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A B S T R A C T

Titanium dioxide (TiO2) nanoparticles were reported as a photocatalyst for hydrogen production via water 
splitting. Herein, two-dimensional (2D) copper (Cu)-terephthalate (CuTPA) metal-organic framework (MOF) and 
its carbonized products were used as cocatalysts to promote the photocatalytic activity of TiO2. The materials 
showed great potential in low-cost and high photocatalytic performance. They offered an environmentally 
friendly system for hydrogen production with initial and cumulative hydrogen generation rates (HGRs) of 
12.8–23.6 mmol⋅h− 1⋅g− 1 and 61.5–112.9 mmol⋅g− 1, respectively. The effects of cocatalyst loading, composite, 
and carbonization temperature (400 ◦C, 600 ◦C, and 800 ◦C) were investigated. The highest initial and cumu
lative HGR values were observed for CuO@C obtained after carbonization at 400 ◦C with 3 wt% loadings, of
fering HGR values of 23.6 mmol⋅h− 1⋅g− 1 and 112.9 mmol⋅g− 1. CuO@C enhanced the photocatalytic performance 
of pristine TiO2 by 295 and 182 folds. The combination effect of CuO and carbon nanosheet is crucial for the high 
photocatalytic performance of the composite cocatalyst compared to the individual cocatalysts of CuO or carbon.

1. Introduction

The energy crisis has intensified due to the increasing consumption 
of nonrenewable sources such as fossil fuels [1–3]. Hydrogen gas is a 
possible alternative energy source for the future. Nonetheless, the stor
age and manufacturing of hydrogen present considerable economic 
burdens [4–7]. Using a semiconductor catalyst in photocatalysis to split 
water into hydrogen and oxygen shows immense potential as a practical 
and environmentally friendly approach to addressing the current energy 
problem [8–12]. Water splitting was discussed in several reviews 
[13–21]. Several photocatalysts have been reported for water splitting 
[22,23]. The homojunction of two semiconductors of photocatalysts, 
such as TiO2, promotes spatial charge separation [24,25]. According to 
the findings of a study that investigated picosecond transient absorption- 
emission spectroscopy, 90 % of photoelectrons and photoholes recom
bine within 10 ns during photocatalysis [26]. The photocatalytic per
formance of TiO2 can be enhanced using scavengers or cocatalysts 
[27,28]. Several noble metals were reported as cocatalysts with high 
efficiencies. These noble metal cocatalysts are expensive and rare; as a 
result, it is difficult to employ them in hydrogen generation on a large 
scale. Thus, high-efficiency and low-cost cocatalysts are required to 

improve the photocatalytic water splitting over TiO2 semiconductors.
Metal-organic frameworks (MOFs) have advanced the field of 

hydrogen generation via photocatalysis [29–38] and electrolysis [39]. 
They offered high photocatalytic activity for renewable energy pro
duction [40,41], carbon dioxide (CO2) conversion or reduction [42–44]. 
They were also used as precursors for synthesizing metal-based catalysis 
embedded into a carbon framework [45,46]. MOFs and their derivatives 
provide advantages such as a high surface area and a well-defined 
structure. However, some challenges are associated with using MOFs 
for water splitting, e.g., low chemical stability in aqueous environments, 
low catalytic reactivity, and high cost. As research continues, new and 
improved MOFs or their derivatives are likely to be developed to 
enhance their performance for water splitting with high efficiency 
[47,48].

Herein, two-dimensional (2D) MOF of copper terephthalate (CuTPA) 
was carbonized for the synthesis of copper oxide-loaded carbon 
(CuO@C). Both precursors, i.e., CuTPA or the carbonized materials, 
were investigated as cocatalysts for water splitting over the semi
conductor photocatalyst TiO2. The role of carbonization temperature 
and composite entities, such as CuO or carbon, was investigated. CuTPA 
and the derived materials enhanced the photocatalytic performance of 
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TiO2, offering higher hydrogen generation rates than pristine TiO2.

2. Experimental Section

2.1. Materials and methods

Cu(NO3)2⋅3H2O, cetrimonium bromide, and terephthalic acid (TPA) 
were bought from Sigma-Aldrich (Germany). Titanium dioxide photo
catalyst (TiO2, 99 %) was obtained from Aeroxide (ACROS Organics).

