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Abstract: Photo-reforming waste polyethylene terephthalate (PET) in alkaline aqueous solutions
provides a novel approach for green hydrogen production. This study focuses on improving the
catalytic efficiency of Pt/TiO: for photo-reforming waste PET with an innovative dark deposition
method to deposit Pt single atoms on nano TiO:z (Pt/TiO2), increasing the catalytic efficiency while
reducing the cost of the catalyst. The precursor concentration was optimized to control the size and
distribution of the Pt clusters/atoms, and the TiOz support was annealed at different temperatures to
modify the properties of Pt/TiO2. Nine Pt/TiO: catalysts were synthesized using different Pt precursor
concentrations and annealing temperatures. The catalysts were characterized to measure their
morphological, crystalline, and electronic properties, as well as their hydrogen yields via PET photo-
reforming. The hydrogen conversion efficiency and external quantum yield (EQY) were calculated
and compared with those of traditional direct-deposited catalysts. The correlation between the
different characteristics of the dark-deposited and direct-deposited catalysts and their influence on
the hydrogen yield in the photo-reforming process was statistically analyzed using principal
component analysis. Catalysts deposited under dark conditions exhibited 5-fold and 7-fold
enhancements in hydrogen conversion efficiency and EQY, respectively, compared to conventional
catalytic systems. These findings indicate that the proposed catalytic system provides a viable
solution to minimize the Pt loading while reducing the cost of the catalyst and maintaining a higher
hydrogen conversion efficiency.

Keywords: dark deposition; single atom catalyst; hydrogen production; waste polyethylene
terephthalate (PET); photo-reforming

1. Introduction

TiO2 has been extensively studied as a benchmark catalyst for solar energy conversion to
hydrogen fuel because of its compatible bandgap, low cost, and high resistance to photo corrosion
[1]. However, photocatalysis-based technologies for hydrogen production using TiO: catalysts have
been challenging because of their limited light absorption ability and rapid recombination of
photoexcited electrons and holes. Numerous doping strategies, morphology control, defect
modulation, and heterostructure design have been developed to enhance the separation of
photoinduced charge carriers [2]. Cocatalyst doping enhances catalytic efficiency by forming a
Schottky barrier between the semiconductor and noble metal while extracting photogenerated
electrons and inhibiting the recombination of charge carriers [3].

Single-atom (SA) catalysts have gained attention for various catalytic reactions because of their
high reactivity and selectivity, minimal noble metal usage with subsequent cost reduction, and well-
defined heterostructure interfaces for efficient charge separation [4]. The main reason for the
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development of SA catalysts is to maximize the surface-to-volume ratio and to create novel reaction
pathways at the SA level. The higher catalytic activity of SA-deposited nanoparticles can be attributed
to a low co-ordination environment, quantum size effect, and improved strong metal support
interactions [5]. SA catalysts have versatile applications in thermal heterogeneous catalysis, organic
electrosynthesis, fuel cells, batteries, electrolysis, oxygen reduction or evolution, hydrogen (H:)
evolution or oxidation, carbon dioxide reduction, and nitrogen reduction reactions [6].

The synthesis method substantially affects the creation of a robust metal SA on semiconductor
supports [7,8]. SA deposition onto a metal oxide surface by tuning the co-precipitation conditions
while controlling the metal precursor concentration can lead to excellent catalytic activity. In addition
to the co-precipitation method, incipient wetness co-impregnation, chemical vapor deposition, the
newer atom layer deposition, and galvanic replacement are reported as possible SA deposition
methods [7,9,10]. The precipitation methods for SA catalysts can be divided into bottom-up and top-
down methods. The bottom-up processes use mononuclear metal complexes as precursors to reduce
the oxidation state of the metal through subsequent reduction processes [11,12]. In contrast, top-down
approaches involve energy-related methods to break down the metal into isolated particles without
affecting the structure of the support material [13]. The characteristics of the support (e.g., TiOz2), such
as high specific area and high density of heteroatoms or defects, can enhance the metal-support
interactions. However, selecting appropriate metal precursors is crucial, and controlling the
precursor loading may prevent agglomeration while generating uniformly distributed SAs [12,14].

Recent studies suggest that Ag, Au, and Pt nanoparticles have capacitive properties that can trap
electrons and discharge them to suitable electron acceptors [15]. Additionally, the concept of memory
catalysis demonstrates the ability of catalysts to perform in the dark, which depends on the number
of electrons trapped during the pre-irradiation process [16]. Controlled size and valence state are
crucial for promoting the activity of synthesized catalysts [17]. The dark deposition method proposed
in this study utilizes the capacitive nature of Pt and applies the catalytic memory concept to improve
the electron storage capacity and the subsequent catalytic activity in the photo-reforming process.
Compared to the dark deposition method, controlling the size and valence state of traditional direct-
deposited catalysts is more difficult unless impregnation, atomic-layer deposition, electrodeposition,
and chemical reduction methods are applied, which require rigorous operating conditions or
expensive equipment [18]. Furthermore, the traditional direct deposition method results in the
coexistence of Pt, PtO, and PtO: in the composite, which reduces its electron storage ability [19].
Hence, this study compares the catalytic activity and characteristics of direct-deposited and dark-
deposited Pt on TiO».

The choice of strong support plays a critical role because of its influence as physical support as
well as on the electronic configuration of the metal [20]. The annealing temperature significantly
affects the photocatalytic activity and microstructural characteristics of the support material (TiOz),
such as crystallinity, morphology, specific surface area, and porous structure of the catalyst, whereas
the highest photocatalytic activity was reported for P-25 Degussa TiO: calcined at 650°C for 3h [21,22].
Calcination above 700°C causes grain growth and phase conversion from anatase to rutile, which
hinders the photocatalytic activity of TiOz [21,23]. Moreover, the calcination atmosphere was found
to have a significant effect on Hz production and decreased in the order Ar>air>Nz>vacuum~H2 [24].
The low activity resulting from vacuum or H, calcination can be attributed to the reduced coverage
of surface hydroxyl groups and high density of bulk defects [24]. Annealing the TiO2 support creates
defect sites that assist in establishing strong metal-support interactions and influence the electronic
configuration of the deposited SAs [25-28].

