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In recent years, platinum single atoms (SAs) have emerged as exceptionally efficient co-catalysts for photo-
catalytic hydrogen (H,) evolution. In the present work, we systematically investigate the solution parameters
that govern the deposition of Pt SAs from dilute H,PtClg precursors onto well-defined sputtered anatase
TiO, thin films and evaluate the effect on photocatalytic H, evolution. We show that both precursor concen-
tration and solution composition critically determine the oxidation state, dispersion, and reactivity of surface-
bound Pt species. Ultra-dilute, additive-free solutions (0.001-0.005 mM) enable strong electrostatic adsorp-

tion (SEA) and aquation-assisted anchoring of isolated Pt?*

atoms, leading to atomically dispersed Pt—-O-Ti
surface motifs with maximal H, evolution per Pt. In contrast, increased ionic strength or unfavorable specia-
tion caused by higher concentration or pH adjustment induces non-selective uptake, formation of Pt(v)-rich
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2D rafts, and diminished catalytic performance. Overall, we show that the placement and photocatalytic
activity of Pt SAs are dictated by the pre-reaction deposition chemistry. From a practical view, this study
defines a narrow yet actionable parameter window for scalable, efficient SA co-catalyst decoration and
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1. Introduction

In recent years, supported single atoms (SAs) have attracted
significant attention in various research domains, including
heterogeneous catalysis,'™ electrocatalysis,”® and most impor-
tantly, in photocatalytic processes such as water splitting,’
waste degradation,'® and CO, reduction.'’ In typical photo-
catalytic systems, upon illumination with photons exceeding a
semiconductor’s band gap energy, photogenerated charge car-
riers (electrons and holes) are generated that can migrate to
the surface and drive redox reactions in the surrounding
environment, such as the generation of H, from water or
aqueous solutions. One of the most crucial steps in this
process is the efficient transfer of photoexcited electrons from
the conduction band of the semiconductor to H' or water
1213 However, this electron transfer often faces
kinetic limitations and thus requires the assistance of co-cata-
lysts, specifically noble metals such as Pt, Pd, or Rh, which are
well established to enhance the H, production.'>'**?
Conventionally, these co-catalysts are attached onto semi-
conductor surfaces in the form of nanoparticles (NPs), typi-
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establishes the mechanistic basis for performance optimization via precursor-chemistry design.

16,17 1n efforts to reduce the con-

cally a few nanometers in size.
sumption of costly noble metals while maintaining high cata-
Iytic efficiency, much research has focused on optimizing both
the size and loading of the co-catalyst."*>° The downscaling
from nanoparticles to SAs has emerged as a significant
advancement in this context, offering a dramatically increased
surface-to-volume ratio, providing more active sites, and the
potential for enhanced reactivity.>* This is evident from several
studies on photocatalytic performances of SAs co-catalysts sup-
ported on oxide semiconductors, particularly, on Pt SAs over
TiO, supports,'**>** which is the most extensively exploited
photocatalyst, over the past few decades. A most promising
approach for Pt SA decoration on TiO, is reactive deposition
based on reductive anchoring of SAs from dilute hexachloro-
platinic (v) acid (H,PtCls) solution, providing SA co-catalyst
loading without any thermal post-deposition treatment.”*>*
Despite a number of studies using this approach for Pt SA
deposition and elaborating consequent co-catalysts effects, a
comprehensive and systematic investigation of the Pt precursor
parameters on the resulting loading and the impact on the
photocatalytic activity remains largely open. Therefore, the
present work aims at identifying critical factors when using
reactive deposition from H,PtClg solutions to decorate Pt SAs
co-catalysts on a well-defined titania substrate — that is, DC
sputter-deposited anatase thin films.

In many previous studies, single atoms (SAs) have been de-
posited onto TiO,, specifically on various nanostructures such
as nanotubes,’*>® nanoflakes,?**° and powders,***' primarily
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to take advantage of the high surface area, which can enhance
overall catalytic performance. In contrast to these approaches,
our work utilizes TEM-transparent TiO, sputter-deposited sub-
strates. These flat, compact films offer a well-defined geometry
that simplifies illumination and characterization processes
(XPS, TEM), allowing for precise evaluation of SA loading,
spatial distribution, as well as their catalytic activity for photo-
catalytic H, generation under controlled illumination
conditions.

