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A B S T R A C T

A novel PtO2/TiO2 heterojunction photocatalyst was synthesized via ball milling and investigated for its potential in photocatalytic hydrogen production. The effects 
of PtO2 loading, catalyst concentration, and sacrificial agent concentration on the hydrogen evolution rate (HER) were systematically evaluated. The results indicate 
that increasing the PtO2 concentration in the catalyst significantly enhances the hydrogen production rate, reaching a maximum value of approximately 54 
mmol•h− 1•g− 1 at a PtO2 concentration of 20 wt%.

The effect of the sacrificial agent concentration on the hydrogen production exhibited a Langmuir-Hinshelwood behavior with constant hydrogen production rates 
at sacrificial agent concentrations greater than 2.5 M. The experimental results were described by a kinetic model to shed light on the reforming mechanism. Finally, 
the stability of the photocatalyst was confirmed through four consecutive cycle tests.

This synergistic integration of experimental and modelling analyses provides a robust platform for uncovering mechanistic details of photocatalytic hydrogen 
generation using a photocatalyst synthesized through a facile preparation method.

1. Introduction

The extraction and consumption of fossil fuels have led to environ
mental challenges, including the depletion of natural resources and the 
increased emission of pollutants [1–3]. Hydrogen, due to its high energy 
density (120 MJ⋅kg− 1) and clean combustion process, has attracted 
attention as a potential sustainable alternative to fossil fuels [4–6]. 
Among the existing hydrogen production technologies - both fossil fuel- 
based and renewable energy routes - solar-based approaches have 
garnered widespread interest. Extensive research has focused on pho
tocatalytic water splitting [5,7] and photoreforming of organics [8–11]. 
The latter, which utilizes organic pollutants present in wastewater, is 
particularly attractive as it enables the production of hydrogen while 
also addressing wastewater treatment [12,13]. Methanol is the most 
commonly utilized sacrificial agent in photocatalytic reforming [14]. 
Unlike photocatalytic water splitting, which produces H2 and O2, pho
tocatalytic reforming of organic compounds generates H2 and CO2 as its 
products.

Methanol adsorbed on the photocatalyst surface is oxidized by the 
photogenerated holes forming methoxy radical CH3Ȯ and then 

formaldehyde CH2O. Formaldehyde may either oxidize further to CHȮ
and CO or hydrate to form methanediol CH2(OH)2. The latter is dehy
drogenated into formic acid prior to oxidation into CHOȮ and CO2. The 
protons generated during the oxidation steps are reduced by the pho
togenerated electrons to form H2. As a result, methanol serves a dual 
role, acting both as a scavenger for photogenerated holes and as a proton 
donor. However, the efficiency of this process largely depends on the 
photocatalyst used. Generally speaking, a suitable band gap, and good 
chemical and physical stability are the most important characteristics to 
consider in the photocatalyst design [15].

To date, several semiconductors have been identified for photo
catalytic hydrogen production, such as TiO2 [2,16,17], ZnO [18–20], 
CdS [21,22], g-C3N4 [23,24]. Among these, anatase-phase titanium di
oxide (TiO2) is the most widely used as a photocatalyst due to its positive 
features (i.e., stability, abundance, environmental friendliness, and 
ability to absorb ultraviolet light) [25,26]. However, despite its unique 
physicochemical properties, limited visible light activity and high 
electron-hole recombination rate restrict its overall efficiency in 
hydrogen production, thus prohibiting the scalability of TiO2-based 
processes for industrial applications [27,28]. To overcome these issues, 
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significant efforts have been made to combine TiO2 with other semi
conductors or metallic co-catalysts to modify its light absorption capa
bilities and reduce the electron-hole recombination rate [29–31]. A 
common approach is the construction of semiconductor–semiconductor 
heterojunctions [32–34]. For instance, Liu et al. [35] combined CuS as a 
p-type semiconductor with TiO2, achieving a hydrogen evolution rate 
(HER) approximately 17 times higher than that of pure TiO2 under 
UV–visible light. This improvement is attributed to enhanced charge 
separation, leading to more efficient redox reactions. However, 
despite extensive research on this semiconductor, its tendency to 
aggregate and precipitate in aqueous media continues to limit its prac
tical applications [36]. Similarly, the p-n heterojunction between the 
visible light active Cu2O (Eg ≈ 2.2 eV) ([37]) and titania was adopted by 
different authors due to the possibility of facilitating the charge carrier 
separation as well as extending the light adsorption under the visible 
light range [38,39]. However, this copper-based semiconductor suffers 
from poor (photo)stability in aqueous solution, which restricts its 
practical use.

Alternatively, some noble-metal oxides such as PdO, PtO, PtO2, and 
IrO2 have recently been proposed for designing composite nano
structures in various photocatalytic applications [40–42]. Focusing on 
Pt-based materials, it is well-known that Pt deposited on TiO2 as a co- 
catalyst enhances its photocatalytic efficiency [43–45]. However, the 
high costs of this metal and the oxidation of the produced H2 by metallic 
Pt are typically reported as the major drawbacks [46]. Regarding the 
economic considerations, several techniques for recovering Pt from 
material waste have been developed [47,48]. Consequently, the utili
zation of Pt-based materials can be considered within the framework of a 
circular economy, utilizing materials derived from waste sources 
[49–51]. Furthermore, the utilization of platinum oxides (instead of 
metallic Pt) in photocatalytic hydrogen generation has been reported by 
some authors as a solution to avoid the back reactions [46]. Table 1
summarizes recent studies on photocatalytic H2 generation in the pres
ence of Pt-based photocatalysts. It is worth noting that this literature 
review predominantly includes works published after 2020, ensuring a 
focus on the latest advancements in the field. Specifically, Li and 

coworkers (Row 4 of Table 1) achieved a HER in the presence of PtO/ 
TiO2 photocatalyst approximately 4 times higher than the Pt/TiO2 ma
terial under the same operating conditions, with negligible occurrence 
of the H2 oxidation.

