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G R A P H I C A L A B S T R A C T

Aggregates created by a simple physical method promote the charge mobility between semiconductor nanoparticles and, combined with the selective photo-
deposition of platinum, dramatically improve the hydrogen production when low loadings of Pt are used.

A R T I C L E I N F O

Keywords:
Ethanol photoreforming
P25
Hydrogen production
Deactivation
Aggregates

A B S T R A C T

Photocatalysis has emerged as a promising and environmentally sustainable solution to produce high-purity
hydrogen through ethanol photoreforming. It is commonly accepted that adding co-catalysts, especially noble
metals, significantly enhances the catalytic activity of semiconductors. However, the high cost of noble metals
such as Pt may limit the real application of this emerging technology. Here we evaluate the possibility of
reducing the noble metal loading by creating the appropriate interface between pre-formed semiconductor
nanoparticles. Commercial titania (P25) was selected as the semiconductor due to its commercial availability,
facilitating the straightforward validation and corroboration of our results. Pt was selected as co-catalyst because
one of the most efficient photocatalysts for the ethanol photo-reforming is still based on the use of P25 in
combination with Pt. We report that the creation of induced aggregates dramatically improves the total hydrogen
produced when very low loadings (≤0.05 wt%) of Pt are used. We have developed a pioneering reactor designed
for conducting photoluminescence studies under authentic operational conditions of nanoparticle suspensions in
the liquid phase. This approach allows us to obtain the average photoluminescence emission from the P25 ag-
glomerates what it would be impossible to obtain by using standard solid samples holders. Thanks to this
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equipment, we can conclude that this remarkable improvement of the activity is mainly due to creation of an
interface that favors the charge transfer between the particles of the aggregates. According to this, the titania
nanoparticles of the agglomerates act as an antenna to collect the photons of the sun-light and produce the photo-
excited electrons that will be transferred to the platinum nanoparticles located in the same agglomeration. In
contrast, raw P25 with low loadings of Pt would have a high number of titania nanoparticles without platinum,
and therefore, inactive. This result would be especially relevant in the case of immobilized photocatalytic sys-
tems for real future photocatalytic reactors because the immobilization of the semiconductors would generate
similar interactions to the one created by our method. Consequently, the initial semiconductor immobilization
followed by the subsequent photo-deposition of the co-catalyst emerges as a promising approach for a substantial
reduction of the co-catalyst content.

1. Introduction

Hydrogen stands at the forefront of a transformative vision for a
greener future, serving as a paramount energy carrier with remarkable
potential to revolutionize our world [1]. With its capacity to release
energy through clean and efficient combustion, hydrogen offers a
compelling alternative to traditional fossil fuels, providing a pathway to
drastically reduce greenhouse gas emissions and combat climate change
[2]. Embracing hydrogen as a clean energy solution not only promises a
more sustainable tomorrow but also holds the key to safeguarding our
planet’s delicate ecosystems for generations to come. In recent years,
sunlight-driven photoreforming has attracted significant attention as a
promising alternative approach for overall hydrogen production [3,4].
Generally, the photoreforming hydrogen production is performed in an
organic aqueous solution, where the organic compounds can serve as
sacrificial agents to promote hydrogen production by consuming pho-
togenerated holes [5]. Plenty of organics have been utilized to facilitate
photoreforming hydrogen production, such as methanol [6], ethanol
[7], glycerol [8], cellulose [9], etc. In addition, different organic sacri-
ficial agents are also compared to optimize the efficiency of hydrogen
production [10,11]. Nevertheless, compared with various types of
sacrificial agents, the performance of photocatalyst remains the primary
determinant of photocatalytic activity. Therefore, the research and
development of novel photocatalysts become the key to further enhance
the efficiency of photoreforming hydrogen production.

In ethanol photoreforming, diverse semiconductor-based catalytic
systems have been explored with excellent results such as TiO2, WO3,
ZnO or CdS [12]. However, those materials require a co-catalyst, such as
noble metals, to facilitate the charge separation and also catalyze the
reduction half reaction. For instance, bare TiO2 is almost inactive for
photoreforming of alcohols, whereas the addition of different loading,
up to 5 %, of various noble metals, such as Pt, Pd, Au, Rh, Ag and Ru,
improves the H2 production [12].

Titanium dioxide (TiO2) is by far the most widely studied material
for photocatalytic applications due to several beneficial properties
including low cost, non-toxicity, relatively broad light absorption, good
photostability and high photocatalytic activity compared to other metal
oxides [13]. P25, a commercially available form of TiO2, is a mixed-
phase nanoscale material consisting of approximately 70–80 %
anatase, 20–30 % rutile, and a small amount of amorphous phase. This
unique combination of phases contributes to its photocatalytic proper-
ties, making it an efficient catalyst for various applications, including
ethanol photo-reforming for hydrogen production [14,15]. To date, its
remarkable efficiency and effectiveness have set the bar for other pho-
tocatalysts, serving as the coveted benchmark that researchers strive to
surpass [16–18]. On the other hand, numerous research studies have
been dedicated to enhancing the photocatalytic activity of P25 through
the addition of co-catalysts [19,20] or the creation of heterojunctions
[21,22]. Therefore, a comprehensive understanding of the photo-
catalytic behaviors of P25 is essential for the evaluation and develop-
ment of photocatalysts. Additionally, the use of P25 has been proposed
to perform fundamental research and as a reference material since it is
commercially available and, therefore, the results would be easily
corroborated by the research community [23,24].

Despite substantial efforts, a thorough understanding of the catalytic
behavior of P25 remains challenging due to the complex nature of this
photocatalytic system. One of the most commonly accepted mechanism
explaining the enhanced photocatalytic activity of mixed-phase TiO2
was proposed by Bickley in the early 1990 s [25]. It involves electron
transfer from anatase to rutile, reducing recombination rates and pro-
moting efficient charge separation. This model was mainly supported on
the lower energy conduction bands of rutile relative to anatase. How-
ever, Hurum et al. reached to the opposite conclusion based on EPR
characterization and they considered that the electrons are transferred
from rutile to anatase nanoparticles [26]. What is obvious is that elec-
tron mobility between different nanoparticles is occurring and even
Emeline et al. compared this phenomenon with the spillover phenom-
enon [27].