2.2. Synthesis of CuTPA and CuO@C

CuTPA MOF was synthesized via a solvothermal approach, as 
described in Reference [49]. A turquoise precipitate of CuTPA was ob
tained after three hours of reflux. The CuTPA MOF material was 
carbonized at 400–800 ◦C in air. The products were denoted as 
CuTPA_×, where × refers to the carbonized temperature, i.e., 400 ◦C, 
600 ◦C, and 800 ◦C.

2.3. Photocatalyst preparation

CuTPA/TiO2 and CuTPA_×/TiO2 (× refers to carbonization tem
peratures) were synthesized using the wet impregnation technique. 
Typically, the cocatalysts, i.e., CuTPA/TiO2 and CuTPA_×/TiO2, were 
mixed in mass ratios of 0.5 %, 1 %, 2 %, 3 %, 4 %, and 5 % with TiO2 in a 
ceramic evaporation dish using 0.5 mL of N-Methyl-2-pyrrolidone 
(NMP) and 0.5 mL of acetonitrile. The mixture was homogenized using 
an ultrasonic bath before solvent evaporation using a hot water bath at 
80 ◦C. The powder was labeled as ×CuTPA/TiO2, where × (0.5–5 %) 
denotes the weight fraction of CuTPA inside the composite.

A sample of carbon-loaded TiO2 (i.e., C/TiO2) and CuO/TiO2 was 
also reported for comparison following the same procedure mentioned 
above. The carbon source in C/TiO2 was obtained from carbon black 
(100 % compressed Thermo Scientific Chemicals). CuO was prepared via 
co-precipitation using a solution of NH4OH (30 %) and calcined at 

500 ◦C for 3 h.

2.4. Photocatalytic H2 evolution measurements

A quartz photochemical reactor (Corrtest®, China) was used to 
conduct photocatalytic tests. 50 mg of photocatalyst was suspended in 
an aqueous methanol solution (20 wt.%), serving as a sacrificial reagent. 
The solution contained 200 mL of deionized water. Before the light 
irradiation, the photoreactor that contained the catalyst and the sacri
ficial reagent was swirled for approximately 30 min to allow the catalyst 
to spread uniformly. The photoreactor was then degassed by purging it 
with nitrogen gas for 30 min to eliminate any air. It was illuminated by 
an LED UV-light source (365 nm, 25 W, NVMUR020A, Japan). The 
generated hydrogen was collected at regular intervals. Hydrogen gas 
was analyzed using argon as the carrier gas with an inline gas chro
matograph (Shimadzu GC-2014).

2.5. Characterization

X-ray diffraction (XRD) patterns were evaluated by Bruker D8 
Advance, using a copper source. X-ray photoelectron spectroscopy (XPS) 
spectra were acquired with Al K radiation (Thermo Scientific, USA). 
Transmission electron microscopy (TEM) and high-resolution trans
mission electron microscopy (HR-TEM, JSM-2100, Japan) were 
employed to examine particle size, morphology, and crystal phases. 
Scanning transmission electron microscopy (STEM) images and energy- 
dispersive X-ray spectroscopy (EDX) data were collected using the same 
instrument. A Thermo Fisher Scientific Evolution 220 spectrophotom
eter (UK) was employed to obtain powdered samples’ diffuse reflectance 
spectroscopy (DRS) spectra throughout the 200–800 nm wavelength 
range. Thermogravimetric analysis (TGA) curves for CuTPA and CuTPA/ 
TiO2 were obtained utilizing the Perkin Elmer TGA 7 apparatus.

Fig. 1. Scheme for the synthesis procedure for CuTPA and its carbonization derivatives.
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2.6. Photoelectrochemical Measurements

The electrochemical measurements, such as cyclic voltammetry 
(CV), chronoamperometry (CA), and electrochemical impedance spec
troscopy (EIS), were recorded using a potentiostat workstation (CS350, 
CorrTest® Instruments, China) in the presence of a light source con
sisting of UV–LED. The photocatalyst-loaded fluorine-doped tin oxide 
(FTO) glasses were used as a working electrode using the electrophoretic 
deposition method (EPD). The electrolyte solution was 0.1 M Na2SO4 
(40 mL). The measurements were performed using a three-electrode 
system, with a reference electrode made out of Ag/AgCl, a counter 
electrode made out of Pt wire, and a working electrode made out of 
photocatalyst-loaded FTO substrates. EIS data were collected under dark 
and light irradiation, using a frequency range of 0.01–105 Hz.