Typical methods to synthesize these photocatalysts are chemical 
reduction processes, in situ hydrothermal synthesis, and impregnation 
methods. Parayil et al. (Row 6 of Table 1) synthesized various Pt-based 
photocatalysts using different methods, examining how the synthesis 
procedure affects the distribution of Pt species on the catalyst surface. 
Specifically, they observed a significant amount of Pt and PtO2 on the 
TiO2 surface when the material was prepared using controlled hydro
thermal synthesis. This synthesis method led to the highest HER in their 
study, as the close contact between the co-catalysts and TiO2 enhances 
charge carrier propagation and reduces the electron-hole recombination 
rate. The coexistence of different Pt species (i.e., Pt and PtO) was also 
proposed by Ren and colleagues (Row 9 of Table 1). Notably, they 
deposited Pt/PtO phase-juncted nanodots on alkali-modified TiO2 sur
face, producing a photocatalytic material with well-dispersed small size 
Pt-based cocatalyst. The photocatalyst demonstrated an exceptional 
photoactivity (HER = 13 mmol•h− 1•g− 1) attributed to (i) the presence 
of Pt, which facilitates efficient electron separation, and (ii) the presence 
of PtO, which improves the number of active sites of the photocatalyst 
and avoids H2 oxidation.

Unfortunately, most of the common synthesis approaches suffer from 
drawbacks and limitations, such as the complexity of the methods, the 
high costs of the reagents and their toxicity [52]. As an alternative, ball 
milling is a simple, highly controllable, cost-effective, and solvent-free 
environmentally friendly method, which consists in the mechanical 
mixing of powders, either dry or in the presence of a solvent. Recently, 
some of the authors proposed the ball-milling approach for the prepa
ration of Cu2O-TiO2 composite materials [53], as an effective, simple, 
and cost-efficient method for the synthesis of photocatalytic materials. 
Indeed, the mechanical forces involved in ball milling ensure the uni
form distribution of semiconductor particles, promoting the formation 
of well-mixed heterojunctions. The mechanical energy generated can 
also introduce defects or vacancies into the crystal structure of the 

Table 1 
Recent articles on photocatalytic hydrogen production in the presence of Pt-based photocatalysts.

Catalyst Preparation method Sacrificial 
agent

Radiation H2 production 
rate 
( 
mmol•h− 1•g− 1)

AQE or light-to- 
chemical energy 
efficiency (%)

Ref. Year of 
publication

1 PtOx-TiO2 anatase 
nanotubes

Reduction process with polyvinyl 
alcohol and NaBH4

Methanol 300 W Xe lamp 0.496 − [59] 2020

2 PtOx/TiO2 Controllable hydrolysis of the sulfuric 
acid solution of Pt(IV) hydroxide

Ethanol, 
glucose

UV LED (380 nm) 5.3 AQE = 1.5 % at 
380 nm

[60] 2023

3 Pt − C/TiO2 Impregnation 2-Propanol 100 W Hg lamp 2.3 − [61] 2024
4 PtO/TiO2 Chemical reduction process Methanol 300 W Xe lamp 4.38 − [46] 2013
5 0.5 wt. %Pt/TiO2 Flame spray pyrolysis Methanol 300 W Xe lamp 5.52 − [62] 2021
6 Pt/TiO2-PtO2/TiO2 Hydrothermal synthesis, impregnation, 

templated phase transfer method, near 
monodisperse core-like method

Methanol 300 W Xe lamp 
with AM 1.5 filter

1.57 − [57] 2013

7 Pt/TiO2 In situ photodeposition Paper 
(napkins)

LED (395 nm) 0.615 − [44] 2023

8 Pt/TiO2 nanorods Hydrothermal synthesis Methanol UV LED (365 nm) 12 − [63] 2020
9 Pt/PtO/TiO2 Deposition of phase-juncted Pt/PtO 

nanodots on hierarchically porous TiO2

Methanol 300 W Xe lamp 13 AQE = 77 % at 
365 nm

[64] 2017

10 Pt/TiO2 Wet impregnation Methanol 300 W Xe lamp 3.8 − [65] 2020
11 PtOx/ BaTiO3 Impregnation Pefloxacin Perfectlight 

Labsolar-6A
1.89 − [66] 2024

12 PtOx deposited 
Fe3O4-ZnO/TiO2

Green synthesis using Chamomile 
flowers extract

Methanol 400 W Xe lamp 
with UV light 
filter

0.485 − [67] 2023

13 NiS/CdS/PtOx/ 
WO3

Impregnation for PtOx/WO3 and 
simple mixing with NiS/CdS

Na2S/Na2SO3 300 W Xe lamp 
with AM 1.5 filter

0.06 − [68] 2023

14 Pt doped BaTiO3 Hydrothermal synthesis Moxifloxacin 300 W Xe lamp 
with AM 1.5 filter

1.52 − [69] 2023

15 PtO2/TiO2 Mechanical mixing in a ball mill Methanol 400 W Hg lamp 54 AQE = 38 % 
η = 15.6 %

This 
study

2025
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materials, serving as active sites for photocatalysis [53–55].
In this context, this study proposes the use of a ball milling method to 

combine platinum oxide (PtO2), as a p-type semiconductor with a nar
row band-gap (1.84 eV) [56,57], with TiO2, as a n-type semiconductor 
[58] to form a heterojunction photocatalyst for hydrogen generation 
under UV–visible light irradiation. The photocatalysts were subjected to 
a physicochemical characterization and tested to evaluate HER by 
varying the catalyst load, the PtO2/TiO2 ratio, and the concentration of 
the sacrificial agent. Furthermore, the (photo)stability and the recycla
bility of the material was examined in four consecutive photocatalytic 
runs. Both the apparent quantum efficiency (AQE) and the light-to- 
chemical energy efficiency were estimated to facilitate a comparison 
of the obtained results with those reported in the existing literature. 
Finally, the mechanistic details of the process were elucidated through 
the development of a kinetic model.

2. Experimental

2.1. Materials

Titanium (IV) oxide (anatase nanopowder, particle size < 25 nm, 
density 3.9 g•mL− 1, specific surface area 45–55 m2•g− 1, 99.7 %), plat
inum (IV) oxide (surface area ≥ 75 m2⋅g− 1) and methanol (99 %) were 
purchased from Sigma Aldrich. All reagents were used as received. 
Doubly glass–distilled water was used throughout this study.