The objective of this study is to develop and optimize the photo-reforming process of
polyethylene terephthalate for hydrogen production by synthesizing a dark-deposited Pt single atom
on TiO2 nanoparticles with highly efficient catalytic activity at a lower cost. The nature of the catalysts
was customized by altering the Pt loading conditions and applying different annealing temperatures
to the TiO:z supports. The catalytic activity and characteristics of the dark-deposited Pt/TiO: were
compared with those of their direct-deposited counterparts by analyzing the hydrogen evolution
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activity during the photo-reforming process. The novelty of this study is the optimization of
hydrogen production with improved activity of the Pt/TiO: catalytic system utilizing minimum Pt
loading via highly efficient single-atom deposition using the dark deposition method.

2. Methodology

The Pt/TiO: catalysts were synthesized using two different methods, with a detailed discussion
of the dark deposition method and a summary of the traditional direct deposition method in sections
2.1 and 2.2, respectively. Optimized hydrogen production in the photo-reforming process via the
direct deposition method was reported in our previous work [29]. The catalysts synthesized using
these two methods were characterized using numerous methods to identify their crystalline,
morphological, and electronic properties and quantify hydrogen production. Principal component
analysis was performed to elucidate the statistical correlation between the characterized catalytic
properties and measured hydrogen evolution.

2.1. Dark Deposition Method of Pt/TiO:

The catalysts were synthesized using the dark deposition method by modifying P25 Degussa
TiO2 (P25 with 21 nm primary particle size, 299.5%, Sigma-Aldrich Inc.,, MO, United States). A
schematic representation of the preparation method is shown in Figure 1. The catalytic activity and
characteristics of nine different catalysts were analyzed and synthesized under varying annealing
temperatures and precursor concentrations. First, 0.5 g of P25 Degussa TiO:2 was annealed in air at
300, 400, and 500°C for 1 h. The annealed TiO: nanoparticles were immersed in 10 mL methanol
(HPLC grade, 299.9%, Sigma-Aldrich Inc, MO, United States) solution (50%(v/v)) containing
hexachloroplatinic acid (H2PtCls, 8%(w/w) in H2O, Sigma-Aldrich Inc., MO, United States) at
concentrations of 0.1, 0.01, and 0.001 mM in separate batches. The containers with the solution
mixtures were sealed and kept in the dark for 24 h with stirring at 300 rpm and 25°C for dark
deposition. The catalysts were separated via a vacuum filtering system with 0.1 um filter papers and
washed with ethanol (HPLC grade, 299.9%, Sigma-Aldrich Inc., MO, United States) followed by
deionized (DI) water for 15 min. Finally, the samples were air-dried at room temperature for 24 h.

2.2. Direct Precipitation Method

The direct deposition method was performed using hexachloroplatinic acid solutions (H2PtCls,
8%(w/w) in H20, Sigma-Aldrich Inc., MO, United States) in 0.075, 0.175, and 0.275mM concentrations
to prepare 0.3%(w/w), 0.7%(w/w), and 1.5%(w/w) Pt loadings on TiO2. A baseline test was conducted
using similar Pt dosages applied in the dark deposition method with Pt precursor concentrations of
0.1, 0.01, and 0.001 mM. P25 TiO2 was added with or without annealing during the synthesis process.
The TiO2 was annealed at 500°C for 1 h. The deposition was performed under natural light conditions
using 3M NaOH (ACS reagent, K <0.02%, 298%, Sigma-Aldrich Inc.,, MO, United States) as the
reducing agent. The detailed preparation method was presented in our previous study, and Figure 1
summarizes the two methods of Pt deposition on TiO2.

2.3. Characterization of the Catalysts

The morphology and particle size distribution of Pt/TiO:2 were analyzed using an HT7650
transmission electron microscope (TEM, Hitachi High-Tech America, Inc., Pleasanton, CA). In order
to conduct the analysis, 0.1 g of catalyst was dispersed in DI water and diluted 1000 times. Then, 0.1
pL of the sample was placed on a carbon-supported copper grid (Formvar/Carbon-supported Copper
Grids, Sigma Aldrich, MO, United States) after sonicating for 10 min. TEM images were analyzed
using the Fiji software to understand the impact of the annealing temperature on the TiO: particle
size distribution and surface profile [30]. The catalysts prepared under dark deposition with 0.01 mM
precursor concentration after annealing at 300°C, 400°C, and 500°C and with 0.1 mM precursor
concentration after annealing at 500°C were further investigated under a Jeol NEOARM 200CF

d0i:10.20944/preprints202502.2185.v1
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Transmission Electron Microscope (JEOL USA, Inc., Peabody, MA) equipped with a Hitachi 3rd-
order spherical aberration corrector for the scanning TEM (STEM) probe to visualize the atomic
deposition of Pt particles.

Catalyst
synthesis

[
[ |

Direct deposition Dark deposition
method method

(1) Air anneal 0.5 g of P25 Degussa TiO, )

(1) Preparation of H,PtClg:6H,0 )/ 1) Preparation of H,P{Cl;:6H,0"
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Figure 1. Schematic comparison of synthesis methods.

The crystallinity of the synthesized catalysts was analyzed using the powder X-ray diffraction
(XRD) method, 9430 060 03002 Empyrean Series 2 X-ray diffraction system, Malvern Panalytical Ltd.,
Malvern WR14 1XZ, United Kingdom). The degree of crystallinity of the catalysts prepared under

various conditions was calculated using Equation (1) [31].
Sum of area under crystalline peaks

Degree of crystallinity (%) = x 100 (1)

Total area under curve
The crystallite sizes of the catalysts for each synthesis method were calculated using the Scherrer

formula, as shown in Equation (2) [32].
KA

.Cos6 @
where A is the X-ray wavelength (nm),  is the peak width of the diffraction peak profile at half-

Crystallite size =

maximum height resulting from the small crystallite size in radians, and K is a constant related to the
crystallite shape, generally taken as 0.9. The value of 3 on the 20 axis of the diffraction profile was in
radians. O is the diffraction angle in degrees or radians, because CosO corresponds to the same
number. The crystallite size was calculated for all the 20 values, and the average crystallite size was
calculated.

The d-spacing (d), which is the distance between two consecutive lattice planes, was calculated
using Bragg’s law (Equation (3)).
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where n is the diffraction order, A is the X-ray wavelength (nm) and 0 is the diffraction angle of the

XRD profile.