These thin film anatase layers are then decorated using
different concentrations of H,PtCl, precursor in an aqueous
medium (and under different pH-adjustment conditions) to
systematically investigate the effect of precursor concentration
and deposition conditions on Pt SA co-catalyst loading, and
finally, to evaluate the effect of different Pt loading (con-
ditions) on photocatalytic H, generation.

The results show that the deposition of Pt SAs from H,PtCl,
solutions is strongly dependent on precursor concentration,
PpH and conductivity of the solution. At low precursor concen-
trations, Pt is stabilized as isolated SAs, while under specific
conditions, partial aggregation into less reactive nm-sized two-
dimensional (2D) rafts can occur due to unfavorable solution
speciation.

2. Experimental section
2.1 Fabrication of TiO, film on FTO substrate

TiO, films were fabricated following a procedure reported pre-
viously.*” Briefly, TiO, thin films were deposited on cleaned
FTO substrates by reactive DC magnetron sputtering. Before
deposition, the Ti target was pre-conditioned in an argon
atmosphere to remove surface oxides. A thin Ti interlayer
was first applied to the FTO, followed by TiO, deposition
under controlled Ar/O, flow and pressure conditions, with the
substrate holder rotated to ensure uniform growth. Films were
deposited at room temperature using 500 W sputtering
power, with ~200 nm thickness adjusted by deposition time,
and subsequently annealed in air at 450 °C for 1 h - these
films were used for photocatalytic testing and surface analyses.
In addition, ultrathin TiO, layers (~20 nm) were prepared
using the same DC sputter conditions on TEM grids - these
were used for HAADF-STEM and TEM-EDX analyses.
These 20 nm films provide electron transparency for high-
resolution HAADF-STEM and EDX analyses, allowing direct
imaging and compositional mapping of atomically dispersed
Pt species. These films were fabricated on a commercial Si/
SiO, TEM grid with photolithographically defined 50 x 50 pm
windows.

2.2 Pt SAs deposition on TiO, layers

In a standard SAs deposition process, aqueous solutions of
H,PtCls-6H,0 (Metakem, Germany) were prepared at different
concentrations (0.0002, 0.001, 0.005, 0.05, 0.01, 1, 2, 5, or
10 mM), using ultrapure deionized water in a quartz cell.
These prepared solutions were purged with argon gas for
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15 min to remove dissolved oxygen. Subsequently, TiO, films
deposited on FTO substrates were submerged in the precursor
solutions. The reaction cells were properly sealed and covered
to avoid any interaction with light, and kept for 1 h. After 1 h,
the samples were thoroughly rinsed with deionized water and
finally dried under a nitrogen flow.

2.3 Characterization

The surface and cross-section morphologies of Pt-TiO,
samples were investigated by field-emission scanning electron
microscopy (FE-SEM, S-4800, Hitachi). High-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) and Energy Dispersive X-Ray Spectroscopy
(EDS) mapping were performed using a high-resolution trans-
mission electron microscope (HRTEM, FEI Titan G2 60-300).
The chemical states and composition of samples were ana-
lyzed by X-ray photoelectron spectroscopy (XPS, PHI 5600). The
XPS spectral deconvolution was carried out using MultiPak
software, and all XPS spectra were aligned by a binding energy
of Ti 2p (458.5 eV).

2.4 Photocatalytic H, evolution

The photocatalytic H, evolution activity of TiO, layers loaded
with Pt SAs was assessed under ultraviolet (UV) light
irradiation. The experiments were conducted using a quartz
reactor containing 10 mL of an aqueous solution with 50%
methanol as a hole scavenger. Prior to illumination, the
system was purged with argon gas for 15 min to remove dis-
solved oxygen. The reactor was then sealed and exposed to
365 nm LED light with a power density of 65 mW cm™> for a
predetermined period. Hydrogen production was monitored at
set time intervals using a gas chromatograph instrument
(GCMS-QO02010SE, SHIMADZU) equipped with a thermal con-
ductivity detector (TCD).