2.2. Preparation and characterization of the photocatalyst

The heterojunction photocatalyst samples were prepared using a ball 
milling method. Specific quantities of PtO2 and TiO2 were mixed in 
various ratios (0–30 %) and ball-milled at 200 rpm for 1 min in a 
planetary mill (PM100, RETSCH) equipped with an agate mortar (50 
mL) and 10 agate balls (10 mm) [53].

The synthesized catalyst morphology was characterized using a 
scanning electron microscope (SEM, FEI Inspect F-50) under 20 kV of 
electron beam with 3.5 spot size. An energy-dispersive X-ray (EDS) 
spectrometer integrated with the SEM instrument was utilized to 
analyze the distribution of PtO2 on TiO2 in the photocatalyst. The BET 
surface areas were analyzed according to the N2 adsorption–desorption 
isotherms (Micromeritics 3Flex). Each sample was analyzed using X-ray 
diffraction (XRD) with a PANalytical Aeris diffractometer. The mea
surements were conducted using Cu-Kα radiation (λ = 0.154 nm) at an 
accelerating voltage of 40 kV and a current of 35 mA. The data were 
collected over a 2θ range from 10◦ to 100◦, with a scan step size of 0.02◦. 
The data were collected and referenced to the instrument database for 
phase analysis.

The diffuse reflectance spectra (DRS) of the powder samples were 
obtained using a UV–vis spectrometer (Agilent Cary 5000), equipped 
with a diffuse reflectance accessory (Harrick Scientific Praying 
Mantis™ ) in the range 230–850 nm.

Photoluminescence (PL) spectra were recorded at room temperature 
using a fluorometer performance benchtop model (Horiba FluoroMax® - 
4 Spectrofluorometer). The measurements were conducted with an 
excitation wavelength of 300 nm, and emission spectra were recorded 
from 350 to 580 nm. The slit widths were 12 nm, with an integration 
time of 0.5 s.

2.3. Photoactivity test

Photocatalytic experiments were carried out at ambient temperature 
in an annular glass batch reactor with a capacity of 300 mL and a height 
of 40 cm, as previously described [70]. The reactor was equipped with a 
magnetic stirrer (1200 rpm) and a lamp housed in a quartz jacket. The 
stirring rate was chosen to ensure uniform mixing of the reaction solu
tion and verify the absence of external mass transfer resistances 
(Fig. S1).

A 400 W medium-pressure Hg lamp (Photochemical Reactors Ltd) 
was utilized as the radiation source. A schematic illustration and a 
photograph of the photocatalytic reactor are included in Fig. S2. The 
lamp emits primarily at wavelengths of 302, 313, 334, and 366 nm in the 
UV spectrum, and at 406 and 436 nm in the visible spectrum (manu
facturer’s data). The effective irradiances (Iλi ) emitted by the lamp were 
measured using a photo-radiometer (Delta OHM, HD2102.1) equipped 
with two probes to detect light in the wavelength ranges of 0–400 nm 
and 400–1000 nm, as described in the Supporting Information (Fig. S3). 
Specifically, Iλi at wavelength of 302, 313, 334, 366, 406, and 436 nm 
are 1.17 × 10-6, 3.19 × 10-6, 3.41 × 10-7, 6.97 × 10-6, 3.04 × 10-5 and 
6.62 × 10-5 Ein•s− 1, respectively. A cut-off filter was employed to shield 
the radiation with a wavelength below 300 nm.

To prevent any undesired temperature increases in the reactor, 
cooling water at a fixed temperature (25 ◦C) was continuously circulated 
through the lamp jacket during the whole reaction process. In a typical 
experiment, a specific quantity of catalyst (0–1500 ppm) was suspended 
in unbuffered doubly distilled aqueous solution (0.3 L) containing 
methanol (0–2.5 M) as a sacrificial agent. To ensure an oxygen-free 
environment within the reactor, nitrogen gas was bubbled through the 
solution for 40 min, prior to commencing the photocatalytic experiment, 
effectively preventing any interaction between dissolved oxygen and 
photogenerated electrons. Nitrogen was continuously supplied at a rate 
of 1 L•min− 1 throughout the entire duration of the photocatalytic 
experiment. To assess the reusability of the material, the photocatalyst 
was separated from the reaction mixture by centrifugation after some 
photocatalytic experiments, dried for 24 h under air atmosphere, and 
utilized in the subsequent cycle. Gas samples were taken at different 
time intervals using 1 L Tedlar gas sampling bags and analyzed with a 
gas chromatograph (Thermo Scientific Trace 1310). The chromatograph 
was equipped with a HS-Q column (2 m, 60/80 mesh) and a thermal 
conductivity detector (TCD). Argon was used as the carrier gas 
throughout the analysis.

3. Results and discussion

After the preparation of the composite photocatalytic materials, the 
solid samples were subjected to a physicochemical characterization 
(Section 3.1). The hydrogen generation efficiency of the synthesized 
PtO2/TiO2 heterojunction photocatalyst was evaluated across varying 
catalyst loadings and PtO2-to-TiO2 ratios. Additionally, the impact of the 
sacrificial agent concentration on the hydrogen production, along with 
the catalyst recyclability and stability was examined (Section 3.2). The 
experimental findings were validated and mechanistically interpreted 
through the development of a kinetic model (Section 3.3).

3.1. Photocatalyst characterization

The surface morphology and compositional information of the cat
alysts with 5 wt%, 10 wt% and 30 wt% PtO2 concentration, were 
examined using SEM and EDS. Loading anatase nanoparticles with PtO2 
at low (Fig. 1 (a)), medium (Fig. 1 (b)) and high (Fig. 1 (c)) concen
trations results in the formation of localized PtO2 clusters deposited on 
the TiO2 surface, particularly at the highest concentration of Pt-based 
oxide. Fig. S4 presents higher-magnification SEM and EDS images of 
the catalysts containing 5 wt% and 30 wt% PtO2, alongside images of 
bare TiO2. Bare anatase nanoparticles are mostly irregularly shaped and 
tightly packed together, with relatively smooth surfaces.