The addition of novel metals, such as Pt, Au, Pd etc, has also been
widely explored as a strategy to further enhance the photocatalytic
performance of P25 nanoparticles [28,29]. Several studies have
demonstrated that the introduction of Pt as a co-catalyst on P25 can
significantly improve the reaction rates and overall efficiency in various
photocatalytic applications [30,31]. Most of the authors underline the
contribution of Pt nanoparticle as electron sink to subsequently over-
come the electron-hole recombination limitations of P25 [32].
Furthermore, Pt not only serves as an efficient electron sink but also acts
as an active site for the reduction half-reaction where H2 is produced
during photocatalysis, enabling the efficient conversion of protons into
hydrogen fuel [33,34]. Consequently, without Pt, although the P25
nanoparticles can efficiently capture light and generate photoinduced
electrons, the catalytic reaction for H2 production cannot occur, leading
to a waste of the photo-generated electrons and low efficiencies. For this
reason, the metal loading optimization is one of the most critical syn-
thesis points. In this sense, we should consider two different aspects to
improve the photocatalytic performance. The first one is the location of
the Pt nanoparticles because it is obvious that the most efficient
configuration is to have the Pt nanoparticles where the photo-generated
electrons would be accumulated. For this reason, photo-deposition is the
most preferred synthesis route because the platinum would be selec-
tively deposited where the electrons would naturally accumulate on the
sample [35,36]. The second point, which is less discussed, is related to
the loading, as mentioned before, requires that all titania nanoparticles
or agglomeration of nanoparticles will be decorated with Pt to efficiently
utilize all the photo-induced exited electrons. Some authors also re-
ported that too high noble metal loadings can produce a negative effect
because these metal nanoparticles would reduce the amount of light that
reaches the titania where most of the photo-excited electrons are
generated [37].

In this study, we investigate the potential of enhancing electron
mobility between nanoparticles through the formation of particle ag-
gregates. Our main focus is to explore how this innovative approach can
significantly reduce the required content of co-catalyst, particularly
platinum, while keeping exceptional photocatalytic performance in
ethanol photoreforming for hydrogen production. As mentioned before,
P25 was selected as the semiconductor to facilitate the validation of our
results, but we expect that our results will be extended to most of the
semiconductors. Pt was selected as co-catalyst because one of the most
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efficient photocatalysts for the ethanol photo-reforming is still based on
the use of P25 in combination with Pt. However, our findings have
broader implications beyond our specific system, as they prompt
essential questions about the often-overlooked influence of particle ag-
gregations on photocatalytic activity. Understanding this aspect could
play a crucial role in determining the overall photocatalytic perfor-
mance and cover the way for more efficient and environmentally sus-
tainable photocatalytic applications, contributing to a promising future
for green energy technologies.

2. Materials and methods

2.1. Preparation and characterization

The commercial Acros Organics aeroxide P25 was used as the raw
photocatalyst in this study. The samples with induced aggregation (IA-
P25) were obtained by a simple filtration process. Normally, 250 mg of
P25 was suspended in 50 mL of Milli-Q water and stirred for 1 h. Sub-
sequently, it was filtered using a 0.45 μm nylon membrane (Filter-Lab®)
and dried in air at 60 ◦C. Finally, the sample was ground and sieved
using a 100 μm sieve. Additionally, several samples with different ag-
gregation sizes were obtained by grinding pellets of P25 that were sieved
using a sieve tower. The following particle size fractions were collected:
400–300, 300–200, 200–100 and 100–50 μm.

X-ray diffraction (XRD) patterns were obtained on D8 advance-A25
diffractometer (Bruker) with Cu Kα (λ = 0.154 nm) radiation source at
a scanning rate of 2◦ min− 1. The Brunauer-Emmett-Teller (BET) specific
surface area (SBET) was analyzed by nitrogen adsorption–desorption
using a Micromeritics ASAP 2020 apparatus. All the samples were
degassed at 200 ◦C for 2 h prior to the measurements. Besides, the
Barret-Joyner-Halender (BJH) method was used to determine the pore
size distribution.

The morphology and aggregate size of the samples were studied by
scanning electron microscopy (SEM) using a Nova NanoSEM 450 at an
accelerating voltage of 10 kV with a spatial resolution of 5 nm. In order
not to generate new aggregations, a diluted suspension of the sample
(10 mg of photocatalysts into a mixed solution of 35 mL ethanol and 35
mL water) was prepared and a few drops were deposited on the
aluminum sample holder. High-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) characterization was
performed on a Talos F200X instrument. Additional experiments were
carried out using an aberration corrected TEM (Titan Themis3, Thermo
Fisher Scientific) to exclude the formation of single atoms sites during
the platinum photo-deposition.

Dynamic light scattering (DLS) and laser diffraction (LD) measure-
ments were performed to determine the aggregates sizes of P25 and
induced aggregates P25 samples. Due to the expected small size of the
aggregates of the P25 sample, a ZetaSizer Nano ZS (Malvern) was used
since this equipment is optimized to analyze particles with a size ranged
from 10 nm to 10 µm. AMasterSizer 2000E (Malvern) was utilized in the
case of the IA since it was adequate to analyze accurately bigger particles
between 0.2 and 2000 µm. The results from DLS/LD were compared
with SEM measurements to ensure comprehensive characterization of
particle size distributions in our study.

UV–Vis diffuse reflectance spectra (DRS) were obtained on a Shi-
madzu UV-3600i spectrophotometer equipped with an integrating
sphere. Conventional XPS (X-ray Photoelectron Spectroscopy) mea-
surements were performed in a Kratos Axis UltraDLD spectrometer
(Kratos Analytical Ltd., Manchester, UK) using monochromatized Al Kα
(hν = 1486.6 eV) radiation with a power of 150 W. High-resolution
spectra were acquired with a pass energy of 20 eV. Samples were
pressed into self-supported pellets and fixed by means of a conductive
double-sided carbon polymer tape. Charging effects were compensated
with the coaxial charge neutralizer device developed by Kratos, and the
binding energy (BE) scale was corrected with respect to adventitious
carbon and set to 284.8 eV.

The room temperature photoluminescence (PL) spectra were ob-
tained by a fluorescence spectrometer (Horiba Fluorolog-QM) equipped
with a continuous 75 W Xenon arc lamp and a photomultiplier tube
(PMT) detector (920IS). Photoluminescence was recorded under the
photocatalytic reaction conditions. For this, 10 mg of solid samples were
suspended in 70 mL aqueous solution (35 mL water and 35 mL ethanol)
and then filled into a high precision cell with stirring for measurement.
The excitation wavelength was selected to be 325 nm and the emission
scanning from 380-620 nm was collected from the front face. The
photon detection efficiency of the PMT detector and the grating was
calibrated over the full range of wavelengths used and all the spectra
included in this work were corrected using this calibration to prevent
error in determining the maximum of the fluorescence emission. All the
slit widths were set at 5 nm.