Recyclability is a crucial aspect in assessing the long-term stability. 
The recyclability was evaluated according to a previous procedure using 
a 3CuO@C_400/TiO2 composite, which underwent testing throughout 
four cycles for 20 h. For each cycle, the photocatalyst was separated via 
vacuum filtration using a 0.45-μm sterilized cellulose nitrate filter 
(Sartorius Stedium Biotech GmbH, Germany), dried at 80 ◦C for 12 h 
before the next cycle. Each run requires a freshly made aqueous meth
anol (20 vol%) solution. Efficiency (%) was calculated based on the ratio 
of HGR after 5 h for each run divided by the HGR value of the first run.

3. Results and discussion

3.1. Materials Characterization

Fig. 1 shows the synthesis of copper terephthalate (CuTPA) and 
CuO@C via the solvothermal method and carbonization, respectively. 
CuTPA was carbonized at different temperatures of 400–800 ◦C (Fig. 1). 
XRD patterns for precursor materials, i.e., TiO2 and CuTPA, were 
recorded, as shown in Fig. 2. Data analysis of the XRD pattern of TiO2 
reveals the presence of a mixed phase of two TiO2 phases, e.g., rutile and 
anatase crystal phases, according to the XRD simulated patterns of the 
JCPDS file no. 21–1272 and JCPDS file no. 21–1276 for anatase and 
rutile phases, respectively. The composite of CuTPA/TiO2 and the ma
terial after carbonization at 400 ◦C displays mainly the diffraction 
pattern of TiO2. Based on the TGA curve (Fig. S1), CuTPA can be 
decomposed starting from a temperature of 400 ◦C. Thus, we carbonized 
the materials at 400 ◦C, 600 ◦C, and 800 ◦C. XRD pattern of the 
carbonized material displays a pure phase of CuO@C with lattice pa
rameters of a, b, c, α, β, and γ equal to 4.25 Å, 4.06 Å, 5.16 Å, 90.0o, 
92.5o, and 90.0o ◦, respectively (Fig. S2).

TEM images of CuTPA (Fig. 3a) confirm the 2D morphology obtained 
from the crystal structure of the materials (Fig. 1). The material, e.g., 
CuTPA, after carbonization, displays dark particles of CuO dense phase 
embedded into a gray layer of carbon (Fig. 3b). TiO2 nanoparticles were 
integrated into CuTPA crystal (Fig. 3c-d). CuTPA_400/TiO2 displays two 
different phases of TiO2 and CuO with gray particles referred to as 
carbon (Fig. 3e-f). HR-TEM images show back and white lattice fringes 
with a spacing distance of 0.36 nm assigned to the Miller plane (101) of 
TiO2 anatase (Fig. 3e-f).

Particle morphology and elemental distribution were further char
acterized using STEM images (Fig. 4), EDX analysis (Fig. S3), and 
mapping (Fig. 4). STEM image of CuTPA/TiO2 displays a big crystal of 
CuTPA integrated with small particles of TiO2 nanoparticles (Fig. 4). 
Based on the elemental mapping of titanium, TiO2 is homogenously 
distributed surrounding and on the crystal of CuTPA before and after 
carbonization. CuTPA and CuTPA_400 were observed surrounded by 
tiny crystals of TiO2 nanoparticles (Fig. 4).

XPS analysis was included to characterize the material’s elemental 
composition, oxidation state, and local structure (Fig. 5). The elemental 
survey reveals the presence of elements, specifically C 1 s, O 1 s, Ti 2p, 
and Cu 2p, indicating the integration of the two materials, TiO2 and 
CuTPA or CuTPA_400 (Fig. 5a). The copper XPS curve displays peaks at 
932.4 eV and 951.8 eV for Cu 2p3/2 and Cu 2p1/2, respectively 
(Fig. 5b). The titanium (Ti 2p) XPS curve shows peaks at binding en
ergies of 458.7 eV and 464.6 eV, corresponding to Ti 2p3/2 and Ti 2p1/2, 
respectively (Fig. 5c).