The XRD patterns of PtO2/TiO2 composites with different PtO2 
concentrations, as well as bare anatase TiO2 and bare PtO2 are shown in 
Fig. 2 (a). The primary characteristic diffraction peaks of bare anatase 
appear at 2θ = 25.3◦, 37.9◦, and 48.0◦, corresponding to the (101), 
(004), and (200) crystal planes, respectively, according to JCPDS card 
number 84–1285. The characteristic diffraction peaks of bare hexagonal 
phase of α-PtO2 are observed at 2θ = 21.6◦, 33.5◦, and 59.7◦, corre
sponding to the (001), (100), and (110) crystal planes, respectively, 
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based on JCPDS card number 04–002-4419. With an increase in PtO2 
content from 1 to 30 wt%, a gradual increase in the intensity of the 
characteristic PtO2 peak is observed (Fig. 2 (c)). No additional peaks 
ascribable to metallic Pt (JCPDS card number 04–0802) was detected in 
any instance.

Additionally, as illustrated in Fig. 2 (b), increasing PtO2 concentra
tion induces a slight shift of the TiO2 diffraction peaks towards higher 
angles, possibly due to a reduction in the overall interplanar spacing 
caused by TiO2 lattice defects introduced through PtO2 incorporation 
[71,72].

The PL spectra display characteristic emission bands that are 
commonly associated with the recombination of photogenerated charge 
carriers in a photocatalyst [57]. Fig. 3 shows the emission spectra of bare 
anatase TiO2 and PtO2/TiO2 composites with different concentrations of 
PtO2. The data reveal broad emission peaks in the wavelength range of 
400–500 nm for all samples, which is typical for TiO2-based materials, 
generally attributed to the near band edge emission or defect-related 
luminescence [73,74]. The intensity of the PL emission decreases 
compared to bare TiO2 as the PtO2 content increases. This quenching 
effect in PL intensity with increasing PtO2 content suggests that the 

incorporation of PtO2 in the photocatalyst improves the separation of 
photogenerated electron-hole pairs. This effect is likely due to the for
mation of heterojunctions at the PtO2/TiO2 interface, which facilitates 
charge transfer and reduces the likelihood of charge recombination 
[75,76].

Fig. 4 (a) presents the UV–vis DRS of PtO2/TiO2 composite materials 
with different PtO2 loadings, along with bare TiO2. The results reveal 
that PtO2 loading moderately influences the optical absorption proper
ties of the PtO2/TiO2 composite materials. All samples exhibit a pro
nounced absorption edge below 400 nm in the UV region, while the 
majority of the light in the visible spectrum is reflected. This behavior is 
characteristic of the intrinsic band gap absorption of TiO2 [77]. 
Increasing the concentration of PtO2 in the composite material slightly 
broadens the absorption edge into the visible region (λ > 400 nm), 
suggesting moderately improved activity of the materials under visible 
light irradiation [78,79].

Fig. 4 (b) presents the Tauc plots derived from the DRS data using the 
Kubelka-Munk function to estimate the optical band gap energy of the 
materials. The band gap for all catalysts is approximately 3.24 eV 
indicating that increasing PtO2 concentration does not significantly alter 

Fig. 1. (a) 5 wt% PtO2/TiO2 SEM images and Ti/O/Pt EDS elemental mapping images. (b) 10 wt% PtO2/TiO2 SEM images and Ti/O/Pt EDS elemental mapping 
images. (c) 30 wt% PtO2/TiO2 SEM images and Ti/O/Pt EDS elemental mapping images.

Fig. 2. XRD patterns of (a) bare PtO2, bare TiO2, and PtO2/TiO2 composite materials (1, 3, 5, 7, 10, 20, 30 wt%), (b) changes of 101 crystal plane with increasing 
PtO2 content and (c) changes of 100 crystal plane with increasing PtO2 content.
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the band gap of the material.
Table 3 compares the specific surface area (SBET), pore volume, and 

average pore diameter of bare anatase and PtO2/TiO2 composite mate
rials with different PtO2 concentrations. The data show a slight increase 
in specific surface area with increasing PtO2 loading. No significant 
changes were detected in the pore volume with the increase of PtO2 
concentration.

3.2. Photocatalytic experiments

The typical length of the experimental runs conducted in this work is 
4 h. Each experimental run was repeated twice to ensure reproducibility 
of the results. A hydrogen evolution rate was calculated for each run as 
an average value over the time interval, after stabilization of the signal 
(time > 60 min). It is worth noting that the results presented below were 
obtained as the average of the two repeated experimental runs. An 
exemplary time-dependent hydrogen production rate versus time plot 

for a typical run has been included in Fig. S5.
Fig. 5 shows the HER obtained as a function of PtO2 concentration in 

the composite photocatalyst, using methanol as a sacrificial agent. The 
hydrogen generation rate increases sharply with increasing PtO2 con
centration between 0 and 20 wt%, reaching a maximum value of 
approximately 54 mmol•h− 1•g− 1 at a PtO2 concentration of 20 wt%. A 
further increase of PtO2 concentration does not result in an enhance
ment of the H2 production rate, likely due to the excessive coverage of 
TiO2 and the formation of localized PtO2 clusters deposited on the TiO2 
surface (as observed in SEM images), which is mainly responsible of the 
photocatalytic hydrogen production. Indeed, it is worth noting that 
experiments conducted using bare PtO2 as a photocatalyst under the 
same operating conditions resulted in negligible hydrogen productions. 
The enhancement of the photocatalyst performance can be attributed to 
the effect of the formation of the heterojunction between PtO2 and TiO2, 
which reduces the recombination rate of electron-hole pairs as indicated 
by the PL analysis reported in the previous section.

Fig. 6 presents the hydrogen production rate recorded at varying 
catalyst loadings. Increasing the catalyst concentration from 0 to 700 
ppm results in a rise in the HER. Beyond this concentration the hydrogen 
production rate stabilizes or slightly declines. This behavior may be 
ascribed to the partial sedimentation of the particles in the reaction 
mixture, as well as to the scattering effects of the incident radiations by 
the photocatalytic material [53].

As widely reported in literature [39,80–82] the photocatalytic 

Fig. 3. Photoluminescence emission spectra of PtO2/TiO2 composite materials 
(1, 3, 5, 7, 10, 20, 30 wt%); bare TiO2 is also shown for comparison.

Fig. 4. UV–vis absorption spectra of PtO2/TiO2 composite materials (a) and corresponding Kubelka-Munk function vs. photon energy of bare TiO2, 5 wt% PtO2/TiO2, 
and 30 wt% PtO2/TiO2 (b).