2.2. Photoreforming hydrogen production

The photo-catalytic experiments were conducted using a custom-
designed on-line photo-reactor that allows simultaneous measure-
ments for up to four samples (Fig. S1). The light irradiation was provided
by a solar simulator with a 450 W Xenon lamp (Oriel Sol3A, Newport).
To maintain a constant reactor temperature of 8 ◦C, we employed a
cooling jacket system connected to a thermostatic bath (AP7LR-20,
VWR). This cooling system ensured precise temperature control,
providing an optimal and stable environment for the photoreforming
hydrogen production studies. To verify the stability of the light source
during each experiment, we conducted spectrum measurements using a
spectrometer (Flame-S, Ocean Insight) before and after each run. A
representative spectrum of the light source can be seen in Fig. S2.
Additionally, the sun light irradiance was quantified using a pyran-
ometer (LP PYRA 03 AV, Delta Ohm), reaching an intensity of 1.6 sun.
Each of the reactor has an illuminated area of 15.2 cm2.

In a standard photocatalytic test, we dispersed 10 mg of photo-
catalyst nanoparticles into 70 mL of a 50 % by volume ethanol aqueous
solution, which was continuously magnetically stirred at 800 rpm.
Before sealing the reactor, we carefully added an appropriate volume
(87 µL) of a Pt(NO3)2 solution (55.6 ppm of Pt) to enable in-situ pho-
todeposition of Pt as a co-catalyst, resulting in a final Pt loading of 0.05
wt%. After conducting a leak test to ensure a sealed environment, any
residual air within the reactor was effectively removed by purging with
argon at a flow rate of 15 mL/min for 2 h. Throughout the experiments,
this flow of argon was maintained serving as a carrier to transport the
reaction products for analysis by an on-line gas chromatograph (GC
Trace 1300, Thermo Scientific) equipped with a high-sensitivity thermal
conductivity detector and a Carboxen 1010 PLOT Capillary GC Column.
After 24 h, the photocatalytic tests were stopped, and the samples were
collected by filtration and washed carefully with water and then dried at
60 ◦C. An inductively coupled plasma-optical emission spectrometer
(ICP-OES, Spectrogreen FMD46) was utilized to determine the real Pt
content of samples post-reaction. Prior to analysis, solid samples un-
derwent chemical acid digestion using a Digiprep JR (SCP-SCIENCE)
digestor. The Pt loading of all samples included in this study is sum-
marized in Table S1 and, in all cases, was close to the theoretical
loading. The analysis of intermediates in the liquid phase was performed
at the end of the photocatalytic test by High Performance Liquid Chro-
matography (HPLC, Thermo Scientific Dionex UltiMate 3000). An
HyperREZ XP Organic Acid Bum column (100x7.7 mm), utilizing a
0.005 N sulfuric acid in water as mobile phase, was employed with a
flow rate of 0.5 mL/min. The column was maintained at a temperature
of 25 ◦C, and the injection volume for each sample was set to 10 μL.

2.3. Photocatalytic degradation

Methylene blue (MB) degradation experiments were conducted at
room temperature using the same irradiation system. Typically, 10 mg
of samples were suspended in 50 mL of MB aqueous solution (10 mg/L)
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with stirring. Before initiating the photocatalysis, the reactor was kept in
the dark for 20 min to reach adsorption–desorption equilibrium. The
solution was then sampled every 5 min and subjected to centrifugation
for analysis. The concentration of supernatant was measured at 665 nm
using a Shimadzu UV-3600i spectrophotometer, and the activity was
determined by Ct/C0, where Ct is the concentration at each time interval
and C0 is the initial concentration.

3. Results and discussion

3.1. Characterization

As mentioned in the introduction and the experimental sections, a
soft process to induce the formation of aggregates was selected to not
modify the structural and superficial properties of the P25. To verify
this, XRD diffractograms and XPS spectra of both fresh and agglomer-
ated samples were carried out. As shown in Fig. S3, P25 and IA-P25
displayed almost identical diffraction peaks. The characteristic diffrac-
tion peaks at 25.3◦, 37.8◦, 48.0◦, 53.9◦ and 55.1◦ were corresponding to
(101), (004), (200), (105) and (211) planes of anatase (JCPDS
99–0008), whereas the peaks at 27.4◦, 36.1◦, 41.2◦, 54.3◦ and 56.6◦

were corresponding to (110), (101), (111), (211) and (220) planes of
rutile (JCPDS 99–0090), respectively. In addition, the crystallite sizes
(Table 1) were estimated by the Scherrer formula (Formula S1), which
indicated that the treatment has no effect on the crystallites of anatase
and rutile in P25. In both samples, the proportions of anatase and rutile
were estimated to be approximately 84 % and 16 %, respectively.

Fig. S4 shows the high resolution XPS spectra of P25 and IA-P25. No
obvious differences can be observed between the spectra of both sam-
ples. Ti 2p3/2 and 2p1/2 XPS peaks are centered at binding energies of
458.7 and 464.4 eV, which are typical of Ti4+-O bonds in TiO2 [38]. The
high-resolution O 1 s spectra show two peaks at approximately 529.9
and 531.6 eV, which can be attributed to the Ti4+-O bond and surface
hydroxyl groups (Ti-OH bonds), respectively. The contribution of hy-
droxyl groups to the spectra area is 15 % of the total in both cases. These
results clearly indicate that the process used to obtain the particle ag-
gregation of P25 does not modify the sample.

However, slightly modifications of the textural properties were
observed due to the particle agglomeration. Fig. 1 illustrates the nitro-
gen adsorption–desorption isotherms and pore size distributions of P25
and IA-P25. It could be seen that both samples showed type IV isotherms
with a type H3 hysteresis loop (IUPAC classification) at high relative
pressure, indicating the existence of mesopores (2–50 nm) [39]. Besides,
an hysteresis was observed in both cases at high P/P0, suggesting the
presence of macropores (>50 nm) [40]. Considering that commercial
P25 is produced through the hydrolysis of TiCl4 in a hydrogen flame, the
formation of pore structures in P25 and IA-P25 could be attributed to the
aggregation of TiO2 crystallites [41]. From the pore size distributions
(Fig. 1 inset), an obvious increase in the pore volume of large pores
(20–50 nm) could be observed in IA-P25. Moreover, compared with the
raw P25, the specific surface area (Table 1) of IA-P25 slightly decreased,
while the pore volume and average pore size approximately doubled.
These textural changes are in good concordance with the formation
particle aggregations after the treatment [42].