3.2. Hydrogen Generation via Photocatalysis

The photocatalytic activities of pure TiO2 semiconductor and its 
composites with CuTPA and CuTPA‑carbonized at different tempera
tures (400–800 ◦C) were investigated. The role of the photocatalyst 
composites is investigated using cocatalysts consisting of pure carbon 
and CuO (Fig. 6a). The hydrogen generated over time for the pristine 
photocatalyst TiO2 with and without the cocatalysts was recorded in 
Fig. 6a. There is a linear increase in the hydrogen generated rate (HGR) 
over time (Fig. 6a). A comparison between the different photocatalysts 
in terms of initial and cumulative HGR was plotted in Fig. 6b. TiO2 
showed initial and cumulative HGR of 0.08 and 0.62 mmol⋅g− 1, 
respectively (Fig. 6b). The low performance of pure TiO2 can be 
improved by adding cocatalysts of carbon, CuO, and CuO@C obtained 
via the carbonization of CuTPA at 400 ◦C. Carbon cocatalyst enhanced 
the initial and cumulative HGR of TiO2, offering values of 2.58 and 10.7 
mmol⋅g− 1 (Fig. 6b). CuO/TiO2 offered HGR values of 12.7 and 56.8 
mmol⋅g− 1 (Fig. 6b). The highest initial and cumulative HGR values were 
observed for CuO@C with a 3 wt% loading, offering HGR values of 23.6 

Fig. 2. XPD patterns for prepared materials.
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and 112.9 mmol⋅g− 1 (Fig. 6b). CuO@C enhanced the photocatalytic 
performance of pristine TiO2 by 295 and 182 folds. The high values of 
HGR using CuO@C are mainly due to the synergistic effect of carbon and 
CuO present in CuO@C.

The effect of the CuO@C cocatalyst loading using a range of 0.5–5 wt 
% was investigated over time, as shown in Fig. 6c. Both initial and cu
mulative HGR values increased with the loading of CuO@C, reaching 
maximum values at a loading of 3 wt%. At higher loading of CuO@C 
(4–5 wt%), there is a decrease in the recorded HGR values (Fig. 6d). 
CuO@C/TiO2 showed HGR values of 5.6, 15.8, 16.4, 23.6, 10.5, and 5.7 
mmol⋅g− 1⋅h− 1 with loading percentages of 0.5, 1, 2, 4, and 5 wt%, 
respectively. The drop in the photocatalytic performance of TiO2 at 
higher loading of CuO@C cocatalyst could be due to the scattering of 
light, which prevents the interaction with the TiO2 surface.

The effect of the carbonization temperature was also investigated 
using temperatures of 400 ◦C, 600 ◦C, and 800 ◦C. The material’s initial 
and cumulative HGR values at the different carbonization temperatures 
were plotted in Fig. 7a. Cocatalyst CuTPA carbonized at 400 ◦C, 600 ◦C, 

and 800 ◦C showed initial HGR values of 23.6, 14.6, and 12.9 
mmol⋅g− 1⋅h− 1, and cumulative HGR values of 112.8, 67.8, and 61.5 
mmol⋅g− 1⋅h− 1, respectively (Fig. 7b). Carbonization of CuTPA above a 
temperature of 400 ◦C displays the complete decomposition of the 
framework into CuO with carbon residual. At high carbonization tem
peratures, the carbon residual decreased, and the degree of graphitiza
tion increased. Thus, the cocatalyst at high carbonization temperature 
showed a decrease in the recorded HGR values (Fig. 7b). The optimal 
carbonization temperature of CuTPA was 400 ◦C.