Table 3 
BET surface area (SBET), pore volume, and average pore diameter for bare 
anatase and PtO2/TiO2 composite materials.

Photocatalyst SBET 

(m2⋅g− 1)
Pore volume 
(cm3⋅g− 1)

Average pore diameter 
(nm)

Bare Anatase 72.6 0.30 21.1
1 wt% PtO2/TiO2 68.7 0.28 20.6
3 wt% PtO2/TiO2 71.1 0.29 21.5
5 wt% PtO2/TiO2 73.0 0.29 18.7
7 wt% PtO2/TiO2 74.3 0.30 20.2
10 wt% PtO2/ 

TiO2

75.6 0.27 17.7

20 wt% PtO2/ 
TiO2

76.7 0.31 20.7

30 wt% PtO2/ 
TiO2

78.7 0.32 19.9
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hydrogen production is strongly affected by the initial concentration of 
the sacrificial agent in the reaction solution. Fig. 7 shows the hydrogen 
production rate as a function of methanol concentration, which follows a 
typical Langmuir-Hinshelwood behavior. At low methanol concentra
tions the reaction rate is limited by the availability of methanol mole
cules, as indicated by the sharp increase in hydrogen production rate. 
Once the methanol concentration reaches approximately 2.5 M, further 
increases in concentration do not significantly affect the reaction rate.

To assess the photostability and reusability of the PtO2/TiO2 pho
tocatalyst, the material was tested and recovered, as described in the 
experimental section, over four consecutive reaction cycles, each lasting 
six hours. As illustrated in Fig. 8, the photocatalytic activity remains 
consistent after four cycles, demonstrating the excellent (photo)stability 
and reusability properties of the PtO2/TiO2 system.

The analyses conducted above indicate that operating parameters 
such as catalyst load, methanol concentration, and PtO2/TiO2 ratio 
significantly influence the hydrogen productivity. Notably, the HER 
observed in this study surpasses most values reported in recent literature 
data concerning photocatalytic hydrogen generation using Pt-based 
photocatalysts and organic compounds at similar concentrations (see 
Table 1). However, a direct comparison between the different results 
reported in the literature is challenging, due to the differences in the 
employed light sources. In this regard, the calculation of the apparent 
quantum efficiency AQE ( eq. (1)) and the light-to-chemical energy ef
ficiency η ( eq. (2)), can be employed as possible indicators for an easier 
comparison between the results [83]: 

Fig. 5. Effect of the PtO2 concentration in the PtO2/TiO2 composite materials 
on the hydrogen production rate after 3 h of irradiation. Experimental condi
tions: [Methanol] = 2.5 M; catalyst load = 500 ppm; T = 25℃; P = 1 atm; pH 
≈ 4.5.

Fig. 6. Effect of the catalyst load on the hydrogen production rate after 3 h of 
irradiation. Experimental conditions: [Methanol] = 2.5 M; [PtO2]/[TiO2] = 5 
wt%; T = 25℃; P = 1 atm; pH ≈ 4.5.

Fig. 7. Effect of the methanol concentration on the hydrogen production rate 
after 3 h of irradiation. Experimental conditions: [PtO2]/[TiO2] = 5 wt%; 
Catalyst load = 500 ppm; T = 25℃; P = 1 atm; pH ≈ 4.5.

Fig. 8. Reusability and stability test of the PtO2/TiO2 composite materials for 
hydrogen production. Experimental conditions: [Methanol] = 2.5 M; [PtO2]/ 
[TiO2] = 5 wt%; Catalyst load = 500 ppm; T = 25℃; P = 1 atm; pH ≈ 4.5.
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AQE =
2rH2

P
(1) 

η =
rH2

(
− ΔH0

comb
)

P
(2) 

where rH2 is the hydrogen generation rate expressed as mol⋅s− 1. P is the 
power of the lamp obtained as the sum of the irradiances at the different 
emitting wavelengths (Ein⋅s− 1 or W), with values reported in the 
experimental section. Considering the band gap of the materials and the 
negligible activity observed under bare visible light irradiation (data not 
shown), only wavelengths below 400 nm were included in the calcula
tion. ΔH0

comb = − 282 kJ⋅mol− 1 represents the variation of the standard 
enthalpy for the combustion of hydrogen.

Considering the highest observed HER value of 54 mmol•h− 1•g− 1, 
the corresponding AQE was approximately 38 %, with a light-to- 
chemical energy efficiency of 15.6 %. The calculated AQE and η show 
competitive performance relative to those reported in the literature for 
similar systems, despite the limited reporting on efficiency estimates 
[83].

3.3. Kinetic model

Based on previous literature findings [39,84,85], a reaction network 
was constructed to provide a mechanistic understanding of the photo
catalytic process. To ensure the absence of external mass transfer limi
tations in the experimental data used for kinetic modeling, experiments 
were conducted at varying stirring rates (Section S1 of the Supporting 
Information). Furthermore, intraparticle mass transfer resistances were 
assessed and found to be negligible based on the Weisz-Prater criterion 
(Section S6 of the Supporting Information). The PtO2 concentration of 
the catalyst was fixed at 5 wt%, treating the composite material as a 
single photocatalyst with a single quantum yield and electron-hole 
recombination rate constant. It is evident that varying the PtO2/TiO2 
ratio would alter the recombination rate and affect the adsorption of UV 
and visible light. Upon exposure to light, the PtO2/TiO2 photocatalyst 
generates electron-hole pairs, following the reaction: 

PtO2/TiO2 ̅→
hv e− + h+ (3) 

With the corresponding rate expression: 

Γ =
ψUV

V
• QUV +

ψvis

V
• Qvis (4) 

QUV =
∑

i
I0

λi
•
(
1 − e(− 2.3•εUV•L•[PtO2/TiO2 ] )

)
(5) 

Qvis =
∑

i
I0

λi
•
(
1 − e(− 2.3•εvis•L•[PtO2/TiO2 ] )

)
(6) 

where Γ is the total generation rate of the electron-hole pair indicating 
how effectively the photocatalyst generates charge carriers under the 
illumination of UV and visible light; ψUV and ψvis are the quantum yields 
of the photocatalyst in the UV and visible light range, while QUV and Qvis 
are the photon fluxes of UV and visible light, respectively [86]; V is the 
volume of irradiated solution. I0

λi 
is the irradiance of the lamp at the 

wavelength λi (indicated in Section 2); εUV (583.9 M− 1cm− 1) and εvis 
(464.2 M− 1cm− 1) are the extinction coefficients of the photocatalyst at 
visible and UV wavelengths (experimentally measured parameters ac
cording to Lambert–Beer’s-law), L is the optical pathway (1 cm).