To further characterize the aggregates and quantify their size, the

samples of P25 and IA-P25 were dispersed in solution under the same
conditions as photocatalytic experiment and then studied by SEM. From
the images shown in Fig. 2, it is obvious that the particle aggregation
was significantly more evident in the IA-P25 sample. 250 aggregates
were randomly selected from SEM images of P25 and IA-P25, and their
sizes were measured. The corresponding size distribution is shown in
Fig. 2c,f. According to the analysis, the average aggregate size of IA-P25
was 35.4 ± 2.1 µm, which was about 10 times the aggregate size of P25
(3.5 ± 0.1 µm).

Particle size distribution was also obtained by DLS/LD technique,
which offers several advantages. The main one is that it measures par-
ticles in suspension rather than in dry powder, providing a more accu-
rate view of particle aggregation in the reaction environment. Moreover,
it facilitates analysis of a larger number of particles, enhancing the
comprehensiveness of our data. In comparison, SEM measurements may
underestimate the presence of small nanoparticles due to the fact that
the magnification needed to observe small and big agglomerations is
different. Moreover, SEM sample preparation, involving suspension of
nanoparticles, deposition on a holder, and evaporation, can induce
additional aggregation, particularly affecting smaller sizes that will be
underestimated. However, DLS/LD and SEM results were largely
consistent and show the dramatic change in the aggregates sizes. The
results obtained for P25 via DLS/LD fell within the expected range of
175–300 nm reported in literature, although larger aggregations up to
approximately 1 µm were observed, likely influenced by the absence of
ultrasound in sample preparation to prevent aggregation structures
[43,44]. In the case of IA-P25, DLS/LD identified distinct peaks around
0.8, 10, and 50 µm, aligning closely with SEM results while offering
greater accuracy in quantifying smaller particles that SEM had under-
estimated. These results indicate that we managed to create particle
aggregation through a very simple and reproducible method that also
preserves the chemical and structural characteristics of P25.

UV–Vis DRS spectra of P25 and IA-P25 were measured to investigate
their optical absorption properties. As shown in Fig. S5, both samples
displayed very similar reflectance curves with absorption edges at ca.
410 nm. Furthermore, the band gap energies were calculated according
to the Kubelka-Munk method (Formula S2 and Fig. S5 inset). The band
gaps of P25 and IA-P25 were estimated to be 3.11 and 3.14 eV,
respectively, which were comparable to the values previously reported
in the literature [45]. Since the absorption properties can be easily
modified by superficial changes of anatase/rutile ratio [26], the simi-
larities in the optical properties of the samples also demonstrate that the
employedmethod did not significantly affect the main properties of P25.

Table 1
Characteristic parameters of P25 and IA-P25.

sample XRD N2 adsorption–desorption UV–Vis

Crystallite size
(nm)

SBET
(m2/g)

Pore volume
(cm3/g)

Pore size
(nm)

Band gap
(eV)

Anatase Rutile

P25 21.3 37.9 55 0.2 17.9 3.11
IA-P25 21.6 36.3 47 0.4 29.9 3.14
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Fig. 1. N2 adsorption–desorption isotherms and pore size distribution curves
(inset) of P25 and IA-P25.
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So, the singular photoactivity properties of the IA-P25 can univocally be
attributed to the formation of particle aggregation.

3.2. Photoreforming hydrogen production

The ethanol photoreforming hydrogen production via P25 and IA-
P25 was carried out to evaluate the effect of particle agglomeration on
the photocatalytic performance when low co-catalyst loading is used.
Fig. 3a shows the results of photocatalytic tests using both samples with
a platinum loading of 0.05 wt%. It could be observed that the H2 rate of
P25 exhibited an initial reaction rate of 69.7 µmol/h that rapidly
decreased to 37.6 µ mol/h after one hour. Finally, the activity slowly
decreased to a relatively stable value of 26.1 µ mol/h. The deactivation
in this kind of reaction using low metal loadings has been previously
attributed to the interaction of Pt atoms and oxygen vacancies [23].
Besides, the constant accumulation of intermediates during the photo-
catalytic reaction and their irreversible adsorption on the Pt surface
have also been considered to be one of the causes of deactivation [46]. It
is commonly accepted that the reduction half-reaction would take place
on the surface of the co-catalyst, which in our case is platinum, while the
oxidation half-reaction occurs on the surface of TiO2 to form the

corresponding oxygenated intermediates. Among them, acetaldehyde
was recognized as the main intermediate in the liquid phase, followed by
acetic acid [47]. The analysis by HPLC of the liquid phase after reaction
allowed us to determine the presence of acetaldehyde, acetic acid and
formic acid (Fig. S6). The concentration of acetaldehyde was approxi-
mately twice that of acetic acid. Small amounts of formic acid were also
found in the reaction solution, and it should be pointed out that Huang
et al. recently demonstrated that trace amounts of formic acid, even
below the detection limits of standard analysis methods, could be highly
toxic to Pt co-catalyst [48].

Fig. 3a also shows that the induced particle agglomeration in IA-P25
resulted in a remarkable enhancement of its photocatalytic activity,
showing an initial activity up to 3.5 times higher than that of the con-
ventional P25. Furthermore, the reaction evolution of IA-P25 exhibited
notable differences compared to P25. The H2 production rate of IA-P25
reached a maximum value of 234.7 µ mol/h at a reaction time of 1 h, but
subsequently, the H2 production rate exhibited a slow decrease, result-
ing in an overall activity loss of 57 %. This result was further validated
through repeated experiments using different batches of IA-P25
(Fig. S7). According to the above discussed catalyst characterization
results, the main difference between P25 and IA-P25 was the size of

Fig. 2. Low magnification SEM image, particle size distribution using SEM images and DLS/LD technique of P25 (a, b and c) and IAP25 (d, e and f).

Fig. 3. Photocatalytic hydrogen production rate of (a) P25 and IA-P25 samples with and without ultrasound treatment, (b) P25, IA-P25 and their recovered samples.
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aggregates before photocatalysis rather than any other properties, which
preliminarily indicated that the existence of larger aggregate was the
origin of this significant improvement of the hydrogen production rate.
Besides, the platinum particle size of the samples must be evaluated
since it is a parameter that may also strongly affect the photocatalytic
mechanism and the activity [49]. For this purpose, the platinum particle
size distribution of the most relevant samples after reaction was ob-
tained by HAADF-STEM images, which are included in Fig. S8. Sur-
prisingly, it can be observed that the Pt size on IA-P25 was even slightly
larger than that found on P25. However, according to recent theoretical
calculations, the photocatalytic properties are boosted by decreasing the
Pt size, as it promotes the photoelectron transfer [50]. Thus, the
enhanced catalytic activity observed in IA-P25 cannot be attributed to
differences in the particle size of Pt. Furthermore, considering that the
metal loading is the same for both samples and the particle size is
slightly larger in the case of IA-P25, it is logical to assume that there are
fewer Pt particles on the surface of this sample. This observation may
indicate a reduction in available catalytic actives sites for the protons
reduction half-reaction, which is considered as the limiting step in
several studies [51,52].