Recyclability and stability for long-time (20h) measurements (4 runs, 
5 h for each run) were performed (Fig. 7c-d). The photocatalytic 
hydrogen generation can be recycled 4 times with insignificant decrease 
in the HGR value (Fig. 7c). HGR (mmol⋅g− 1) values and efficiency (%) 
are calculated for each run (after 5 h). Based on Fig. 7d, the HGR value 
or efficiency maintains high values after running for 20 h, indicating 
high recyclability and long-time efficiency. The slight decrease in HGR 
(112.9 mmol⋅g− 1 for 1st run to 84 mmol⋅g− 1 for 4th run) or efficiency 
(from 100 % for 1st run to 74.4 % for 4th) could be due to slight mass loss 

Fig. 3. TEM and HR-TEM images for a) CuTPA, b) CuTPA_400, c-d) CuTPA/TiO2, and e-f) CuTPA_400/TiO2.

H.N. Abdelhamid and H.M. El-Bery                                                                                                                                                                                                        Inorganic Chemistry Communications 180 (2025) 115044 

4 



in photocatalysts during separation.

3.3. Mechanism of photocatalysis

The oxidation potential of the valence band (VB) of TiO2 surpasses 

that of water (1.23 V vs. standard hydrogen electrode [NHE]). In com
parison, the reduction potential of the conduction band (CB) of TiO2 is 
less negative than the threshold for hydrogen evolution (0.00 V vs. 
NHE), rendering it inefficient for proton reduction to hydrogen. The 
valence band of TiO2 is situated at a greater oxidation potential than that 

Fig. 4. STEM image and EDX elemental mapping for CuTPA/TiO2 and CuTPA_400/TiO2.

Fig. 5. XPS analysis for CuTPA/TiO2 and CuTPA_400/TiO2, a) survey, b) Cu 2p, and c) Ti 2p.
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of water. The photocatalytic water splitting process consists of three 
essential steps: (1) light absorption and the generation of electron-hole 
pairs by the semiconductor TiO2, (2) charge separation and transfer to 
the semiconductor surface, and (3) surface reactions resulting in the 
production of hydrogen and oxygen. Various data were acquired, 
including DRS spectra (Fig. 8a-d), CV (Fig. 9a), chronoamperometry 
(Fig. 9b), and Nyquist plots (Fig. 10a-b), to clarify the improvement 
noted in the photocatalytic efficacy of TiO2.

DRS spectra of TiO2 with and without cocatalysts were recorded, as 
shown in Fig. 8. The spectra for cocatalysts such as CuO and 
CuO@C_400 were also recorded (Fig. 8a). It was observed that the 
Degussa P25 TiO2 exhibited a significant absorption at wavelengths of 
about 310 nm. Cocatalysts such as CuO@C_400 showed broad absor
bance compared to CuO without carbon. All catalysts containing TiO2 
display a similar profile of pure TiO2 photocatalyst with minimal shift 
due to cocatalysts with different compositions (Fig. 8a), carbonization 
temperature (Fig. 8b-c), and loading percentages (Fig. 8d). Based on 
Tauc plots (Fig. 8c), there is a shift in the optical band gap of TiO2 (3.2 
eV) to a lower value (2.9 eV) after combination with CuO@C co
catalysts. The decrease in the bandgap of pristine TiO2 explains the 
higher HGR of the composite.

The electrochemical measurements of the photocatalyst with and 
without cocatalysts were evaluated using CV (Fig. 9a), chro
noamperometry (Fig. 9b), and Nyquist plots (Fig. 10). CV data show the 
reduction peak of TiO2 (Fig. 9a). There is an increase in the reduction 
current after adding CuO@C cocatalysts. The carbonized CuTPA at 
400 ◦C exhibits the highest current values, which explains its superior 
photocatalytic performance compared to the other materials (Fig. 9a). 
The chronoamperometry data can also confirm these characteristics 
(Fig. 9b). Electrochemical measurements, i.e., CV and 

chronoamperometry, indicate that adding CuO@C enhanced the elec
trochemical response of TiO2.