The percentage of anatase in TiO: after synthesis was calculated (Equation (4)) by considering
the area under the characteristic peaks of anatase (101) at 25.1° and rutile (110) at 27.2°. It is assumed
that P25 TiO:z consists only of anatase and rutile phases.

Area under Anatase (101) peak
Anatase percentage (%) = (Area under Anatase (101) peak + Area under Rutile (110) peak)

A Perkin Elmer Avio 550 Max Inductively coupled plasma optical emission spectroscopy (ICP-
OES, Perkin Elmer Avio 550 Max ICP-OES) analysis following the EPA 200.7 method was used to
analyze the Pt concentration in the synthesized catalysts. The samples were digested using the EPA

X 100 (4)

3051A method without hydrogen fluoride. Samples were pre-digested for 4 h before being placed in
a microwave (Milestone Ethos UP microwave, Milestone Srl, Italy), followed by determination of the
elemental concentrations by considering the digestion dilution factors.

X-ray photoelectron spectroscopy (XPS) of the selected synthesized catalyst sample with 0.01
mM precursor concentration at 400°C was collected on the Kratos Axis Ultra 165 DLD Hybrid
Ultrahigh Vacuum Photoelectron Spectrometer (Kratos Analytical, Manchester, UK). The sample was
mounted on carbon tape and pressed into indium foil before the analysis. The Pt 4f region was
observed at a very low intensity, and a fit was performed using a Shirley background, assuming the
Pt 4£7/2 was the peak at 72.8 eV and the second peak was added corresponding to the position of the
Pt 4f 5/2 with approximately 0.75 times the intensity of the first peak. This was used to calculate the
percentage of atomic composition.

The absorbance spectra in the ultraviolet (UV) and visible light range from 200 nm to 900 nm
were measured using a spectrophotometer (DR6000 ultraviolet-visible spectrophotometer, Hach
Company, Loveland, CO, United States). Direct and indirect bandgaps were estimated using the Tauc
plot method, as described in our previous study [33]. Equation (5) was used to calculate the maximum
irradiation wavelength required to initiate the electron transition.

hc
A= E, ®)
where A is the wavelength of light (nm), h is Planck’s constant in Jule x s (Js), c is the speed of light
(m/s), and Eg is the bandgap energy in J.

The Pearson correlation coefficients between parameters such as precursor concentration,
annealing temperature, bandgap energy, and hydrogen yield were calculated using the Origin(Pro)
software [34].

2.4. Evaluation of Hydrogen Production

The hydrogen yield was measured in quartz reactors with photo-reforming of 0.5 g pretreated
polyethylene terephthalate (PET) in 10 mL of ethanol and water mixture (3:2) with 5%(w/w) NaOH.
The reaction solution was diluted with 40 mL deionized (DI) water. The synthesized catalyst (0.5 g)
was added to this mixture and irradiated with light, as described in our previous studies [33,35].
Hydrogen was measured at 24-hour intervals using a gas chromatograph equipped with a thermal
conductivity detector. Each measurement was replicated, and the standard deviation was calculated.

The hydrogen conversion efficiency was calculated using the stoichiometric hydrogen
conversion and the photo-reforming reaction with PET in the substrate. The stoichiometric hydrogen
conversion reaction in alkaline media is presented in Equations (6) and (7), assuming that hydrogen
production from terephthalate is negligible [36].

C10HgO04(aqy + 2H,0(y = CgHgOuaq) + C2He02(aq) (6)
CoHgO0y(aqy + 2H,0(y) = S5Hy(gy + 2C044) (7)
H2 conversion after 48 h of irradiation was calculated using Equation (8) [36]:
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NHZ,obs

N
H, Conversion (%) = 100 x —substrateobs (8)

NHZ,ideal
Nsubstrate,ideal
where Nz, obs) is the observed Hz yield at 48 h in moles, Nsubstrate, obs) is the amount of substrate used

in the experiment in moles, and N2idea)/ Nisubstrate, idea) is the ratio of Hz in the substrate under
stoichiometry derived from Equations (6) and (7).

The external quantum yield (EQY) was determined by considering the Hz yield after 1 h of light
irradiation with UV-LED lamps containing eight single UV-LED components (model: KL265-50 V-
SM-WD, manufactured by Crystal IS; UVC LED 70 mW with a single wavelength of 265 nm). Baseline
tests were conducted using water, a water-ethanol mixture, and a mixture of water, ethanol, and PET
with a constant catalyst dosage. Equation (9) was used to calculate the external quantum yield [36].

EQY (%) = 100 x KNy Nahe
t, AIA

The number of transferred electrons, denoted as k, was assumed to be two in the baseline tests
for water splitting and 12 for ethanol reforming. For the photo-reforming of PET (assuming ethylene
glycol reforming), k was assumed to be 10, N1z was the amount of Hz generated in moles after 1 h of
reaction, Na was Avogadro’s constant (6.022x102 mol™), h was Planck’s constant (6.626x103] s), c
was the speed of light (3x108 m s ), tir was the irradiation time in seconds (s), A was the irradiation
wavelength in meters (m), I was the light intensity in watts per square meter (W/m?), and A was the
irradiated area in square meters (m?).

2.5. Method of Principal Component Analysis

Principal component analysis (PCA) was performed using Origin(pro) 2024 software [34]. PCA
was used to quantify the correlation between catalyst characteristics and hydrogen production.
Hence, a scree plot was created from the data concerning parameters such as hydrogen yield at 48h,
precursor concentration, annealing temperature, average bandgap, observed Pt loading, average
crystallinity, average particle size, degree of crystallinity, and anatase percentage in the catalyst to
evaluate the required number of principal components. Scree plot suggests extraction three principal
components that represent more than 90% of the data. PCA was based on the correlation matrix of
the nine parameters considered. A loading plot was created based on the calculated eigenvalues and
eigenvectors, depicting the nature of the correlation between each parameter and the principal
component.

3. Results and Discussion

The catalysts synthesized by the dark deposition method were characterized by identifying the
particle size distribution, size of the deposited Pt atoms, and surface profiles. The crystallinity of the
catalysts was investigated by calculating the crystallite size, degree of crystallinity, and average TiO:
anatase phase percentage. Furthermore, variations in the bandgap energy and actual Pt loading on
the catalysts were analyzed. The electronic properties and the influence of Pt deposition on the
electronic properties of the catalysts were investigated via XPS analysis. The characteristics of the
dark-deposited catalyst were compared to those of the direct-deposited catalysts and pristine TiO2.
Hydrogen production using these nine dark-deposited catalysts and three direct-deposited catalysts
was compared, and PCA was performed to verify the correlation between catalyst characteristics and
hydrogen evolution.