Electrons and holes can recombine either radiatively (emitting light) 
or non-radiatively (releasing heat): 

e− + h+ →
kr heat and light (7) 

The reaction rate for the electron/hole recombination step (rr) was 
assumed to follow a second-order law with kinetic constant kr: 

rr = kr[e− ][h+] (8) 

This reaction competes with other redox reactions occurring on the 
catalyst surface, reducing the overall photocatalytic efficiency.

Methanol molecules adsorb onto the active sites (∴*) of the PtO2/ 
TiO2 catalyst surface. 

MeOH + ∴*⇄MeOH* (9) 

The fraction of active sites covered with reaction intermediates and 
products was neglected, leading to the following material balance on the 
catalyst active sites: 

ϑMeOH + ϑ0 = 1 (10) 

where θMeOH is the catalyst surface coverage of methanol and ϑ0 denotes 
the fraction of vacant sites. Consequently, the concentration of adsorbed 
species, MeOH*, can be estimated using a Langmuir-Hinshelwood 
expression as: 

[MeOH*] =
CTKads[MeOH]

1 + Kads[MeOH]
(11) 

In this model, Kads ( M− 1) represents the adsorption equilibrium constant 
of methanol, and CT ( M) is the total concentration of catalyst active 
sites, calculated as: 

CT = N • C (12) 

N ( mol⋅g− 1) is the number of active sites per unit mass of catalyst and C 
( g⋅L-1) is the catalyst loading.

The oxidation of methanol by a photogenerated hole leads to the 
formation of an adsorbed radical species R•*: 

MeOH* + h+ ̅→
kh R•* + H+ (13) 

with the rate expression: 

r1 = khCTθMeOH[h+] (14) 

and kinetic constant kh.
Further oxidation of the methanol radical results in the formation of 

oxidation products P: 

R•* + h+ ̅̅→
kh2 P + H+ + ∴* (15) 

with the rate expression: 

r2 = kh2CTθR• [h+] (16) 

kh2 is the reaction rate constant and θR• is the surface coverage of the 
radical species.

Protons are reduced by photogenerated electrons to form molecular 
hydrogen: 

H+ + e− ̅̅→
kfast 1

2
H2 (17) 

with a rate expression: 

r3 = kfast [H+
]
[h+] (18) 

This reaction was assumed to be fast and irreversible (kfast = 1013 

M− 1s− 1).
A mathematical model describing the change in concentration of 

each species in the batch reactor was formulated as represented by 
Equations (19)-(25). 

d[MeOH]

dt
= − r1 (19) 
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d[h+]

dt
= Γ − rr − r1 − r2 (20) 

d[e− ]
dt

= Γ − rr − r1 − r2 (21) 

d[R•]

dt
= r1 − r2 (22) 

d[P]
dt

= r2 (23) 

d[H+]

dt
= r1 + r2 − r3 (24) 

d[H2]

dt
=

1
2
r3 (25) 

The initial concentration of methanol was set as: [MeOH]t=0 = MeOH0, 
while the initial concentrations of all other species, including photo
generated electrons and holes, were set to zero. Experiments conducted 
under visible light irradiation alone showed no activity of the photo
catalyst. Therefore, ψvis = 0 was assumed.

The initial value of methanol adsorption constant (Kads) was esti
mated by plotting the reciprocal of the experimental hydrogen pro
duction rates versus the reciprocal of the methanol concentration as 
illustrated in the Supporting Information (Fig. S7).

Initial values for kr, kh, kh2, and kfast were obtained from the litera
ture [39,84]. The initial value for N (5.55⋅10-4 mol⋅g− 1) was determined 
based on the hydroxyl surface density of commercial anatase as 
measured by thermogravimetric analysis, according to calculations by 
Soares et al. [87]. Parameter estimation (Table 4) was performed using 
MATLAB by minimizing the square differences between experimental 
and calculated hydrogen production rates. Fig. 9 shows the calculated 
and the experimental hydrogen production rates obtained using 
different initial concentrations of methanol.

To validate the kinetic model, the optimal estimates of the kinetic 
parameters were applied with no additional adjustment to predict the 
experimental results across different catalyst loadings while maintaining 
a constant methanol concentration. Due to the model’s limitations in 
accounting for particle sedimentation and light scattering effects at high 
catalyst concentrations, comparisons were restricted to loadings be
tween 100 and 700 ppm showing a monotonic increase of the hydrogen 
production rate. The comparison between the experimental and model 
predictions demonstrates that the model can successfully predict the 
hydrogen production rate under various operating conditions (Fig. 10).

4. Conclusions

This study presents a PtO2/TiO2 heterojunction photocatalyst, syn
thesized using a ball milling method, for hydrogen production through 
photoreforming of methanol. Comprehensive characterization tech
niques such as SEM, XRD, UV–Vis, and PL were employed to analyze the 
physical and chemical properties of the synthesized catalyst. The results 
showed that incorporating PtO2 into TiO2 enhances charge carrier sep
aration, thereby improving the photocatalytic activity. Experimental studies revealed that the hydrogen production rate 

increases with the PtO2 concentration in the photocatalyst, reaching a 
remarkable maximum value of approximately 54 mmol•h− 1•g− 1 at a 
PtO2 concentration of 20 wt%. Beyond this point, the rate plateaued, 
indicating no further enhancement in the hydrogen production rate. 
Methanol concentration has a significant impact on hydrogen produc
tion, with the reaction rate following the Langmuir-Hinshelwood 
adsorption model and reaching saturation at high methanol concentra
tions (>2.5 M). The catalyst exhibits excellent reusability and stability, 
maintaining its photocatalytic efficiency over four consecutive reaction 
cycles without significant degradation in performance. Notably, the 
productivity greatly exceeds the results reported in the literature for 

Table 4 
Best estimated values of the kinetic parameters with 95 % con
fidence intervals.

kr
(
M− 1⋅s− 1) (3.53 ± 0.13)× 106

kh
(
M− 1⋅s− 1) (9.47 ± 0.40)× 103

kh2
(
M− 1⋅s− 1) (1.42 ± 0.03)× 104

N
(
mol⋅g− 1) (5.57 ± 0.01)× 10− 4

ψUV
(
mol⋅Ein− 1) 0.27 ± 0.03

Kads
(
M− 1) 3.10 ± 0.30

Fig. 9. Calculated (white) and experimental (black) hydrogen production rates 
at different concentrations of methanol. Experimental conditions: [PtO2] = 5 wt 
%; Catalyst load = 500 ppm; T = 25℃; P = 1 atm; pH ≈ 4.5.

