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ed agglomeration tailors the
stability of Pt SAs on TiO2 and use in photocatalytic
H2 generation†
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Thermally-induced agglomeration of Pt single atoms (SAs) on anatase TiO2 thin films is exploited for tuning

their activity in photocatalytic H2 generation. After thermal treatment at temperatures ranging from 350 to

650 °C in an Ar atmosphere, a more than fivefold higher photocatalytic activity is achieved under optimized

conditions. The Pt species obtained after annealing at different temperatures are monitored via ex situ and

in situ transmission electronmicroscopy. For in situmeasurements, a gas cell system operating at 700mbar

is utilized. Structural data obtained in the temperature range from 250 to 950 °C demonstrate the co-

existence of SA species and agglomerates over the whole temperature range, and give fundamental

insights into thermal and light-induced agglomeration processes, including nucleation, growth and

ripening of Pt species on TiO2. Under optimized annealing conditions Pt is present as a mixture of SAs,

2D rafts and nanoparticles. Data show that annealing can stabilize the Pt species against light-induced

agglomeration and detailed analysis reveals such SAs (realized under optimized annealing conditions)

provide the most active sites (in comparison with various agglomerates). We further emphasize the

importance of conducting atomic-scale structural characterization both before and after photocatalysis

to accurately establish the process-structure–property–performance relationships of SAs in photocatalysis.
Engineering of atomically dispersed metal sites has recently
drawn tremendous research attention, with clearly foreseeable
applications in the elds of catalysis, energy conversion and
storage, and biomedicine. Particularly, in heterogeneous catal-
ysis and photocatalysis, where supported active noble-metal
clusters play a crucial role in the performance, the feasibility
of downscaling their dimensions to the size of single atoms
(SAs) offers remarkable benets for the cost-efficiency and
potentially the reactivity of the resulting catalysts.1–5 Owing to
maximized exposure of isolated atoms to the reaction medium/
interface, SA active sites are far superior to traditional nano-
particles (NPs) in terms of atomic utilization efficiency.6–9 At the
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same time, they offer some promising features, such as unique
selectivity in catalyzing certain reactions,10–12 as well as tunable
electronic properties and activity depending on the coordina-
tion environment13,14 and could thus prospectively further
advance the solar-to-hydrogen efficiency in photocatalytic water
splitting which recently already exceeded 9%.15

Despite the signicant progress made in recent years,
a major obstacle to the applicability of many SA-based catalytic
systems remains their stability.16 Due to their high surface
energy as well as weak metal–support bonding, most supported
noble metal SAs show a tendency to agglomerate under reaction
conditions.17–19 The consequences can be clearly detrimental
not only due to the loss of active surface area, but also due to
size-related effects on the adsorbate binding at the active sites –
i.e., the latter could potentially become inactive in the desired
reactions (such as H2 evolution). On the other hand, recent
investigations on light-induced agglomeration of Pt on TiO2

(ref. 17) reveal a stable activity although only∼6% of the Pt stays
in its SA state.

The rationale behind this nding is not clear, but studies
which aim at identifying the nature of top-performing Pt species
reveal that not all Pt SAs contribute equally to the photocatalytic
activity20 and that under usual photocatalytic HER conditions,
low Pt loading is good enough to achieve a maximized co-
J. Mater. Chem. A, 2025, 13, 13205–13217 | 13205
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Fig. 1 Impact of thermal annealing in an Ar atmosphere on the pho-
tocatalytic activity of Pt dispersed on flat TiO2 films.
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catalytic effect.21 This can have several reasons, e.g., the varying
intrinsic activity of different SAs due to the varying Pt–support
interaction or a higher activity of agglomerated Pt species as
compared to their SA state. In the literature various species such
as∼1 nm Pt clusters,22–25 0.2 nm PtO species,26 ras below a size
of ∼10 atoms21 and dual atom sites27–29 have been identied to
contribute primarily to the total activity. Additionally, the co-
existence of SAs with ras and intrinsic defects can have
benecial effects.30–33 In contrast, larger Pt agglomerates,
predominantly consisting of Pt0 species (metallic nano-
particles), seem to not substantially contribute to the overall
photocatalytic activity.20,21,23 Thus, studying gentle thermally-
induced SA agglomeration might be an expedient strategy to
extract benecial and detrimental Pt congurations for photo-
catalytic applications.