3.1. Characterization of the Catalysts with Transmission Electron Microscopy

The particle size distributions and morphologies of the catalysts synthesized under different
conditions were studied using TEM, as shown in Figures S1A, S2A and S3A. Surface profile plots of
0.04%(w/w) Pt/TiO2 annealed at 300°C, 400°C, and 500°C are shown in Figures S1B, 52B and S3B,
respectively. The TEM images obscured the morphological changes. Hence, the effect of annealing
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on the TiO2 particle size was analyzed based on the particle size distribution curves obtained from
the TEM images, as shown in Figure 2A. In our previous study, the average particle size of pristine
TiO2 was 20.52 nm in our previous study [33]. The particle size of the TiO2 was not changed when the
direct deposition method was applied [33].

When the annealing temperature was increased to 300°C, the average particle size of Pt/TiO:z
obtained using the dark deposition method increased. The growth rate of the particles was slow
because of the low temperature variation. This crystalline growth result is consistent when the
annealing temperature is increased to 400°C the synthesis the catalyst via the dark-deposition method
[37,38]. However, the average particle size of Pt/TiOz2 decreased when the annealing temperature was
increased to 500°C because of its increased density and reduced porosity (Figure 2A) [39]. The particle
size decreased when observed at an annealing temperature of 500°C, leading to a homogeneous
morphology of the catalyst. Hence, the results suggest that the morphology of Pt/TiO: is affected by
the annealing temperature, thereby changing the specific surface area and catalytic activity of the
catalysts.

A scanning transmission electron microscopy (STEM) image of 0.7%(w/w) Pt/TiO:2 prepared
using the direct deposition method is shown in Figure 2B. Pt atoms were observed as individual SA
and multimers, as circled in Figure 2B, and the corresponding particle size distribution of the Pt atoms
is included in Figure 2B. The average particle size of Pt atoms was observed as 0.11 nm, confirming
the abundance of Pt single atoms compared to agglomerated dimers and trimers (multimers).
Deposition of the Pt atoms was evident on the (004) crystal plane of anatase, which was identified by
the corresponding d-spacing of 0.25 nm [40]. Figure 2C shows a STEM image of 0.4%(w/w) Pt/TiO:z
prepared by applying the dark deposition method. Comparing images in Figure 2B,C illustrates that
the dark deposition method provides more successful Pt deposition, even at a 42% lower Pt loading.
However, the agglomeration of Pt atoms was observed when the average particle size was 0.32 nm.
Upon reducing the precursor concentration by 10, the atomic size of the deposited Pt was reduced
threefold (0.12 nm), irrespective of the annealing temperature (Figure 2D-F). The deposited size of Pt
proves the deposition of single atoms with reduced precursor concentration into 0.01 mM, avoiding
agglomeration. Furthermore, the increased annealing temperature improved the crystallinity of the
support structure (TiOz), whereas the crystal planes were visible in Figure 2C-E.

3.2. X-Ray Diffraction Analysis of the Catalysts

The XRD patterns of the catalysts synthesized under different conditions are shown in Figure.
S4. The degree of crystallinity, average crystallite size, and d-spacing were calculated from the XRD
profiles, and variations in the parameters with annealing temperature and precursor concentrations
were analyzed. Figure S5A shows the variation in the degree of crystallinity and the average
crystallite size under different synthesis conditions. Although greater variability in crystallinity was
observed (Figure S5A), all the dark-deposited catalysts exhibited a high degree of crystallinity,
consistently above 85%. Furthermore, the overall degree of crystallinity increased with increasing
annealing temperature at a lower rate. The highest degree of crystallinity was observed in the
catalysts synthesized at 400°C with a precursor concentration of 0.01 mM (0.04%(w/w) Pt loading).
As shown in Figure S5B, the average crystallite size increased with increasing temperature. During
the annealing of P25 at 300 °C, the primary transformation involved crystallite growth and increased
crystallinity rather than significant phase changes [41]. Anatase, a metastable phase, typically
transforms into rutile at high temperatures (above 600°C), while rutile remains stable. The variation
in crystallite size was further analyzed by plotting the crystallite size distribution curves for catalysts
synthesized with 0.01 mM precursor concentration at different annealing temperatures (Figure 3A).
The average crystallite size of the respective catalysts increased from 17 to 22 nm when the
temperature was increased from 300 to 500°C. The effect of temperature on the different phases of
the catalysts was studied by analyzing the crystallite sizes of the anatase and rutile crystals in the
crystalline nanoparticle mixture (Figure 3B).
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Figure 2. (A) Comparison of the particle size distribution of dark-deposited Pt/TiO: particles after annealing at
different temperatures with pristine TiO2 and (B) STEM image of 0.7%(w/w) Pt/TiO2 prepared under direct
deposition method, (C) dark-deposited Pt/TiO2 synthesized with 0.4%(w/w) precursor loading annealed at
500°C, dark-deposited Pt/TiO: with 0.04%(w/w) precursor loading annealed at (D) 500°C, (E) 400°C, and (F)
300°C.
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Figure 3. (A) Crystallite size distribution of 0.04%(w/w) Pt/TiO:z at different annealing temperatures and (B)

variation of crystallite size of anatase and rutile crystallites with different synthesis conditions.

Interestingly, the results illustrated that the degree of crystallinity and crystallite size varied in
the same subset of samples annealed at the same temperature, regardless of the experimental
conditions (Figure S5). These observed variations in crystallinity and crystallite can be attributed to
different Pt precursor concentrations that can influence the nucleation and growth kinetics of TiO2
crystallites, with higher Pt loadings potentially influencing the crystallites of the composite material
depending on the Pt interaction with TiO: surfaces [42]. Additionally, Pt decoration can enhance
localized heating, facilitating the mobility of TiOz species and influencing Ostwald ripening, leading
to differences in crystallite size [43]. Pt can also affect the internal stress and defect healing in TiO:
crystallites, contributing to variations in the crystallinity [44]. Furthermore, Pt decoration alters the
surface energy, which can affect the crystallite growth rates and result in differences in the
crystallinity and crystallite size [45]. Overall, these results indicate that Pt loading significantly
influences the crystallization dynamics of TiO2 even when annealed under the same conditions.