Finally, and despite the limitations of TEM related to the very small
area that it can be analyzed, it should be pointed out that the agglom-
erations of titania nanoparticles without Pt were more frequent to be
observed in the P25 sample compared to the IA-P25. This is logic if we
also consider the huge difference in the size of the agglomerations that it
was previously discussed.

In order to fully corroborate that the improvement of the catalytic
activity is a result of the particle aggregation, additional experiments
were carried out applying low-intensity ultrasound (US) treatment to the
samples before the photocatalytic tests for 2 min using a VEVOR ultra-
sonic cleaner (40 kHz, 120 W). US is commonly used in the literature to
efficiently disperse nanoparticles in liquids and to break weak interac-
tion between nanoparticles, as we used in the aggregate induction
process. According to the literature, US treatments may also induce the
formation of oxygen vacancies on the TiO2 surface and improve the
photoactivity [53,54]. To confirm that the applied US treatment did not
modify the properties of the raw P25, this sample was also exposed to
US. As shown in Fig. 3a, both the raw P25 and the IA-P25 after US
treatment exhibited comparable activity, similar to that of the P25
without US treatment. Therefore, it can be concluded that the employed
low-intensity ultrasound method only dispersed the aggregates without
modifying the photocatalyst itself, further verifying the importance of
particle aggregations. Moreover, the average Pt particle size (~1.34 nm)
measured from TEM images (Fig. S8c) in the case of the sample IA-P25-
0.05Pt with an ultrasound treatment was very close to that of P25-
0.05Pt, which matches well with the aforementioned results and also
supports the idea that particle aggregations promote the accumulation
of photo-excited electrons on same regions of the TiO2 surface, resulting
in fewer Pt particles with a slightly larger volume.

After clearly demonstrating the benefits of TiO2 aggregates, it is of
great interest to evaluate their stability under reaction conditions, which
could also provide a suitable explanation for the severe deactivation.
During the photocatalytic experiments, the aggregates were subjected to
intensive magnetic stirring (800 r.p.m.) for 24 h, which could affect the
cohesion between the particles of the aggregates. The aggregate size
distribution was determined from SEM images and DLS/LD of P25 and
IA-P25 after photocatalytic tests (Fig. S9). The DLS/LD results show
small differences between the fresh and the spent P25 catalyst. The
contribution of the fraction of aggregates observed in the P25 sample at
around 1 µm became less relevant, and the size decreased below 0.60
µm, with the average aggregate size shifting down to 0.27 µm. However,
the average size of the aggregates in IA-P25 dramatically decreased from
approximately 40.5 µm to 12.9 µm. This suggests that the TiO2 aggre-
gates in IA-P25 are not stable under reaction conditions. In fact, we can
consider that the original aggregates disaggregate, producing new ag-
gregates of around 10 µm that are relatively stable since remain even

after 24 h of reactions. However, the fraction of particles below 1 µm is
also higher, which could indicate that over time, the 10 µm aggregates
may also collapse.

Recovery tests were conducted using both P25 and IA-P25 samples to
further investigate the stability of the aggregates. After completing
several standard 24 h experiments, the photocatalysts were filtered and
dried at 60 ◦C. It is clear that there are significant similarities between
this recovery method and the procedure used to generate aggregates in
the IA-P25 sample. Consequently, we can expect that similar aggregates
to those observed in IA-P25 would be formed in the recovered P25
sample. Interestingly, despite the presence of the same aggregates, the
photocatalytic performance of the recovered P25 sample was observed
to be slightly higher than that of the raw P25 but significantly lower than
that of IA-P25 (see Fig. 3b). To fully understand these results, we must
consider that there is a critical difference between both samples: in the
recovered samples, the Pt was already present before aggregate forma-
tion, resulting in a random distribution of Pt within the aggregates. This
differs from the situation when the aggregates are formed before plat-
inum photo-deposition because, in the latter case, the Pt nanoparticles
will be anchored where the photo-excited electrons accumulate, while in
the former case, this will not happen, and only statistics will govern this
possibility. For this reason, the improvement in the recovered P25 is
limited. Therefore, we can conclude that the impact of aggregation on
various aspects such as light dispersion and absorption is not responsible
for the photocatalytic improvement. Even more, this provides clear ev-
idence of electron mobility between different titania nanoparticles
within the same aggregate, strongly influencing the distribution of
electrons among nanoparticles. In the case of the recovered IA-P25, we
observed much lower H2 production rate than IA-P25, what it can be
understood due to the rearrangement of the initial aggregates during the
recovery process. However, the activity of this sample is still higher to
the obtained for the raw and recovered P25, indicating that some of the
aggregates of the IA-P25 persist after the recovery process, maintaining
an optimal distribution of Pt.

In order to exhaustively investigate the effect of stirring on the
aggregate stability, we conducted two additional experiments with the
IA-P25 sample. In these experiments, the IA-P25 sample underwent a
one-hour illumination period, followed by a 24-hour dark period, and
then illumination was resumed. The crucial variation between these
experiments was the stirring conditions: in one case, stirring was paused
during the dark period to prevent disaggregation, while in the other
case, stirring was maintained throughout the process. The results of
these experiments, as depicted in Fig. 4, provided compelling evidence
of the dominant influence of disaggregation on the deactivation
behavior of IA-P25. Initially, both samples exhibited nearly identical

Fig. 4. Photocatalytic hydrogen production rate of IA-P25 under different
treatments: stop (red line) or keep (black line) the stirring during 24 h of
darkness period. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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activity before the cessation of light, indicating their similar character-
istics at this point. The sample subjected to no stirring during the dark
period (red line) showed minimal change in activity after the dark
period, closely resembling the behavior observed during a standard
photocatalytic experiment with IA-P25. In contrast, when stirring was
maintained throughout the darkness period (black line), the resumed
hydrogen production rate decreased dramatically by 48 % compared to
before the dark period. This experiment effectively demonstrated that
the disaggregation of aggregates predominates the deactivation
behavior observed in IA-P25 samples. The clear distinction in activity
between the continuously stirred and non-stirred samples underscores
the critical role of aggregate stability in maintaining photocatalytic
activity.