3. Results and discussion

In a first set of experiments, Pt SAs were decorated on the
anatase TiO, layers using immersion in a 0.005 mM H,PtClg
precursor solution, as described in the Experimental section.
High-resolution top-view and cross-sectional SEM images of
the TiO, surface after Pt deposition are shown in Fig. 1(a) and
(b), respectively. As expected, no deposition of particles or
agglomeration is visible. These layers are ~200 nm thick and
were later used further for photocatalytic experiments. On the
20 nm thick “sister” sample, to detect Pt SAs on the TiO,
layers, high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) was utilized. Fig. 1(c)
shows an SEM image of the TEM grid, and Fig. 1(d) schemati-
cally illustrates the samples used for TEM. Fig. 1(e) presents a
HAADF-STEM image of the TiO, layer after Pt SA deposition
from the 0.005 mM H,PtCls solution. The image and the
corresponding EDX mapping (Fig. S1) distinctly reveal that Pt
SAs are well-dispersed and uniformly distributed across a TiO,
substrate. The lattice spacing of 0.35 nm corresponds to the
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Fig. 1 (a) Top-view and (b) cross-sectional SEM images of Pt SAs decorated TiO, layers from H,PtClg (0.005 mM) solutions on FTO substrate, (c)

SEM image of Pt SAs loaded 20 nm TiO, deposited onto the Si/SiO, TEM window, (d) schematic drawing of the layer on the TEM grid, (e)
HAADF-STEM image, (f) XPS spectra of Pt 4f, and (g) H, evolution vs. duration from the Pt SAs decorated TiO, layer deposited using 0.005 mM

H,PtCle.

(101) planes of anatase. The surface density of Pt SAs was eval-
uated from several STEM images at a level of ~7.9 x 10* um™.
Further, neither from STEM, SEM nor the TEM-EDX, any Pt SA
agglomeration is visible on the surface. The XPS Pt 4f spec-
trum from the surface of the Pt SAs loaded TiO, layer from
0.005 mM H,PtCl, solution is presented in Fig. 1(f). The spec-
trum evidences the presence of Pt with an intense doublet of
Pt 4f,,, and Pt 4f5), at the respective positions of 72.5 eV and
75.9 eV, which corresponds to the typical speciation of Pt SAs
coordinated with an oxide in a (+2) state. Quantitative analysis
of the spectrum indicates a total Pt concentration of 0.8 at%,
of which 0.65 at% corresponds to surface-anchored Pt**
species. It is important to note that there is a significant differ-
ence in the position of these peaks from the metallic Pt° (in
nanoparticles), which are usually located for the Pt 4f doublet
at ~70.9 eV and ~74.1 eV, respectively (an example is given in
Fig. S2(a)). Note that in Fig. 1(f), small contributions are also
observed at 74.4 eV and 77.8 eV, which correspond to Pt*" -
likely traces of adsorbed H,PtCls precursor. Notably, the XPS
spectrum (Fig. S3(b)) reveals a negligible amount of Cl.

These layers, as in Fig. 1(a) and (b), were then tested for
photocatalytic H, evolution using a 365 nm LED (65 mW
em~?) as a light source. The samples were illuminated in
10 mL of an aqueous solution containing 50% methanol as a
hole scavenger, and evolving H, was detected using gas chrom-
atography (GC), as described in the Experimental section.
Fig. 1(g) shows the produced H, volume over illumination
time. From the linear slope of the data, an H, evolution rate of
~117.9 pL h™" was determined.

28106 | Nanoscale, 2025, 17, 28104-2811

From this starting point, we then screened critical factors in
the reactive deposition process and their correlation with Pt
deposition amount, speciation and the resulting photocatalytic
performance. In a first assessment, we used different concen-
trations of the H,PtClg precursor in the range from 0.0002 mM
to 10 mM, where the precursor was simply dissolved in DI
water and no further solution adjustments (pH, ionic strength)
were performed. All samples were then characterized by SEM
and XPS. Fig. 2(a) gives the Pt loading on the TiO, surface
obtained for the different concentrations of H,PtCle. The result
shows that initially, the Pt loading increases with increasing
H,PtCls concentration in the precursor solution and reaches a
highest loading amount of 5.4 at% from the 0.1 mM Pt precur-
sor solution. However, for higher concentrations of H,PtCls
beyond 0.1 mM, the loading amount of Pt gradually decreases.
To investigate the activity of the Pt deposited on the TiO, sur-
faces, the photocatalytic H, evolution was evaluated for all
samples (Fig. 2(b)), and Fig. 2(c) plots the photocatalytically
generated H, rate (determined from Fig. 2(b) using the volume
of H, produced over 3 h normalized with time) for the different
concentrations of Pt precursor. In terms of precursor concen-
tration, a maximum Pt loading is achieved for a Pt loading of
~5.4 at% on the TiO, surface from the 0.1 mM H,PtClg solu-
tion. Beyond this point, further increase in the H,PtCls concen-
tration in the solution leads to lower Pt loading, and the H,
evolution rate deteriorates. Overall, the activity shows an even
maximum distribution (“Bell-type”) curve except for two distinct
data points at 0.1 and 0.05 mM. These two samples show, in
XPS, SEM, and STEM, unusual findings. SEM images reveal a