Anatase TiO2 showed a lower resistance to temperature, and a higher rate of crystalline growth
was observed with larger crystallite sizes ranging from 15.1 nm to 17.9 nm. However, the rutile phase
of TiO2 showed a slightly lower rate of crystalline growth with more stable crystallite sizes ranging
from 11.3 nm to 13.6 nm. Hence, the observed average crystallite growth ( Section 3.1) can be
attributed to the lower temperature resistance of anatase TiO:2 [46]. The degree of crystallinity and
average crystallite size were at optimum conditions at 500°C with lower variability. Hence, the XRD
results showed a similar trend to that of the particle size distribution observed in the TEM images.
The average crystallite size was slightly smaller than the average particle size observed in the TEM
images, indicating a combination of crystallites [47]. The variation in d-spacing was calculated and is
presented in Table S1. The observed d value in STEM analysis was verified as 0.24 nm for the anatase
(004) lattice phase. However, the anatase TiO: percentage in the synthesized catalysts increased
gradually with increasing temperature (Table 1), likely due to the transformation of the rutile phase
into anatase upon increasing the temperature from 300 to 500°C [48]. Additionally, the phase
transitions of TiO: strongly depend on the temperature, with minimal changes below 300°C, where
brookite and anatase remain stable [41,49]. However, when the temperature was between 300 and
500°C, brookite gradually converted to anatase, enhancing the crystallinity.

The degree of crystallinity of P25 TiO: was significantly improved after annealing, and the
subsequent anatase percentage in the catalysts synthesized using the dark deposition method was
higher than that synthesized using the direct deposition method. Regardless of the synthesis method
(dark or direct deposition), the crystallite sizes of both anatase and rutile in the pristine TiO:z
increased, as shown in Figure 3B.
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Table 1. Summary of data calculated from XRD.
Synthesis condition Degree of Average crystallite Anatase
crystallinity (%) size (nm) percentage (%)

0.1 mM annealed at 300°C 83.96 20.20 92
0.01 mM annealed at 300°C 94.03 17.35 93
0.001 mM annealed at 300°C 92.01 18.11 92
0.1 mM annealed at 400°C 89.47 20.66 91
0.01 mM annealed at 400°C 95.29 21.56 92
0.001 mM annealed at 400°C 88.45 22.12 92
0.1 mM annealed at 500°C 88.89 20.56 94
0.01 mM annealed at 500°C 93.19 22.40 94
0.001 mM annealed at 500°C 93.89 18.51 94
0.075 mM without annealing 83.16 20.52 86
0.175 mM without annealing 82.74 21.80 89
0.275 mM without annealing 63.99 20.54 83
Pristine P25 TiO: 86.65 18.32 85

3.3. ICP-OES Analysis

ICP-OES analysis was performed to verify the actual Pt content deposited on TiO.. Table 2
summarizes the actual Pt loading deposited on TiO2 and compares it with the expected maximum Pt
loading, assuming that all the Pt in the precursor solution was deposited on the TiO: surface. The Pt
loading was overestimated in the catalysts synthesized with a precursor concentration of 0.001 mM
owing to instrument limitations. The measured Pt loading increased with increasing precursor
concentration in the dark deposition method while reaching the expected loading. Furthermore, Pt
loading on the TiO: surface increased with increasing annealing temperature. The catalyst prepared
with a 0.01 mM precursor concentration after annealing at 400°C showed the most effective Ptloading
under the dark deposition method.

A higher Pt loading was observed in the catalysts prepared using the dark deposition method
than in those prepared using the direct deposition method. Moreover, 98% of expected Pt loading
was achieved at 0.01 mM precursor concentration when the dark deposition method was applied. In
contrast, even at a higher precursor concentration of 0.175 mM, the maximum precursor loading was
0.029%, which was only 4% of the expected loading in the direct deposition method. These results
suggest that the dark deposition method is more efficient for Pt deposition than the direct deposition
method. The effect of the annealing temperature on the deposited Pt content under direct and dark
deposited catalysts was compared by measuring the Pt content with and without the annealed TiOx.
The annealing temperature increased Pt loading when a lower precursor concentration was used in
the direct deposition method. When comparing the catalysts prepared with TiO2 annealed at 500°C
using the direct and dark deposition methods, a 43% and 88% higher amount of Pt is measured in
the catalysts prepared under the dark deposition method at 0.01 and 0.1 mM precursor loadings,
respectively, proving an efficient synthesis method in achieving higher precipitant loading in TiO:
surface.

Table 2. Comparison of expected Pt loading and measured doping percentage by ICP-OES analysis.

Synthesis Annealing Precursor Expected maximum Measured Pt
method temperature concentration Pt loading %(w/w) loading by ICP-
OES %(w/w)
Dark 300°C 0.001 mM 0.004 0.011
deposition 0.010 mM 0.040 0.038

method 0.100 mM 0.400 0.346

d0i:10.20944/preprints202502.2185.v1
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400°C 0.001 mM 0.004 0.013

0.010 mM 0.040 0.039

0.100 mM 0.400 0.380

500°C 0.001 mM 0.004 0.004

0.010 mM 0.040 0.035

0.100 mM 0.400 0.362

Direct 500°C 0.001 mM 0.004 0.009
deposition 0.010 mM 0.040 0.018
method 0.100 mM 0.400 0.012
0.075 mM 0.300 0.024