To determine the effect of stirring the samples before the platinum
photodeposition on the photocatalytic activity, the raw P25 and the IA-
P25 samples were stirred for 24 h prior to photocatalysis using the same
amount of water (35 mL) required for the photocatalytic test. Afterward,
the ethanol (35 mL) was added and the standard experiment, including
the Pt photodeposition, was started. As seen from Fig. 5, the stirring
treatment did not affect the activity of P25, which is consistent with the
previous results obtained using the US and suggests that no large ag-
gregates are present in the raw P25. In contrast, the catalytic perfor-
mance of the IA-P25 is strongly affected by this stirring treatment. The
sample exhibited an initial H2 rate of 182.8 µ mol/h, which was slightly
lower than that observed for IA-P25 (218.9 µ mol/h). However, what it
is more notable is that the deactivation was less pronounced than that of
the original sample. In fact, the deactivation was less than 25.6 % of the
maximum H2 production rate after 24 h. Moreover, the stirred sample
showed higher performance after about 4 h of illumination than the IA-
P25. In fact, when considering the total green hydrogen produced during
the photocatalytic tests (Fig. S10), the amount obtained with the pre-
stirred IA-P25 was 1.2 times higher than that of IA-P25 and 6.2 times
higher than that of P25. It should be mentioned that the average size of
Pt in this case was 1.6 nm (Fig. S8d), which falls between the values of
IA-P25 (1.7 nm) and the P25 (1.4 nm), thus proving again that the
platinum nanoparticles itself cannot explain the photocatalytic activity.

Based on the previously discussed results, it can be concluded that
the deactivation of IA-P25 was mainly due to the separation of the
particles forming aggregates during the reaction. Additionally, if we
consider that the catalytic activity of stirred IA-P25 was higher than that
of the raw sample and the intermediates at the end of the reaction were
similar (Fig. S11), it can be concluded that photocatalyst poisoning by
reaction intermediates is not the main cause of deactivation. However,
considering the very low loading of platinum, it cannot be excluded that
its contribution to the deactivation of the sample when the aggregates
size was stabilized.

To in depth study the effect of the aggregates on the photocatalytic
activity, a series of P25 with different initial aggregate sizes were pre-
pared and subjected to photocatalytic experiments. We can observe in
Fig. 6 that all the fractions show a similar shape and that after the
maximum we can observe a continues deactivation. The lowest photo-
catalytic activity was obtained for the sample with the biggest
agglomeration of P25 particles and the optimum was observed for the
sample with aggregates between 50 and 100 µm. It is reasonable to as-
sume that as the size of the aggregates increases, the shadow effect
experienced by its core particles will also be more significant. Therefore,
too big aggregates (>100 μm) will not be the best approach to efficiently
exploit the irradiated light since the particles in the outer part of the
aggregates will absorb part of the incident radiation, while less radiation
would be available for the inner samples.

Although the observed dramatic improvement in photocatalytic ac-
tivity is associated with agglomeration of the particles, it is reasonable to
wonder about the underlying factors. An important aspect to be
considered is how the photo-deposited platinum nanoparticles are
distributed in the titania support. Therefore, it was of interest to study
the effect of Pt loadings on P25 and IA-P25. As shown in Fig. 7, the H2
production rate of both semiconductor supports increased with
increasing Pt loading ranging from 0.025 to 0.2 wt%. In the case of P25,
the H2 rate curve of P25-0.025Pt displayed the same trend as P25-
0.05Pt, with a relevant decay of activity from the beginning. However,
this abrupt deactivation could not be observed when the amount of Pt
was higher than 0.05 wt%. A similar behavior has been previously re-
ported by Haselmann and Eder, who observed that samples with low Pt
to oxygen vacancies ratios experience fast deactivation at the early stage
of the catalytic tests using methanol as sacrificial agent [23]. The au-
thors suggested that the utilization of a small quantity of Pt leads to a
reaction mechanism that yields a significant amount of CO. This CO is
subsequently irreversibly adsorbed onto the Pt nanoparticles, causing
deactivation of the catalyst. Interestingly, this severe deactivation is not
observed when utilizing the sample with induced aggregations. There-
fore, the use of induced aggregation appears to mitigate this deactiva-
tion process, possibly by inducing an alternative reaction mechanism
similar to the observed for high loadings in the case of the P25. It is
important to note that further studies are required to confirm this hy-
pothesis. In the case of the samples P25 with Pt loadings higher than
0.05 wt% and for all the induced aggregates samples, the H2 production
rate reached its maximum at around 1 h and then gradually decreased.
This deactivation rate was smaller with the increase of Pt loading and
more severe for IA-P25, probably due to the disaggregation of IA-P25
sample. However, the most relevant conclusion from this study is that
the observed improvement in the catalytic activity when using IA-P25 is
smaller at higher metal loadings. In fact, the H2 production rate of IA-

Fig. 5. Photocatalytic hydrogen production rate of samples with and without
stirring treatment.

Fig. 6. Photocatalytic hydrogen production rate of P25 fragment with different
aggregation sizes.
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P25-0.2Pt was only approximately 4 % higher than that of P25-0.2Pt,
and the size of Pt after the reaction was also similar (Fig. S8e, f).
Therefore, the improvement of photocatalytic performance resulting
from the aggregation of TiO2 particles is more prominent at very low Pt
content. At high Pt content, the similarity of photocatalytic activity on
the two supports, as well as the similarity of Pt particle size, suggest that
the aggregation mainly optimizes the distribution of Pt on the P25
surface, facilitating electron transfer from the semiconductor to the
cocatalyst. It should be noted that HR-HAADF-STEMwas also performed
using an aberration-corrected electron microscope (Titan Themis Cube)
to exclude the possibility of the formation of platinum single atom sites,
especially in the case of low platinum loadings. Fig. S8 (i-k) shows
representative images of IA-P25-0.05Pt, P25-0.05Pt, and P25-0.025Pt.
Although the Pt nanoparticles show atomic resolution, no contrast on
the supports was observed that could be related to the presence of single
atoms in any of the samples.

To confirm this hypothesis and learn more about the effect of the
aggregations on the photocatalytic properties of P25, additional pho-
tocatalytic tests of the degradation of MB were carried out over P25 and
IA-P25. Unlike photocatalytic hydrogen production, this reaction does
not require a co-catalyst and therefore we will be able to exclude the
contribution of Pt deposition [55]. As shown in Fig. S12, P25 photo-
degraded nearly 95 % of MB after 20 min, while IA-P25 only photo-
degraded about 73 % at the same time. Interestingly, this observation is
completely opposite to that obtained from the photo-reforming of
ethanol, which demonstrated that the formation of aggregations on P25
has a negative impact on the reaction. This result is in good concordance
with the experiments included in Fig. 6, which already demonstrated
that the particle aggregation negatively affects the light absorption by
titania, which was the main factor causing lower efficiency of photo-
catalytic degradation. Therefore, as previously mentioned, the key to
photocatalytic improvement lies in the optimal deposition of Pt on the
support, which allows for an improved number of photo-excited elec-
trons to reach co-catalyst particles and enhance the proton reduction to
molecular hydrogen reaction.