This journal is © The Royal Society of Chemistry 2025
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(a) Pt loading vs. H,PtClg concentration, (b) H, evolution vs. duration using different concentrations of H,PtClg, (c) H, evolution rate vs. con-

images of Pt SAs decorated TiO, layers from (d) 0.1 mM and (e) 0.05 mM

H,PtClg solutions, (f) XPS spectra of Pt 4f from the Pt SAs decorated TiO, layer deposited using 0.1 mM H,PtClg, and (g) H, evolution vs. Pt loading
amount from different concentrations of H,PtCls. A few examples of the SA assembly/2D rafts are marked with yellow circles in (d) and (e).

similar microscopic observation for all samples in the entire
concentration range from 0.0002 mM to 10 mM, that is, no
detectable deposition of particles or clusters, except for the
samples prepared at 0.1 mM and 0.05 mM, respectively, where
clear particle deposition is observed (Fig. 2(d) and (e)). This is
confirmed in the HAADF-STEM, where, except for Pt SAs, also
2D rafts can be seen (Fig. S4). The HAADF-STEM images clearly
show that the majority of Pt is in the SA form with a surface
density of ~1.7 x 10° pm™~>. However, clearly 2D rafts (~5.7 x 10*
pum~?) are also observed. For all samples, the XPS spectra
(Fig. S3(a)) show peak positions corresponding to Pt** oxidation
states, reflecting the presence of Pt in SA form. However, for the
layers Pt deposited in the range from 0.05 mM to 1 mM
H,PtClg, a strong doublet peak is also observed at ~74.8 eV (Pt
4f,,) and ~78.1 eV (Pt 4f;,), indicating the presence of signifi-
cant amounts of Pt*". Since there is hardly any Cl~ species
detectable (Fig. S3(b)) nor any metallic species, and an
additional contribution from adsorbed oxygen species is
observed in ~531-532 eV range in the O 1s spectra (Fig. S3(c)),
it can be concluded that the H,PtClg in this case reacted to a
fully hydrolysed Pt** species, i.e., a hydroxy- or aquo-species
that agglomerated on the TiO, surface. Table 1 presents the
atomic concentration of Pt** and Pt** oxidation states for the Pt
SAs loaded TiO, layers from different concentrations of the pre-
cursor solution. From the HAADF-STEM, even the larger assem-
blies still consist of 2D rafts rather than 3D particles. All in all,
this suggests that coalescence of complexes (likely non-charged
Pt(wv) species in solution) has taken place for the two critical
concentrations. If the XPS Pt loading data are used to plot the
photocatalytic H, evolution activity with respect to the Pt

This journal is © The Royal Society of Chemistry 2025

Table 1 Atomic concentration of Pt>* and Pt** for different concen-
trations of H,PtClg

Concentration of H,PtClg Pt** at% Pt** at%
0.0002 mM 0.06 0.01
0.001 mM 0.13 0.01
0.005 mM 0.65 0.05
0.05 mM 1.54 1.72
0.1 mM 1.63 3.68
1 mM 1.14 1.31
2 mM 0.79 0.31
5 mM 0.37 0.04
10 mM 0.15 0.04

loading amount (Fig. 2(g)), overall, an increase in the Pt
loading amount enhances the H, generation activity, but only
up to a certain threshold. For Pt surface concentrations up to
~0.2-0.5 at%, the Pt loading strongly affects the H, evolution
activity; for higher loadings, the effect saturates. Therefore, the
results suggest that an optimal concentration of deposited Pt
for achieving maximum Pt activity is ~0.2-0.5 at%, beyond
which the Pt loading does not increase the activity, i.e., leading
to Pt material waste. Remarkably, this loading can be achieved
already with very dilute precursor solutions (0.001 mM-
0.005 mM), indicating that a maximum beneficial effect is
achieved in this very low concentration range in terms of depo-
sition efficiency as well as reactivity of the deposited species.