0.175 mM 0.700 0.022

Without 0.075 mM 0.300 0.004

annealing 0.175 mM 0.700 0.029

0.275 mM 1.500 0.040

3.4. X-Ray Photoelectron Spectroscopy Analysis

The electronic properties of the selected 0.04%(w/w) Pt/TiO2 were analyzed using observed X-
ray photoelectron spectroscopy (XPS). The atomic and mass concentrations of Pt on TiO: were
calculated from XPS data. The atomic concentration calculated using XPS for dark-deposited 0.04%
(w/w) Pt/TiO2 was 0.06%, and the respective mass concentration was 0.45%. Hence, the XPS data
overestimated the mass concentrations. The XPS spectra were further analyzed to understand the
electronic states of the deposited Pt. XPS spectra of Pt 4f and Ti 2p regions of direct-deposited Pt with
0.175 mM precursor concentration and dark-deposited Pt with 0.01 mM precursor concentration are
compared in Figure 4. The peak positions increased in the dark-deposited Pt/TiO2 spectra with
noticeable shape changes. Additional small peaks were evident at ~70, ~71, and ~74 eV,
corresponding to the average oxidation states of Pt?, Pt*, and Pt*, respectively (Figure 56) [50]. These
results indicate that the Pt species in the Pt single atoms of the dark-deposited Pt/TiO: were partially
oxidized with 0 to +4 valences because of the mutual electronic interactions between the Pt atoms and
the TiO:z support. However, Pt® and Pt* species were not observed in the direct-deposited Pt/TiOs,
and the Pt> species at ~72.5 eV was evident, illustrating that the oxidation state of the Pt single atoms
was +2 [51]. Because the surface-coordinated Pt is critical to the high activity of the Pt/TiO:z system,
it is crucial to understand the nature of the Pt single atoms on the Hz production activity while
optimizing the activity at minimum Pt loading. Overall, the XPS results suggest that the two different
synthesis methods deposited different Pt species on TiO: while producing catalysts with different
activities.
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Figure 4. Comparison of XPS of (A) Pt 4f and (B) Ti2P of catalysts prepared under the direct deposition method
and dark deposition method.

3.5. UV-Vis Absorbance of the Catalysts

The variation in the absorbance of the synthesized catalysts with different annealing
temperatures at precursor concentrations of 0.1 mM, 0.01 mM, and 0.001 mM is presented in Figure
S7. Considerable variation was not evident in the absorbance of the catalysts at different annealing
temperatures; therefore, the bandgap energy of the catalysts did not change under different annealing
temperatures. However, the precursor concentration and Pt loading affected the bandgap energy, as
summarized in Table 3. The lowest bandgap energy was observed for the catalyst prepared with a
0.1 mM precursor concentration after annealing at 400°C. The catalysts prepared with 0.01 mM Pt
precursor concentration show a bandgap energy of 2.34 eV under all different annealing
temperatures. Overall, a slight difference in the bandgap energies was observed when changing the
precursor loading from 0.1 mM to 0.01 mM. However, considerable bandgap broadening was
observed when the precursor loading was further reduced to 0.001 mM.

The bandgap values of the different synthesis methods are compared in Table 3. The bandgaps
of the direct-deposited catalysts were much higher than those of the dark-deposited ones. A narrower
bandgap results in a lower energy required for electron transition and can subsequently utilize a
higher applicable maximum irradiation wavelength. The maximum wavelength that can be applied
in the photo-reforming process in the presence of each catalyst was calculated and is presented in
Table 3. All values fall within the visible light region of the light spectrum, indicating the feasibility
of performing photocatalytic activity under solar light. Furthermore, the natural bandgap of pristine
TiOz is ~3.2 eV, and the maximum activating wavelength is 388 nm [52]. The development of TiO:
with Pt deposition using the dark and direct deposition methods has improved the bandgap energy
while harvesting the optimum energy from the solar spectrum. Moreover, the light-harvesting
efficiency of the dark-deposited catalysts was higher than that of the direct-deposited ones.

Table 3. Summary of calculated bandgap energies of different catalysts.

Synthesis Synthesis Bandgap (eV) Maximum
method conditions Direct Indirect Average wavelength (nm)

0.1 mM 300°C 2.28 2.50 2.39 520

0.1 mM 400°C 2.19 2.18 2.19 567

0.1 mM 500°C 2.28 2.50 2.39 520

Dark 0.01 mM 300°C 248 2.19 2.34 531

. 001 mM400°C 248 2.19 234 531
deposition

0.01 mM 500°C 2.48 2.19 2.34 531

0.001 mM 300°C 2.97 3.00 2.99 415

0.001 mM 400°C 2.64 2.86 2.75 451

0.001 mM 500°C 2.51 2.62 2.57 483

Direct 0.075 mM 25°C 2.66 2.98 2.82 440

e 0.175mM25°C 278 2.95 2.86 434
deposition

0.275 mM 25°C 2.88 2.48 2.68 463

The correlation between the parameters was evaluated by calculating the Pearson correlation
coefficient, as summarized in Figure S7D. The precursor concentration and annealing temperature
exhibited a negative Pearson correlation, confirming a decrease in the bandgap. The correlation
coefficient between the annealing temperature and the average bandgap is -0.24, which indicates a
weak negative correlation, suggesting a neutral role for the annealing temperature in bandgap
modification. However, the precursor concentration and average bandgap have a moderately
negative correlation, suggesting that increased precursor loading has a minor effect on the bandgap
reduction.
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3.6. Analysis of Hydrogen Production with Dark-Deposited Catalysts

The synthesized catalysts were applied to the PET photo-reforming system under optimum
conditions, as described in Section 2.3. Figure 5 shows the variations in hydrogen yield and hydrogen
production rate of the different catalysts. Hydrogen production experiments were conducted for up
to 10 d, depending on the hydrogen production rate. maximum hydrogen yield after 10 days was
observed in the system photo-reformed with catalysts synthesized with 0.04%(w/w) Pt loading
annealed at 500°C. The observed reaction rate after 10 days was 36 pmol/get/h, which was the highest
observed rate after 10 days. Other catalysts synthesized with the same precursor concentration
varying from annealing temperatures of 300°C to 400°C generated hydrogen at stable rates
fluctuating around 12-14 umol/cat/h. Hence, the catalyst prepared with a 0.01 mM precursor
concentration can be identified as the most stable at all considered annealing temperatures. An
increase in the precursor concentration positively affected the catalysts annealed at the lowest
temperature of 300°C. A decreasing trend in the hydrogen production rate was observed in the
systems with 0.1 mM precursor concentration, which were annealed at 400°C and 500°C. However,
the lowest hydrogen yield was observed with catalysts prepared with a precursor concentration of
0.001 mM at all annealing temperatures considered. In general, the results suggest that precursor
loading has a considerable impact on hydrogen production. Catalysts prepared with moderate
precursor concentrations have improved catalytic activity because lower precursor concentrations
deplete the active sites, whereas higher precursor dosages increase the charge recombination
efficiency.