Fig. 10. Model prediction: Comparison of calculated (white) and experimental 
(black) hydrogen production rates at different catalyst loadings. Experimental 
conditions: [Methanol] = 2.5 M; [PtO2] = 5 wt%; T = 25℃; P = 1 atm; pH 
≈ 4.5.
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similar systems in the presence of Pt based materials, with an AQE of 
approximately 38 % in the UVA range and a light-to-chemical energy 
efficiency of 15.6 %.

A kinetic model was developed to describe the process at a mecha
nistic level and validated using the results of the experimental 
campaign. The model successfully predicts the relationship between 
hydrogen production rate, methanol concentration, and catalyst 
loading, providing insights into key parameters influencing the photo
catalytic process.

Overall, this study highlights the potential of PtO2/TiO2 hetero
junctions as efficient photocatalysts for hydrogen generation through 
methanol photoreforming. This system opens up new avenues for 
competitive production of renewable solar energy carriers in the context 
of a waste abatement strategy, presenting a promising strategy for sus
tainable energy and environmental management.
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[32] P. Jiménez-Calvo, V. Caps, V. Keller, Plasmonic Au-based junctions onto TiO2, 
gC3N4, and TiO2-gC3N4 systems for photocatalytic hydrogen production: 
Fundamentals and challenges, Renew. Sustain. Energy Rev. 149 (2021) 111095.

[33] A. Balapure, J.R. Dutta, R. Ganesan, Recent advances in semiconductor 
heterojunction: a detailed review of fundamentals of the photocatalysis, charge 
transfer mechanism, and materials, RSC Appl. Interfaces (2023).

[34] N. Rosman, W.N.W. Salleh, N.A.M. Razali, Heterojunction-based photocatalyst, 
Elsevier, Photocatalytic Systems by Design, 2021, pp. 85–130.

[35] J. Liu, X. Sun, Y. Fan, Y. Yu, Q. Li, J. Zhou, H. Gu, K. Shi, B. Jiang, P-N 
Heterojunction Embedded CuS/TiO2 Bifunctional Photocatalyst for Synchronous 
Hydrogen Production and Benzylamine Conversion, Small 20 (10) (2024) 
2306344.

[36] A. Sudhaik, P. Raizada, S. Rangabhashiyam, A. Singh, V.-H. Nguyen, Q. Van Le, A. 
A.P. Khan, C. Hu, C.-W. Huang, T. Ahamad, Copper sulfides based photocatalysts 
for degradation of environmental pollution hazards: A review on the recent catalyst 
design concepts and future perspectives, Surf. Interfaces 33 (2022) 102182.

R. Ma et al.                                                                                                                                                                                                                                      Chemical Engineering Journal 507 (2025) 160228 

9 

https://doi.org/10.1016/j.cej.2025.160228
https://doi.org/10.1016/j.cej.2025.160228
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0005
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0005
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0005
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0010
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0010
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0010
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0015
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0015
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0020
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0020
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0025
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0025
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0030
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0030
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0030
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0035
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0035
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0035
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0040
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0040
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0040
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0045
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0045
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0045
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0050
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0050
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0050
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0055
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0055
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0055
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0060
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0060
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0060
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0065
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0065
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0065
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0065
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0070
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0070
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0075
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0075
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0075
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0080
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0080
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0080
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0080
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0085
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0085
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0085
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0090
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0090
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0090
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0095
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0095
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0095
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0100
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0100
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0100
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0100
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0105
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0105
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0105
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0110
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0110
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0110
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0115
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0115
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0115
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0115
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0120
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0120
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0125
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0125
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0125
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0125
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0135
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0135
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0135
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0140
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0140
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0140
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0145
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0145
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0150
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0150
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0150
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0150
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0155
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0155
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0160
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0160
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0160
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0165
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0165
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0165
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0170
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0170
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0175
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0175
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0175
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0175
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0180
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0180
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0180
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0180


[37] L. Qi, M. Wang, J. Xue, Q. Zhang, F. Chen, Q. Liu, W. Li, X. Li, Simultaneous Tuning 
Band Gaps of Cu2O and TiO2 to Form S-Scheme Hetero-Photocatalyst, 
Chemistry–A, European Journal 27 (59) (2021) 14638–14644.

[38] C. Wang, J. Xiong, Z. Wen, G. Cheng, Integrated Ni (OH) 2-TiO2-Cu2O hybrids 
with a synergic impact of the p–n heterojunction/cocatalyst for enhanced 
photocatalytic hydrogen production, Ind. Eng. Chem. Res. 62 (29) (2023) 
11402–11413.

[39] M. Muscetta, L. Clarizia, C. Garlisi, G. Palmisano, R. Marotta, R. Andreozzi, I. Di 
Somma, Hydrogen production upon UV-light irradiation of Cu/TiO2 photocatalyst 
in the presence of alkanol-amines, Int. J. Hydrogen Energy 45 (51) (2020) 
26701–26715, https://doi.org/10.1016/j.ijhydene.2020.07.002.

[40] X. Liu, Y. Zhang, W. Zhang, G. Cheng, F. Tian, W. Li, J. Xiong, Oxidation 
cocatalyst/S-scheme junction cooperatively assists photocatalytic H2 production in 
ternary hybrid: The case of PdO@ TiO2-Cu2O, Sep. Purif. Technol. 354 (2025) 
129396.