3.3. Mechanistic study

At this point, it is of interest to summarize the main observations of
our study:

1. Although the formation of particle agglomeration improves the
photo-reforming of ethanol, the activity is worse in the case of the
degradation of methylene blue.

2. Larger sizes lead to less active photocatalytic systems, probably due
to decreased light exposure of particles located in the inner parts of
the aggregates.

3. In ethanol photoreforming, the improvement in activity due to par-
ticle agglomeration becomes smaller as the cocatalyst (Pt) loading
increases.

4. The platinum particle size is very similar in all the cases, ranging
from 1.3 nm to 1.7 nm. In the case of low loading photocatalysts, the
platinum particle size is slightly larger in samples with agglomerated
P25 particles (IA-P25).

5. Many TiO2 particles or agglomerations in the raw P25 sample with
low Pt loadings are not decorated with particles of the co-catalyst.

6. The induced aggregated samples commonly experience continuous
deactivation, which can be attributed to the fragmentation of big
particles aggregates.

7. Our catalytic tests using raw P25 without platinum produced
hydrogen below the detection limit of our photocatalytic reactor.

To propose a suitable model that would explain our results, it would
be worth to previously remember the mechanism of the photo-reforming
of ethanol. It is commonly accepted that after photo-induced electrons
are generated, they move to the Pt nanoparticles, which act as both
electron sinks and catalytic centers for the reduction of protons to mo-
lecular hydrogen [56,57]. Therefore, those TiO2 particles without Pt will
not have the capability to produce hydrogen due to the rapid charge
recombination and the low rate of the reduction half-reaction. As pre-
viously mentioned, from TEM images it was shown that TiO2 particles
without Pt were more frequently observed in P25 when low Pt loadings
(<0.2 wt%) were used. This is the main reason why photoactivity in-
creases when the Pt loading is higher. Considering that electrons and
holes can move between TiO2 particles, it is clear that the induction of
aggregation reduces the number of Pt particles required. In other words,
in the presence of the same content of Pt, the formation of aggregates
enables more TiO2 particles or their aggregates to obtain at least one Pt
particle, resulting in higher hydrogen production efficiency. Fig. 8a il-
lustrates this idea. During the photodeposition step, as the suspension of
P25 or IA-P25 containing the platinum precursor was exposed to the
light beam, Pt2+ was reduced by photogenerated electrons and subse-
quently deposited onto the surface of the photocatalyst. When relatively
low amount of Pt2+ is used (e.g. 0.05 wt%), it is reasonable to assume
that Pt will not be deposited on all the particles or small aggregates in
P25. In contrast, the formation of larger aggregates in IA-P25 would be
beneficial to reduce the required number of Pt particles necessary to
ensure that all aggregates would have at least one Pt particle as an active
site for hydrogen production, so that photogenerated electrons are not
wasted in other undesirable processes such as fluorescence. It is also

Fig. 7. Photocatalytic hydrogen production rate over (a) P25 and (b) IA-P25 with different amounts of Pt.
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worth noting that photo-deposition method optimizes the photocatalyst
synthesis since the Pt is strategically placed in regions of the support
where the electrons are located or accumulated. According to this, the
aggregates act as antennas to collect the photons that generate excited
electrons and holes. The electrons would be able to migrate between
nanoparticles to the Pt that are precisely located where the electrons
accumulate and would catalyze the reduction half reaction. Simulta-
neously, the holes move to the titania surface where the oxidation half
reaction takes place. This proposed approach offers a straightforward
method to maximize the utilization of photoinduced electrons in the
reaction, with minimal platinum loading required. This mechanism
model also elucidates that the disaggregation of particles agglomerates
during the reaction negatively impacts the hydrogen production. As the
reaction progresses, the disaggregation generates smaller clusters of
titania nanoparticles. In such cases, not all aggregates contain Pt due to
limited Pt availability, causing those aggregates lacking Pt to contribute
minimally to hydrogen production. When higher amounts of Pt are
present, as depicted in Fig. 8b, the Pt was sufficient to be distributed to
all aggregates with enough Pt nanoparticles, which prevented the exis-
tence of bare semiconductor during the reaction. As a result, little dif-
ference can be observed between P25 and IA-P25. Additionally, since
most of the clusters formed by the disaggregation of the original ag-
gregates will also have Pt, the deactivation will be more related to the

irreversible adsorption of some reaction intermediates or products on
the active Pt sites [58].

Obviously, the model described previously is a simplification to
make easy understanding. It is more accurate to refer to an optimal
amount of Pt nanoparticles, rather than suggesting that a single Pt
nanoparticle can be solely responsible for providing activity to the entire
aggregate. This is evident when the Pt loading is increased in IA samples,
where all aggregates have Pt nanoparticles and the amount of Pt in-
creases, leading to improved photocatalytic performance. However, this
improvement is less dramatic than in standard P25 samples. Recently,
Qin et al. [59] demonstrated that low loadings of Pt single atoms
deposited on anatase TiO2 thin films are sufficient to achieve a maxi-
mized H2 production rate. The authors concluded that electron diffusion
in a semiconductor strongly depends on semiconductor characteristics
such as impurities, defects, and crystallinity. When electron diffusion in
the semiconductor is poor, a higher concentration of co-catalyst, such as
Pt, is required to achieve an optimal photocatalyst. In our case, aggre-
gation formation has improved electron mobility and consequently
reduced the amount of Pt sites needed to achieve a maximized H2 pro-
duction rate.

It is worth noting that Elser et al. have reported that the nano-
particles aggregation formed by drying a water suspension of P25 im-
proves the reducibility of titania and the generation of electron centers

Fig. 8. The proposed mechanism for the improvement and deactivation over samples with (a) lower amount of Pt and (b) higher amount of Pt.

E. Bu et al.



Journal of Colloid And Interface Science 676 (2024) 1055–1067

1064

that are susceptible of adsorbing molecules [60]. They also conclude
that this interaction favors the delocalization of photo-induced charges
between nanoparticles. While the concept of electron transfer between
nanoparticles of a physical induced aggregate is generally not empha-
sized in photocatalysis studies, it is notable that transient photocurrent
experiments often involve sample deposition onto the electrode via
drying an ethanol suspension of the raw photocatalyst [61,62]. In this
case, it is obvious that the photogenerated electrons need to be trans-
ferred from one nanoparticle to another before reaching the electrode
[63,64]. It is clear that physical contact between nanoparticles is not the
most efficient mechanism of charge transfer, and that the use of
conductive binders such as Nafion would improve it. This approach is
commonly used for the synthesis of photoactive thin films, although in
this case the surface of the photocatalyst would be at least partially
covered by this binder and modify its reactivity. More recently, the use
of porous single-crystal-based inorganic semiconductor photocatalysts
has emerged as probably the most appealing and efficient approach to
improve the charge transfer and the photocatalytic activity [65]. How-
ever, it should be pointed that our method to improve the charge
transfer is really simple and almost universal.