The differences in hydrogen yield (1100, 3300, and 4400 pumol/g cat) observed for Pt SAs on P25
TiO:z annealed at 300, 400, and 500°C, despite similar Pt loading values from ICP-OES (0.346-0.380%
w/w), can be attributed to a combination of factors beyond just the degree of crystallinity. The
annealing temperature affects the crystallinity and phase composition of TiOz, influencing the charge
separation efficiency and electron mobility, which directly affect the photocatalytic performance [53].
Additionally, the chemical state of Pt, as indicated by the XPS analysis, varies with annealing, with
higher temperatures favoring the presence of metallic Pt (Pt?), which is more catalytically active than
the oxidized states (Pt>* and Pt*) typically observed at lower temperatures. Furthermore, the size and
dispersion of the Pt SAs, as determined by TEM analysis, play a crucial role in the catalytic
performance, as higher temperatures can lead to particle sintering, reducing the active surface area
and consequently affecting hydrogen production [54]. The interaction between Pt and the TiO:
support is also influenced by annealing, potentially altering the electronic properties and enhancing
the charge-separation efficiency at the interface. Overall, the differences in catalytic activity were
driven by a combination of crystallinity, Pt chemical state, and dispersion, necessitating further
correlation of the ICP-OES, XPS, and TEM data to establish definitive relationships.

3.7. Comparison of Hydrogen Production with Different Catalysts

The hydrogen yield after 48 h of photo-reforming PET with catalysts prepared using the dark
and direct deposition methods is compared in Figure 6. The catalysts prepared using the dark
deposition method with 0.001 mM precursor loading showed the lowest hydrogen yields,
irrespective of the annealing temperature. All the other catalysts prepared under the dark deposition
method with precursor concentration more than or equal to 0.01 mM show higher photo-reforming
ability with higher hydrogen yield than catalysts prepared under the direct deposition method. An
increase in hydrogen yield was observed when the annealing temperature was increased. Baseline
tests were conducted using synthesized catalysts with similar Pt precursor concentration and
annealed TiO: at 500°C using direct and dark deposition methods, as illustrated in Figure S8. The
baseline test results show that the annealing temperature did not enhance the hydrogen production
ability of the directly deposited catalysts. In addition, a higher hydrogen yield was observed after 48
h in systems with a higher precursor loading prepared using the dark deposition method. The
hydrogen yield with 0.1 mM precursor loading under the direct deposition method with annealed
TiO:2 at 500°C was 4.8 umol/get. In contrast, dark-deposited catalysts (0.1 mM annealed at 500°C)
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achieved hydrogen yields that were more than 1000 times higher than those of the direct-deposited
catalysts. Hence, the Pt loading proportionally increased the hydrogen yield in the direct deposition
method, representing a trend similar to that of the dark deposition method. However, the highest
hydrogen yield produced after 48 h with the dark-deposited catalysts was four times that observed
when the catalyst was prepared using the direct deposition method.
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Figure 5. Variation of hydrogen yield of catalysts synthesized at (A) 500°C, (C) 400°C, and (E) 300°C and
respective hydrogen production rates with catalysts synthesized at (B) 500°C, (D) 400°C, and (F) 300°C.

The variations in the hydrogen conversion efficiency and external quantum yield (EQY) under
different synthesis conditions using the direct and dark deposition methods are summarized in
Figure 510. Both the hydrogen conversion efficiency and EQY showed similar variations in hydrogen
yield. Hydrogen conversion and EQY were higher for the dark-deposited catalysts than for the direct-
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deposited catalysts. The lowest Hz conversion and EQY under the dark-deposited catalysts were
observed for the catalysts synthesized with a precursor concentration of 0.001 mM, irrespective of the
annealing temperature. The maximum hydrogen conversion was observed in the system with
catalysts synthesized with a 0.1 mM precursor concentration annealed at 500°C. Increased precursor
loading and annealing temperature have a strong positive influence on the hydrogen conversion
efficiency. When precursor loading increased 10 times, EQY amplified by three times for the catalyst
annealed at 500°C; however, increasing the annealing temperature by 25% increased the EQY by ~2.5
times for constant Pt loading. Hence, tuning the supporting TiO: structure at different annealing
temperatures for constant Pt loading could improve the catalysts for excellent hydrogen conversion
and higher quantum yield using the dark deposition method.
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Figure 6. Comparison of hydrogen yield after 48 hours with catalysts synthesized under dark and direct

deposition methods under different synthesis conditions.

Table 4 compares the hydrogen conversion and external quantum yield of the photo-reforming
process applied in this study with other published studies that used a similar approach. Dark-
deposited catalysts exhibit extremely high hydrogen conversion efficiencies compared with those
reported in the literature. The hydrogen conversion efficiency of dark the catalyst with 0.4%(w/w) Pt
loading was five times higher than the directly deposited catalyst with 0.7%(w/w) Pt loading.
Although the reduction in Pt loading subsequently reduced the hydrogen conversion efficiency, it
was four times higher than that of the direct-deposited catalyst. Additionally, the reported studies
with CdS/CdOx Quantum dots and NNCNxINi:P showed 50% lower hydrogen conversion
efficiencies than the applied novel dark deposited catalysts. Furthermore, the EQY of the catalyst
synthesized using the dark deposition method was 7% higher than its counterpart, leading to 75%
better catalytic performance than CdS/CdOx Quantum dots. Key factors influencing the differences
in EQY include material properties, such as bandgap, defect density, and carrier mobility, as well as
charge carrier dynamics and variations in the synthesis processes.

Table 4. Comparison of catalytic performance with reported literature.