[41] M. Mokhtar, A. Shawky, Enhanced visible-light-driven H2 evolution over sol-gel 
prepared Nd2O3 supported with PtO nanoparticles, Ceram. Int. 48 (24) (2022) 
36670–36677.

[42] D. Liu, J. Shen, Y. Xie, C. Qiu, Z. Zhang, J. Long, H. Lin, X. Wang, Metallic Pt and 
PtO2 Dual-Cocatalyst-Loaded Binary Composite RGO-CN x for the Photocatalytic 
Production of Hydrogen and Hydrogen Peroxide, ACS Sustain. Chem. Eng. 9 (18) 
(2021) 6380–6389.

[43] L. Li, W. Ouyang, Z. Zheng, K. Ye, Y. Guo, Y. Qin, Z. Wu, Z. Lin, T. Wang, S. Zhang, 
Synergetic photocatalytic and thermocatalytic reforming of methanol for hydrogen 
production based on Pt@ TiO2 catalyst, Chin. J. Catal. 43 (5) (2022) 1258–1266.

[44] C. Wu, L. Fang, F. Ding, G. Mao, X. Huang, S. Lu, Photocatalytic hydrogen 
production from water and wastepaper on Pt/TiO2 composites, Chem. Phys. Lett. 
826 (2023) 140650.

[45] N.S. Ibrahim, W.L. Leaw, D. Mohamad, S.H. Alias, H. Nur, A critical review of 
metal-doped TiO2 and its structure–physical properties–photocatalytic activity 
relationship in hydrogen production, Int. J. Hydrogen Energy 45 (53) (2020) 
28553–28565.

[46] Y. Hang Li, J. Xing, Z. Jia Chen, Z. Li, F. Tian, L. Rong Zheng, H. Feng Wang, P. Hu, 
H. Jun Zhao, H. Gui Yang, Unidirectional suppression of hydrogen oxidation on 
oxidized platinum clusters, Nat. Commun. 4 (1) (2013) 2500.

[47] R. Panda, M.K. Jha, J.-C. Lee, D.D. Pathak, Developed Commercial Processes to 
Recover Au, Ag, Pt, and Pd from E-waste, Rare Metal Technology, Springer 2021 
(2021) 115–126.

[48] S. Kinas, D. Jermakowicz-Bartkowiak, P. Pohl, A. Dzimitrowicz, P. Cyganowski, On 
the path of recovering platinum-group metals and rhenium: A review on the recent 
advances in secondary-source and waste materials processing, Hydrometall. 
106222 (2023).

[49] M.A. Montiel, R. Granados-Fernández, S. Díaz-Abad, C. Sáez, C.M. Fernández- 
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R. Andreozzi, G. Luciani, Effect of Synthesis Method on Reaction Mechanism for 

R. Ma et al.                                                                                                                                                                                                                                      Chemical Engineering Journal 507 (2025) 160228 

10 

http://refhub.elsevier.com/S1385-8947(25)01033-2/h0185
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0185
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0185
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0190
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0190
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0190
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0190
https://doi.org/10.1016/j.ijhydene.2020.07.002
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0200
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0200
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0200
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0200
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0205
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0205
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0205
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0210
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0210
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0210
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0210
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0215
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0215
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0215
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0220
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0220
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0220
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0225
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0225
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0225
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0225
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0230
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0230
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0230
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0235
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0235
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0235
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0240
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0240
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0240
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0240
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0245
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0245
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0245
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0245
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0250
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0250
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0250
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0255
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0255
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0260
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0260
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0260
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0260
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0260
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0265
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0265
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0265
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0265
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0270
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0270
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0270
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0270
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0275
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0275
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0275
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0280
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0280
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0280
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0285
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0285
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0285
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0285
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0290
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0290
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0290
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0295
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0295
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0295
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0300
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0300
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0300
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0300
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0305
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0305
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0305
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0305
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0310
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0310
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0310
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0315
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0315
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0315
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0320
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0320
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0320
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0320
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0325
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0325
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0325
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0330
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0330
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0330
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0335
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0335
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0335
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0335
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0340
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0340
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0340
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0340
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0345
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0345
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0345
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0345
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0350
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0350
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0350
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0355
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0355
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0355
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0360
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0360
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0360
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0365
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0365
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0365
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0370
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0370
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0370
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0375
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0375
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0375
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0375
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0380
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0380
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0380
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0385
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0385
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0385
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0390
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0390
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0390
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0395
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0395
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0395
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0395
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0400
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0400
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0400
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0400
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0405
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0405
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0405
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0405
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0410
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0410
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0410
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0415
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0415
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0415
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0420
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0420
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0420
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0425
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0425


Hydrogen Evolution over CuxOy/TiO2 Photocatalysts: A Kinetic Analysis, Int. J. 
Mol. Sci. 24 (3) (2023) 2004.

[86] S.E. Braslavsky, A.M. Braun, A.E. Cassano, A.V. Emeline, M.I. Litter, L. Palmisano, 
V.N. Parmon, N. Serpone, Glossary of terms used in photocatalysis and radiation 

catalysis (IUPAC Recommendations 2011), Pure Appl. Chem. 83 (4) (2011) 
931–1014, https://doi.org/10.1351/PAC-REC-09-09-36.

[87] I. Soares, E. Rodrigues, T. dos Santos, E. da Silva, M. Tavares, Surface Modification 
Efficiency of Titanium-based Particles with an Alkyl Phosphate, NanoWorld J 3 (1) 
(2017) 11–17.

R. Ma et al.                                                                                                                                                                                                                                      Chemical Engineering Journal 507 (2025) 160228 

11 

http://refhub.elsevier.com/S1385-8947(25)01033-2/h0425
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0425
https://doi.org/10.1351/PAC-REC-09-09-36
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0435
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0435
http://refhub.elsevier.com/S1385-8947(25)01033-2/h0435

	Enhanced photocatalytic hydrogen evolution via ball-milled PtO2/TiO2 heterojunction photocatalyst: An alternative approach  ...
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Preparation and characterization of the photocatalyst
	2.3 Photoactivity test

	3 Results and discussion
	3.1 Photocatalyst characterization
	3.2 Photocatalytic experiments
	3.3 Kinetic model

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	Appendix A Supplementary data
	Data availability
	References