To corroborate the samples P25 with low loading of Pt were intensely
studied by HAADF-STEM technique to determine if the aggregates were
often without Pt nanoparticles. Analysis of 30 aggregates from the P25
sample with 0.025 % Pt revealed that 19 had no platinum, 6 had fewer
than 3 nanoparticles, and 8 had a large number of Pt nanoparticles (an
average of 78). This also indicates that probably depending on the
interaction between the titania nanoparticles in the support, some ag-
gregates are much more efficient than other and therefore more Pt
nanoparticles are deposited on them. Fig. S13 illustrates this study. It
must be mentioned, that for IA-P25 sample with the same platinum
loading, all aggregates larger than 1 µm are covered by Pt nanoparticles,
while only some of those smaller and apparently produced by the
disintegration of larger aggregates lack Pt nanoparticles.

PL was used to give further evidence to support the above proposed
mechanism and demonstrate the electron transfer between titania
nanoparticles. This technique could provide detailed information about
the efficiency of charge carrier trapping and recombination in our
photocatalysts since the PL emission is produced by the recombination
of free charge carriers [66]. Since we want to elucidate the effect of the
aggregations, we should skip the use of pellets in this analysis because
we would be creating this contact between the nanoparticles even in the
raw P25. For this reason, we developed an experimental system that
allows to study particles suspensions using the same aqueous solution
that it was employed in the reaction (50 % ethanol in water). Analyzing
nanoparticle suspensions presents a notable challenge due to the
continuous movement of nanoparticles caused by constant stirring.

Consequently, the illuminated count of suspended nanoparticles may
vary over time. To address this concern, we excited samples IA-P25 and
P25 using a wavelength of 325 nm and the emission at 500 nm over a
duration of 600 s was recorded (Fig. S14). Notably, the emission remains
remarkably stable in both cases, ensuring the acquisition of reliable
spectra under these conditions. As shown in Fig. 9a, P25 displayed an
emission peak at ~ 500 nm under 325 nm excitation. By contrast, a
similar peak with much lower PL intensity can be observed for sample
IA-P25, which indicated the lower charge recombination efficiency of
IA-P25 since the fluorescence intensity would decline in accordance to a
reduction of the charge carrier recombination rate [67]. In addition, the
effect of the stirring and ultrasound pretreatment on the PL was also
studied to try to correlate them with the photocatalytic activity previ-
ously discussed. It could be seen from Fig. 9b that the PL intensity of IA-
P25 constantly increased during the 24 h of stirring, while the PL
spectrum of P25 remained constant after 24 h (Fig. S15). No obvious
increase could be observed after 24 h of stirring, which indicated the
aggregates state of IA-P25 remained relatively stable after 24 h. This
result could correspond to the more stable H2 rate of IA-P25-stirring. In
order to elucidate if it is possible to get the steady state, a long-term
photocatalytic experiment of IA-P25 (72 h) was performed (Fig. S16).
We can observe that the hydrogen production rate is continuously
decreasing, although it is becoming more stable with time, remaining
relatively stable after 64 h. Combined with the PL results discussed
above, it could be inferred that this relatively slow deactivation was no
longer mainly attributed to the separation of aggregates, but to the
combined effect of multiple factors such as the accumulation of in-
termediates. It was worth noting that the H2 production rate of IAP25 at
72 h was still 1.5 times higher than that of P25 at 24 h, which was
consistent with the results that IA-P25 always presented a relatively
lower PL intensity. Interestingly, after ultrasound treatment, IA-P25
exhibited a similar PL spectrum as P25. All these results suggested
that the recombination efficiency of charge carrier increased with the
separation of aggregate, which was highly consistent with the results of
H2 production and the proposed mechanism.

4. Conclusions

Our results indicate that a simple filtration method can be used to
create titania nanoparticle aggregations without introducing any rele-
vant chemical modifications. This approach allowed us to easily deter-
mine the effect of the aggregation size on the photo-reforming of
ethanol. When low loadings of Pt are used as co-catalyst, the formation
of these aggregations dramatically improves the photocatalytic activity.
As reference, the total hydrogen produced using 0.05 wt% of Pt and the
IA-P25 is 6.2 times higher than that obtained using the raw P25 with the

Fig. 9. (a) PL emission spectra of samples and (b) PL emission spectra of IA-P25 under different treatment conditions.
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same platinum loading. Our findings lead us to conclude that the for-
mation of titania nanoparticle aggregations promotes an interface that
favors the mobility of the photo-generated charges between the nano-
particles decreasing the recombination rate. Therefore, the simple
physical contact between the titania nanoparticles can create an effi-
cient heterojunction as it was demonstrated by our fluorescence study in
liquid phase. Thanks to this phenomenon, smaller amounts of Pt are
needed to ensure a remarkable catalytic activity, as all the titania par-
ticles in the aggregate act as an antenna collecting the sun-light to obtain
photo-generated electrons that will be transferred to the Pt nano-
particles where the reduction half-reaction will be catalyzed. The photo-
deposition of the platinum ensures that nanoparticles will decorate the
areas of the support where the photo-excited electrons would accumu-
late in the aggregates. This information is also valuable if we consider
that special efforts should be conducted to immobilize the photo-
catalysts in the case of future real applications, particularly in reactor
designs. According to our results, the immobilization of semiconductor-
cocatalyst is a low efficient strategy and a better approach would be to
immobilize the semiconductor and subsequently photodeposit the co-
catalyst.

Our findings underscore the critical importance of considering the
degree of aggregation in photocatalyst materials when interpreting
photocatalytic results. It’s noteworthy that many photocatalyst synthe-
sis processes involve similar filtration steps, which can potentially lead
to inaccurate activity assessments. Furthermore, this impact may vary
depending on the specific photocatalytic application. To ensure a precise
determination of a material’s intrinsic activity, we strongly encourage
the inclusion of low-intensity ultrasound treatment in research meth-
odologies. It’s worth noting that this approach is often skipped in cur-
rent research practices and may explain some of the apparent
contradictions found in the literature. By including this step, we can
enhance the reliability and comparability of photocatalytic studies, ul-
timately advancing our understanding of these critical materials.
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