Experimental conditions Light source Hydrogen EQY (%)
conversion
efficiency (%)
Direct-deposited 0.7%(w/w) Pt/TiOz with UVC LED 6.4 1

PET substrate (This study) 70mW
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Dark-deposited 0.4%(w/w) Pt/TiO:z UVC LED 33.4 7
annealed at 500°C with PET substrate 70mW
(This study)
Dark-deposited 0.04%(w/w) Pt/TiO:z UVC LED 25.9 4
annealed at 500°C with PET substrate 70mW
(This study)
CdS/CdOx Quantum dots with PET Simulated solar 16.6 4
substrate [36] light (AM 1.5G,
100 mW/cm?2)
NCNCNx I Ni2P with PET substrate [36] Simulated solar 17.1 -
light (AM 1.5G,
100 mW/cm?2)

3.8. Principal Component Analysis (PCA)

The hydrogen production of different catalysts prepared under different conditions was
analyzed in this study by considering the varying characteristics of the catalysts. The correlation
between the different catalyst characteristics and hydrogen evolution ability was statistically
analyzed using PCA. Nine different parameters were considered during the analysis of hydrogen
production at 48 h: average particle size, average bandgap energy, precursor concentration, annealing
temperature, degree of crystallinity, average crystallite size, anatase percentage, and measured Pt
loading. A scree plot representing the variation in the data-capturing ability of each principal
component is shown in Figure S10. The scree plot suggests that the three principal components
adequately describe the data while increasing the eigenvalues to the 4th principal component (PC)
and above, resulting in eigenvalues close to zero.

Figure 7 shows the loading plot created by PCA considering the three PCs according to the scree
plot. The loading plot illustrates the influence of each characteristic on PC. The lengths and angles of
the vectors represent correlations between the considered variables. The cluster of vectors formed by
parameters such as hydrogen yield, measured Pt loading, annealing temperature, and degree of
crystallinity showed that they were positively correlated. The two vectors forming a 90° angle
represent the non-correlated parameters. Therefore, the average crystallite size, precursor
concentration, and average bandgap were not correlated. The average bandgap exhibited a strong
negative correlation with hydrogen production. Therefore, an increased bandgap reduces hydrogen
production, as discussed in Section 3.5. Furthermore, there is a strong correlation between the
measured Pt loading and hydrogen production, whereas the precursor concentration is weakly
correlated. Therefore, improving the synthesis process by optimizing parameters such as the
measured Pt loading, annealing temperature of TiOz, degree of crystallinity, and average bandgap is
crucial for increasing the hydrogen yield via the photo-reforming process. The results of the statistical
analysis further support the experimental analyses of the catalyst characteristics and hydrogen yield.
Table S2 lists the calculated correlation coefficients representing the quantitative correlation between
each parameter.

PCA of the Pt loading, XPS, and UV-Vis findings extracted (Tables 2 and 3) illustrate that the
first two principal components (PC1 and PC2) in Figure 8 account for ~59.74% and 24.96% of the total
variance, respectively. The expected and measured Pt loading values under different synthesis
conditions, bandgap energies, and maximum absorption wavelengths of the catalysts were analyzed
to identify their respective trends and correlations. PCA (Figure 8) shows distinct clustering patterns
corresponding to the synthesis methods, with dark deposition (coded as 0) and direct deposition
(coded as 1) forming separate groups. The primary contributor to PC1 appears to be the synthesis
method and precursor concentration, whereas PC2 represents the variations in the bandgap energies
and maximum absorption wavelengths.
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Figure 7. Loading plot of the principal component analysis.

A clear separation was observed between the dark deposition and direct deposition methods
(Figure 8), with dark deposition samples clustering closely together, indicating more consistent
properties, whereas the direct deposition samples showed greater variability. The precursor
concentration also influences clustering, where lower concentrations cluster tightly, whereas higher
concentrations exhibit greater dispersion, reflecting variations in the Pt loading efficiency. The
annealing temperature plays a significant role, with samples treated at higher temperatures (500°C)
forming separate clusters from those annealed at lower temperatures (300°C and 400°C), highlighting
its impact on the crystallinity and optical properties. Furthermore, samples with similar bandgap
values tend to form distinct clusters, suggesting a strong correlation between the synthesis conditions
and material properties. These findings indicate that the synthesis conditions significantly impact the

Pt loading and optical behavior, with dark deposition resulting in more stable material properties
than direct deposition.
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Figure 8. Principal Component Analysis of Pt/TiO: catalyst synthesis under direct and dark conditions.
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4. Conclusions and Future Perspectives

Pt deposition on TiO2 has been extensively studied to achieve optimum hydrogen conversion in
photo-reforming waste PET. The dark deposition method was introduced in this study using the
capacitive nature of Pt and applying the memory catalyst concept. The concentration of the Pt
precursor was identified as a significant parameter that controlled the size of the deposited Pt
particles. Therefore, the Pt precursor concentration was reduced 10 and 100 times while depositing
single atoms on the TiO: surface. Additionally, the surface defects of TiO2 play a significant role in
creating strong metal-support interactions, establishing better support for the deposited Pt particles
by optimizing the electronic properties of the catalytic system. The surface defects were optimized
by annealing the TiO2 at three different temperatures. Increasing annealing temperature to 500°C
improved the supported Pt deposition because the 33 % higher hydrogen conversion was observed
with the catalysts annealed at 500°C with 0.1 mM precursor concentration. The novel catalysts
prepared using the dark deposition method proved to be twice as efficient as other reported
conversion efficiencies with CdS/CdOx Quantum dots and NCNCNxINi2P. Also, the highest EQY of
7% was observed when dark-deposited catalysts were used in the photo-reforming system. The
Single atoms, dimers, and trimers were observed when the precursor concentration was reduced by
10 times, providing a more stable hydrogen yield for 10 days with a hydrogen conversion efficiency
of 26%.

The characteristics of the catalysts and the hydrogen yield were compared with those of
traditional direct-deposited catalysts. Owing to their different catalytic activities, significant
differences in bandgap energy, particle size, crystallite size, and degree of crystallinity were
identified between the direct and dark-deposited catalysts. Catalysts prepared by the dark deposition
method achieved higher hydrogen yields, hydrogen conversions, and external quantum yields. It can
be concluded that the catalysts prepared by the dark deposition method are novel, low-cost, and
highly efficient for the photodegradation of waste PET with minimum precursor loading. Single-
atom catalysts can be fine-tuned by further increasing their annealing temperature. The effect of
calcination on the synthesized catalysts should be studied to improve their stability. The recyclability
of the catalysts and the stability of novel catalysts synthesized via dark deposition should be studied.
This is important in large-scale economic and environmental applications. The performance of the
catalysts under natural light should be studied, and the quantum yield should be calculated before
the catalyst is industrialized.

5. Patents

Wang, H.; Edirisooriya EIM.N.T; Xu, P. Method of Hydrogen Manufacture. U.S. Patent
Application 18/378586, 2025.
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