To evaluate the origin of the Pt loading distribution as a
function of precursor concentration (in Fig. 2(a)) and its com-
pliance with a basic strong electrostatic adsorption (SEA)

Nanoscale, 2025, 17, 28104-28111 | 28107
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concept,”* the pH and conductivity of the precursor solutions
were determined (Fig. 3(a)). It is evident that, as expected, with
increasing concentration of the H,PtClg precursor in the
aqueous medium, the pH of solutions gradually decreases,
from ~5.5 to 2.0, while the conductivity of the solutions
increases accordingly from ~0.01 to 7.5 mS cm™". Considering
the point of zero charge (PZC) for anatase is in the range of
5.5-6.5,> all H,PtCls solutions should be able to provide
electrostatically absorbable species as long as their hydrolysis
leads to a negatively charged species (e.g, [PtClg]”,
[PtCl5(OH)]*", [PtCl,(OH),]*", etc.). In general, the lower the
pH, the higher the positive charge on the TiO, surface, but the
speciation of the hydrolyzed precursor ([PtCL(H,0),]"”) may be
less favorable for adsorption.*® It is reported that partial hydro-
lysis of [PtClg]>~ increases the possibility of adsorption and
subsequent anchoring of Pt species.*® At lower pH, near ~2.6,
partial hydrolysis of [PtClg]*~ occurs with complexes contain-
ing 2-3 Pt-O bonds and a few Pt-Cl bonds,** while for higher
pH, the hydrolysis increases OH coordination (mainly OH and
H,O become dominant ligands).>* The speciation of Pt to par-
tially hydrolyzed species, i.e., mixed Cl and O coordinates,

View Article Online

Nanoscale

reaches its peak at pH ~ 3 to 4, which often makes this range
ideal for partial hydrolysis-enabled adsorption and complexa-
tion wvia  electrostatic and  possible coordination
mechanisms.***® This is in line with our results, ie., the
highest Pt loading from the 0.1 mM (pH ~ 3.5) H,PtClg solu-
tion and the highest photocatalytic H, evolution activity of the
TiO, layer. Such behavior is consistent with SEA, where con-
trolled precursor hydrolysis and charge complementarity guide
preferential deposition of metal species on oxide supports.
However, in this pH range (~3.5 to ~4.5), speciation also leads
to neutrally charged complexes. Particularly, the neutral
species, [PtCly(H,0),]°, dominates near pH ~ 4,*° which
reduces the driving force for coulombic adsorption since
electrostatic attraction to the positively charged TiO, surface is
absent. In fact, the odd point in Fig. 2(c) for 0.05 mM corres-
ponds to pH ~ 4.0 and thus the presence of abundant zero-
charged complexes. Due to the lack of repulsive charge on the
complexes, under these conditions, these Pt*" species are
prone to uncontrolled deposition and aggregation rather than
well-dispersed anchoring, which compromises the formation
of tight bonds and isolated SAs. Below pH ~ 2, it is more likely
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to observe a speciation in the fully chlorinated form [PtCls]>~
as hydrolysis is strongly suppressed. In such cases, the combi-
nation of limited hydrolysis and high ionic strength
diminishes adsorption efficiency, and the process may even
become dominated by ionic shielding effects rather than
direct surface-species interaction, which leads to very low Pt
loading.’® Importantly, Pt loading exhibits an upper limit
under the studied deposition conditions. Although isolated
cases show relatively high loadings, the uptake of Pt SAs satu-
rates at approximately 1.2 at% Pt. At the higher precursor con-
centrations, particularly at pH < 2, adsorption may be con-
trolled by ionic screening effects (of the surface charge), i.e.,
the dominant factor is the ionic strength of the precursor solu-
tion.*® Furthermore, the variation in Pt oxidation states
(Table 1) primarily reflects the extent of precursor-surface
interaction. The catalytically active Pt>* species forms through
surface-mediated reduction during deposition, where partially
hydrolyzed Pt(v) complexes are reduced via charge transfer
with Ti*" sites to yield stable Pt-O-Ti linkages, as previously
reported.>”*® Minor Pt*" contributions at most concentrations
likely arise from residual Pt(iv) complex adsorption. At inter-
mediate precursor concentrations (~0.05-0.1 mM, pH ~
3.5-4.0), neutral hydrolyzed Pt(v) species (partially agglomer-
ated) can attach non-selectively, causing partial aggregation
and increased Pt** content. Their accumulation explains the
bell-shaped trend in Pt loading and H, evolution, as these
aggregated Pt(wv)-rich domains are largely inactive compared to
isolated Pt*" sites. Additionally, at higher precursor concen-
tration (low pH), the limited number of high-affinity anchoring
sites on the TiO, surface may play a limiting role in the satur-
ation behavior of the Pt loading. Once high-affinity sites are
occupied, further deposition occurs on less reactive or weakly
coordinated regions, leading to a decline in intrinsic activity
per Pt atom.