EIS using Nyquist plots of all photocatalysts with and without light 
are present in Fig. 10. A Nyquist plot is a graph of the real and imaginary 
parts of the impedance of a material as a function of frequency. It is a 
valuable tool for understanding the electrical properties of semi
conductors such as TiO2. In the case of TiO2, the Nyquist plot typically 
shows a semicircle. The radius of the semicircle is related to the charge 
carrier mobility and the capacitance of the semiconductor. The semi
circle is centered on the real axis at a value related to the semi
conductor’s resistance. The size and shape of the Nyquist plot can be 
used to assess the photoelectrochemical properties of the TiO2 semi
conductor. For example, a larger semicircle indicates higher charge 
carrier mobility, while a smaller semicircle indicates lower resistance. 
The distortion in the semicircle of TiO2 suggests the presence of a 
recombination process that is undesirable for the water-splitting pro
cess. The Nyquist plot can also be used to study the effects of doping on 
the electrical properties of TiO2. Adding cocatalysts, such as CuO@C and 
p-type materials, decreases the charge carrier concentration and 
mobility, which reduces the semicircle (Fig. 10). The same trend was 
observed without (Fig. 10a) and under light effect (Fig. 10b). Similar to 
data obtained from CV and chronoamperometry, Nyquist plots explain 
why the materials at a low carbonization temperature, i.e., 400 ◦C, 
display the highest improvement in photocatalytic activity for TiO2.

The structure and electronic configuration of carbon alter markedly 
with different carbonization temperatures, affecting its physical and 
chemical characteristics. At low temperatures (400 ◦C), the produced 
carbon is predominantly amorphous and abundant in oxygen-containing 
functional groups, including hydroxyl and carboxyl, which enhance 
surface reactivity. As the temperature rises to the intermediate range 

Fig. 6. a-c) HGR over time and b-d) initial and cumulative HGR for photocatalysts.
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(600 ◦C), partial graphitization commences, resulting in improved 
conductivity and the formation of micropores and mesopores. The car
bon exhibits increased order at high temperatures (800 ◦C), resulting in 
enhanced graphitic domain development and markedly improved con
ductivity. Carbonization temperature also affects the interaction forces 
between CuO and carbon, affecting the synergistic effect between the 
two materials.

Fig. 11 illustrates the basic photocatalytic process of our photo
catalysts to produce hydrogen gas. In applications for the splitting of 
water, TiO2, which is a kind of semiconductor with an n-type electron 
configuration, will function as a photoanode. When photons with an 
energy equal to or higher than the TiO2 bandgap are aimed at the surface 
of TiO2, the electrons in the VB will be forced to migrate into the CB, 
leaving holes in the VB. A p-n heterojunction was created when p-type 
CuO and n-type TiO2 were brought into contact. It generated an electric 
field within the space charge region. Both components that went into 
making the composite were found to have created photoinduced holes 
and electrons after being exposed to light for an extended period 
(Fig. 11).

A comparison with other catalysts was summarized in Table 1. The 
synthesis procedure, such as atomic layer deposition (ALD), offered 
several functions, including the deposition of CuxO via P25 TiO2 and the 
reduction of Ti4+ to Ti3+ [50]. CuxO/TiO2 offered 11 times higher HGR 
than unmodified P25 [50]. CuO exhibits a narrow band gap; thus, it can 
be considered an effective candidate [51,52]. CuO can be regarded as an 
electron reservoir from TiO2 [53,54]. Therefore, it prevents the recom
bination of electron-hole pairs, improving photocatalytic efficiency. 
CuO/TiO2 was synthesized in an aqueous glycerol solution [55]. The 
material demonstrated effective hydrogen evolution at 2061 
μmol⋅h− 1⋅g− 1 under UV irradiation. Nonetheless, CuO@TiO2 composites 

synthesized via self-assembly or sol-gel techniques often encounter 
challenges in achieving uniform coatings with elevated specific surface 
areas and consistent morphologies, adversely affecting interfacial mass 
transfer during photocatalytic processes [55]. Conversely, hetero
junctions generated through template calcination can mitigate this 
limitation. Cu-based catalysts are cheaper than noble metal-based pho
tocatalysts, such as Pt-doped TiO2 hollow spheres (Pt/HS-TiO2) [56,57]. 
A cocatalyst of CuxO/RuO2 improved the photocatalytic performance of 
Ta2O5/SrZrO3 [58]. Cu-based TiO2 photocatalyst exhibits high HGR 
values [59,60]. CuO was synthesized via hydrothermal and calcination 
procedures using CuCl2 precursor [61]. The synthesis of CuO@C via 
MOF carbonization is more straightforward than most of these methods.

