and the combined effect of Cu/
TiO2 increases hydrocarbon and hydrogen production.36 When
light energy larger than the TiO2 bandgap is absorbed by the
TiO2 semiconductor, the photogenerated electrons move
toward the conduction band, resulting in photogenerated holes
becoming available in the valence band (eqn (5)). The photo-
generated electrons are used to reduce Cu2+ ions into metals in
Fig. 7 Mechanism for (a) oxygen reduction, and hydroxide ion oxidation

© 2025 The Author(s). Published by the Royal Society of Chemistry
the aqueous acetic acid solution andmetallic Cu is deposited on
the TiO2 surface. Since electrons are consumed one aer
another, it is considered that the oxidation reaction by holes is
accelerated. The photo-precipitated Cu metal is oxidized by
dissolved oxygen in the system to become CuO (eqn (2) and
Fig. S3c†), further dissolved in an acetic acid aqueous solution
and re-existed as Cu2+ ions. As long as oxygen exists in the
system, this cycle always causes the precipitation of fresh metal
Cu so that the photocatalytic activity can be maintained semi-
permanently.

Next, the oxidation reaction mechanism of acetic acid
considered in this experiment is shown below (Scheme 1 and
Fig. 7b–f). Where the photogenerated holes and cOH radicals
are inuenced by the rate of water-splitting (eqn (6)). Further,
the adsorbed CH3COOH dissociates to CH3COO

− and comes
into contact with the photogenerated holes to produce cCH3 and
CO2, followed by the Photo-Kolbe reaction (eqn (7) and (8)). At
this stage, cCH3 radicles react with water to release CH4 and
with another cCH3 to produce C2H6 (eqn (9) and (10)). Methanol
(CH3OH), formaldehyde (HCHO) and formic acid (HCOOH)
were detected in the liquid phase during the photocatalytic
decomposition of acetic acid.27 The photogenerated hole reacts
with the methanol to produce formaldehyde (eqn (11) and (12))
and further formic acid was detected as an intermediate due to
the oxidation reaction in the presence of cOH and hole (eqn
(13)). Finally, the formate ion comes in contact with photo-
generated holes and produces H+, which is further reduced by
the photogenerated electron to evolve H2 (eqn (15)).

Next, the effects of dissolved oxygen and hydroxide ions on
the generation of hydrogen and hydrocarbons were considered.
Since the reduction potential of oxygen is on the nobler side
and (b–f) photocatalytic hydrocarbon and H2 production.
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Scheme 1 Reactionmechanism for the hydrocarbon production from
acetic acid.47,70,71
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than the potential of the conduction band of TiO2, dissolved
oxygen is thought to be reduced using electrons photogenerated
on titanium oxide to form superoxide anions. Therefore, when
the amount of dissolved oxygen increases, the number of elec-
trons used for proton reduction decreases, which is thought to
harm hydrogen generation. In addition, it is believed that when
the pH increases and the number of hydroxide ions increases,
the methane produced decreases because the photogenerated
holes are consumed and hydroxyl radicals are generated. The
conduction band potential of TiO2 is −0.2 V (Fig. 7b), which is
more negative than the oxidation–reduction potential of Cu2+/
Cu of +0.34 V, so in this stage, Cu ions can be reduced to
metallic Cu. A comparative TiO2 photocatalytic methane
production efficiency from acetic acid result is presented in
Table S3.†
4. Conclusions

In summary, the photocatalytic activity of in situ Cu-deposited
TiO2 was studied for the hydrocarbon and hydrogen produc-
tion from aqueous acetic acid solution under UV light irradia-
tion. Factors that affect the photocatalytic reaction, such as
substrate initial concentration, irradiation time, catalyst and co-
catalyst dosage and reaction pH were optimized. The structural
and optical properties of Cu/TiO2 were characterized by XPS,
TEM, BET surface area, DRS and PL analysis. The appropriate
work function of Cu contributed to Schottky junction forma-
tion, which facilitates electron transfer, assists in overcoming
the Schottky energy barrier and leads to enhanced photo-
catalytic efficiency. The energy band gap and light absorption
capability of Cu/TiO2 were signicantly improved due to the Cu
deposition. PL results conrm that the photogenerated charge
separation and migration capability also improved for Cu/TiO2.
The optimized Cu/TiO2 exhibited the highest methane
production (4136 mmol g−1), 9.2-fold more than pure TiO2

without using any noble metal. The most straightforward
technique reduced the recombination rate and energy band
gap, resulting in the simultaneous production of hydrocarbon
and hydrogen, which also smoothly proceeded under visible
light (405 nm) irradiation and atmospheric conditions. Addi-
tionally, the excellent stability of Cu/TiO2 was proven through
cycling experiments. Finally, the Cu/TiO2 can be considered
5324 | RSC Adv., 2025, 15, 5316–5326
a potential photocatalyst for efficiently converting solar power
to chemical energy.
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M. C. Román-Mart́ınez, Catal. Today, 2017, 287, 78–84.

30 L. M. Betts, F. Dappozze and C. Guillard, Appl Catal, A, 2018,
554, 35–43.

31 Y. Cao, S. N. Lou and T. Ohno, Mater. Lett., 2023, 347,
134552.

32 K. Nakata and A. Fujishima, J. Photochem. Photobiol. C
Photochem. Rev., 2012, 13, 169–189.

33 A. Madhumitha, V. Preethi and S. Kanmani, Int. J. Hydrogen
Energy, 2018, 43, 3946–3956.

34 D. Guerrero-Araque, P. Acevedo-Peña, D. Ramı́rez-Ortega,
L. Lartundo-Rojas and R. Gómez, J. Chem. Technol.
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