Based on these findings, in further experiments, we
adjusted the pH of the precursor solution to an optimized spe-
ciation region that is pH ~ 3.5. Solutions with pH < 3.5 were
adjusted using NaOH and NHj;, respectively, and solutions
with pH > 3.5 using HCl and HClO,, respectively. Fig. 3(b)
shows the Pt loading and the resulting photocatalytic H, evol-
ution for 10 mM H,PtCl, solution with an adjusted pH at ~3.5
using NH; and NaOH, respectively. Compared with the non-
pH corrected sample (0.2 at% Pt), XPS analysis for these
(Fig. S5(a)) reveals an increase in the Pt loading onto the TiO,
layer surface using NH; (to 0.9 at%) and NaOH (to 1.3 at%) for
the modified H,PtCls solution, but still maintaining full SA
signatures. The corresponding SEM images of the Pt SA deco-
rated TiO, layers from the pH-modified (pH ~ 3.5) 10 mM pre-
cursor solutions (NH; in Fig. S6(a) and NaOH in Fig. S6(b))
show the absence of any Pt agglomerates on the surfaces.
Evidently, the photocatalytic H, evolution increased by a factor
of ~6 and ~5, after adjusting the pH of the 10 mM H,PtCl,
solution using NH; and NaOH, respectively, demonstrating the
strong influence of pH on the adsorption behavior of the Pt
species. More importantly, with a very low Pt loading (~1 at%)
in comparison to the 0.1 mM H,PtCls solution (~5.4 at%), a
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maximum photocatalytic H, evolution activity, equivalent to
that of the 0.1 mM H,PtClg solution, was obtained from the
pH-modified (pH ~ 3.5) 10 mM precursor solutions. These
results confirm that for the adsorption of complexes from
H,PtCls onto TiO,, an optimum pH is beneficial. Under these
conditions, the pH effect dominates the process, strongly influ-
encing the surface-complex interaction and thereby control-
ling the extent of adsorption. Consequently, with optimized
pH adjustment using NH; and NaOH, also a very high photo-
catalytic H, evolution activity was achieved (comparable to or
even higher than the best non-pH-adjusted case).

In a control experiment, we adjusted the pH of the depo-
sition solution using HCl and HCIO,, respectively, with a
0.005 mM H,PtCly solution (pH ~ 5.1) and adjusted the pH
value to ~3.5. Unlike the case with the 10 mM solutions, here
the pH adjustment did not enhance the Pt uptake or the
photocatalytic activity. Instead, a clear reduction in Pt loading
was observed, accompanied by a corresponding decrease in
photocatalytic H, evolution performance. Fig. 3(c) shows the
results of normalized Pt loading and H, generation. In this
case, a detrimental effect of the pH adjustment is detected:
less Pt is deposited, and consequently, less activity is achieved.

From above discussion, the deterioration in the photo-
catalytic performance can be ascribed to the combined effects
of ionic strength and counter-ion chemistry introduced by the
use of strong acids such as HCl and HCIO,. Specifically, the
high concentration of counter-ions (ClI~ or ClO*") leads to
shielding at the TiO,/solution interface that reduces the
effective interaction between the negatively charged Pt com-
plexes and the TiO, surface. Furthermore, the chloride ions
play a reactive role in the hydrolysis and speciation pathways
of H,PtClg, i.e., the speciation of the Pt complexes in solution
and the equilibrium with adsorbed species on the TiO,
surface.

Please note, the conductivity of the solution also increases
from ~0.01 mS cm™" to ~0.36 mS cm™ ' (for HCI) and to
~0.46 mS cm ™" (for HCIO,) upon the introduction of the
strong acids, reflecting a stronger coulombic shielding of the
surface. In contrast, the use of bases such as NH; and NaOH
for pH adjustment promoted not only a more favorable specia-
tion, but also did not strongly affect the conductivity, ie.,
~2.62 mS cm™* (for NH;) and ~2.44 mS cm™" (for NaOH) rela-
tive to the unmodified 10 mM solution (~7.42 mS cm™).