[Ti5Cu4O6(ba)16].2CH3CN (Hba = benzoic acid) was utilized to 
produce Cu/TiO2@N-doped C by carbonization at 750 ◦C for 180 min 
under argon [62]. It was synthesized using a one-pot solvothermal re
action involving Ti(OiPr)4, Hba, and CuCl, conducted in the presence of 
acetic acid and acetonitrile (CH3CN) at 80 ◦C for a duration of 3 days. 
The Cu/TiO2@N-doped C catalyst exhibited higher HGRs of 305 
μmol⋅h− 1⋅g− 1 compared to Cu/TiO2@N-doped C (182 μmol⋅h− 1⋅g− 1), 
Cu/TiO2 (148 μmol⋅h− 1⋅g− 1), and TiO2 (7 μmol⋅h− 1⋅g− 1), establishing 
the following order of average H2 production quantum efficiency: Cu/ 
TiO2@N-doped C > TiO2@N-doped C > Cu/TiO2 > TiO2 [63]. The data 
analysis indicated the oxidation of Cu during photocatalysis. A bime
tallic MOF, NH2-MIL-125(Ti/Cu), was a precursor for synthesizing TiO2/ 
CuxO/C composite through carbonization at 700 ◦C [64]. A p (TiO2)–n 
(CuxO) heterojunction was synthesized, providing a photocatalytic 
material for photocatalysis. The TiO2/CuxO/C nanocomposite exhibited 
an HGR of 3298 μmol⋅h− 1⋅g− 1 under UV–visible light, representing a 40- 
fold enhancement compared to commercial TiO2. NH2-MIL-125(Ti/Cu) 
as a precursor for synthesizing TiO2/CuxO/C by carbonization in an Ar/ 

Fig. 7. Effect of carbonization temperature on hydrogen generation, a) HGR over time and b) initial and cumulative HGR for CuTPA carbonized at 400 ◦C, 600 ◦C, 
and 800 ◦C, c) recyclability, and d) HGR and efficiency for long-time measurements.
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H2O vapor environment. The TiO2/CuxO/C nanocomposite offers 
readily available active sites, demonstrating a remarkable photo
catalytic H2 evolution activity of 3147 μmol⋅h− 1⋅g− 1, which is 99 times 
greater than that of bare TiO2 with only 3 wt% loading; additionally, 
CuO@C improves the photocatalytic activity of TiO2 by 295 times [64].

Compared to other synthesis routes, such as ALD, solvothermal 

processing, or multi-step impregnation–calcination methods, the syn
thesis of CuTPA MOF-derived CuO@C approach is a straightforward, 
scalable, and cost-effective strategy for cocatalyst preparation (Table 1). 
MOF carbonization avoids the prolonged reaction times, high solvent 
consumption, and complex precursor requirements associated with 
solvothermal and ALD techniques. Additionally, it provides a uniform 

Fig. 8. a-d) UV–Vis diffuse reflectance and c) Tauc’s plot.

Fig. 9. a) cyclic voltammetry, and b) chronoamperometry for TiO2 and CuTPA carbonized at different temperatures.
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distribution of Cu species within a conductive carbon matrix, facilitating 
charge separation and enhancing HGRs. Unlike sol-gel or self-assembly 
methods, which often struggle to control morphology and interfacial 

contact, MOF-templated calcination ensures a high surface area and a 
consistent nanoscale architecture (Table 1). As copper is an earth- 
abundant and inexpensive metal, this strategy holds significant prom
ise for the practical, large-scale implementation of efficient TiO2-based 
photocatalysts for hydrogen production.

4. Conclusions

The production of a heterojunction is a consequence of contact at the 
interface between the p-type semiconductor CuO@C and the n-type 
semiconductor TiO2, which, in turn, causes charge to be transferred 
from CuO to TiO2 and subsequently improves the separation of photo
generated electron-hole pairs and limits their recombination. The for
mation of the heterojunction results from the interaction of two 
semiconductors with separate chemical components. The difference in 
energy levels between two semiconductors facilitates the generation of 
an internal electric field, enhancing the transit and separation of charge 
carriers. Thus, CuO@C improved the photocatalytic performance of 
TiO2 in terms of high HGRs.
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