These results demonstrate the overlap of factors that dictate
the uptake and activity of Pt on a TiO, surface exposed to
H,PtCls.

The photocatalytic H, evolution performances from the Pt
SA loaded TiO, layers deposited from various H,PtCls solu-
tions with different concentrations and pH are presented in
Fig. 3(d), which demonstrates the strong and interconnected
effect of the parameters, such as precursor concentration, solu-
tion pH, ionic strength, and counter-ion chemistry of the Pt
precursor solution in controlling Pt adsorption, dispersion,
and ultimately the photocatalytic activity. Importantly, the plot
reveals an efficient photocatalytic activity from the dilute pre-
cursor solutions for the range of 0.001 mM-0.005 mM concen-
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trations, suggesting the high activity with minimal utilization
of Pt.

This interplay between precursor speciation, surface
adsorption, and solution conductivity provides a more com-
plete mechanistic understanding of the observed trends.

In summary, the observed trends reflect a surface electro-
static adsorption (SEA)-driven and aquation-assisted grafting
process that defines the pre-reaction state of Pt. In ultra-dilute,
additive-free H,PtCls solutions, anionic hydrolyzed Pt(iv)
species (e.g., [PtCl,(OH),]>~ and other partially aquated forms)
are accordingly selectively attracted to positively charged Ti-
OH,' sites on the sputtered TiO, surface. The low ionic
strength preserves a long Debye length, restricting uptake to
spatially separated, high-affinity or highly reactive surface
sites. In particular, both solution-phase hydrolysis and
surface-mediated reactions play crucial roles in determining
the final activity of the deposited Pt; however, their contri-
butions differ in terms of timing and extent. The solution-
phase speciation, controlled by precursor concentration, pH,
and ionic strength, primarily dictates the coordination
environment of Pt complexes available for adsorption. Within
the optimal pH range (~3.5-4.0), partially hydrolyzed Pt(w)
species predominate and can readily interact with the posi-
tively charged TiO, surface.’**® Once adsorbed, surface-
mediated ligand exchange and charge-transfer processes
promote partial reduction of Pt(iv) to Pt**, which becomes
stabilized through Pt-O-Ti bond formation. Therefore, while
surface reactions define the final stabilization of Pt** on TiO,,
the solution-phase hydrolysis largely governs the precursor-
state of the Pt species available for deposition. Notably, XPS
confirms that the anchored species are present in a reduced
Pt** state prior to photocatalytic operation, indicating that the
speciation/adsorption/reactive deposition sequence deter-
mines both the oxidation state and dispersion. An overall
optimum is present at a pH of 3.5 solution with an ionic
strength as low as possible. Increasing precursor concentration
or modifying pH perturbs this pathway: high ionic strength
and altered speciation (e.g., the occurrence of zero-charged
complexes) reduce site selectivity, leading to aggregation and
the formation of large (SEM visible >1 nm) 2D rafts.
Consequently, various factors govern the activity per Pt atom.
In general, maintaining dilute, excess precursor-free but pH-
optimized conditions is key to provide reproducible Pt decora-
tion in order to access the highly efficient SA regime.

4. Conclusions

This study identifies and isolates the solution chemistry con-
ditions required for reproducible formation of high-efficiency
Pt single-atom co-catalysts on sputtered TiO, thin films. Using
a structurally defined and morphologically flat substrate, we
show that deposition from highly dilute, additive-free aqueous
H,PtCl, selectively yields isolated Pt species with maximal
photocatalytic H, evolution rates per Pt. Systematic variation of
precursor concentration and solution composition reveals that
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even small changes in ionic strength or speciation—such as
those induced by pH adjustment—disrupt selective anchoring
and promote the formation of Pt(iv)-rich surface rafts or clus-
ters before any catalytic reaction takes place. These aggregated
forms lower the intrinsic activity per Pt and cannot be rescued
by subsequent reduction or illumination. XPS and STEM data
demonstrate that under optimized conditions, the Pt remains
atomically dispersed and in the +2 oxidation state prior to cata-
lysis. Taken together, our results demonstrate that perform-
ance is controlled not by total Pt content but by the solution-
mediated anchoring step, which dictates the local coordi-
nation environment and surface dispersion of Pt. These
insights establish a clear and actionable protocol—ultra-dilute
precursor, unmodified pH, and low ionic strength—for prepar-
ing supported Pt single-atom catalysts with high reproducibil-
ity and superior catalytic performance.
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