Surprisingly, studies on thermally-induced agglomeration of
SAs on TiO2 and the connection of agglomerates with activity
are scarce.5,24 Regarding thermal agglomeration, it has been
established that the agglomeration depends on both the
annealing atmosphere and the metal–support interaction.16,23

The observed effects indicate phenomena including agglomer-
ation into amorphous clusters or crystalline
nanoparticles,23,34–37 NP redispersion into SAs,35,38–42 or encap-
sulation of Pt species into a TiOx shell.23,37,43,44 For thermally-
induced agglomeration of Pt to nanoparticles on SiO2 as well
as Al2O3 it was found that a particle size dependent activation
energy for Pt detachment45 and Pt attachment46 is needed to
describe the observed agglomeration behavior during Ostwald
ripening.47,48Notably, Ostwald ripening as an actingmechanism
and some studies on ceria-based SA catalysts49 underscore the
importance of a competition between agglomeration and
dispersion of Pt species. Accordingly, for Pt on TiO2 for
thermally-induced agglomeration of Pt, co-existence of
agglomerated and dispersed Pt species may be expected –

however, a systematic study with atomic resolution is missing.
Therefore, in this study, we systematically investigate the

inuence of inert Ar annealing conditions over a wide temper-
ature range on the Pt atomic surface congurations as well as
the resulting photocatalytic activity of Pt on TiO2 thin lms. The
Pt on the TiO2 thin lm model system enables comprehensive
structural and chemical characterization via high-resolution
scanning transmission electron microscopy (HR-STEM) and
correlative X-ray photoelectron spectroscopy (XPS), both
revealing the co-existence of dispersed and agglomerated Pt
species with different ratios and varying cluster sizes at different
temperatures. For a better understanding of the acting
agglomeration mechanism, in situ electron microscopy in a gas
cell (DENSsolution climate chip) was conducted in an Ar
atmosphere (700 mbar) up to 950 °C. The in situ data elucidates
the rst steps of agglomeration, including non-classical nucle-
ation of Pt SAs, the detachment of Pt from already existing NPs
and the changing temperature-dependent balance between
dispersed SA and agglomerated Pt species with a high degree of
redispersion at elevated temperatures. Finally, we investigate
the Pt conguration of the pre-annealed and as-deposited
samples aer photocatalysis, shedding light on the impact of
the thermally pre-agglomerated state on its stability under
13206 | J. Mater. Chem. A, 2025, 13, 13205–13217
illumination. The correlation of the structural characterization
with the photocatalytic activity suggests that SAs, which are
preserved aer both thermal annealing and photocatalysis,
represent super-performing catalytic sites that provide the main
catalytic activity.
Effect of temperature on
photocatalytic H2 activity of Pt SA
decorated TiO2

To study the impact of thermal Ar annealing on the photo-
catalytic activity of Pt loaded TiO2 samples, rst 20 nm thick
TiO2 lms were sputtered on Si/SiO2 (cf. Fig. S1†) and annealed
at 450 °C to crystallize the thin lms as described above. The
crystallized anatase lms where then immersed in a 2 mM
H2PtCl6 solution for 24 h leading to highly dispersed Pt SAs on
the surface.41,50 The lms were then annealed in an Ar atmo-
sphere in a temperature range from 350 to 650 °C. Subsequently
the photocatalytic activity was determined in a quartz glass
reactor under LED illumination at 275 nm at a power of 30 mW.
Here, charge carriers (e−/h+ pairs), which further migrate to the
surface and react with the surrounding aqueous environment,
are generated in the anatase thin lms. The resulting hydrogen
evolution data, which is displayed in Fig. 1 as well as in Fig. S2,†
reveals a clear impact of the annealing conditions on the
activity. Surprisingly, the activity is higher than that of the
untreated sample independent of Ar temperature. Note that the
Raman spectra (c.f. Fig. S3†) of the thin lms aer annealing at
different temperatures reveal no changes in the TiO2 anatase
ngerprint nor the co-existence of other TiO2 phases such as
rutile, brookite, or TiO2(B). In this context, other phases would
inuence the thermal and light-induced agglomeration
behavior due to different bonding strengths due to their
inherently different surface energetics.51 Notably, the activity
increases with increasing annealing temperature and peaks at
550 °C with an activity which is∼5.7 fold higher than that of the
non-treated sample. In the following, we will elucidate the
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Different types of Pt species typically co-existing on the TiO2 support: (a) SA, (b) a few-atom raft, (c) rafts exhibiting a disordered structure,
and (d) a NP showing lattice fringes (the scale bar corresponds to 1 nm).
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corresponding Pt deposit morphology changes by the annealing
and photocatalytic process by ex situ and in situ STEM
investigations.
Impact of temperature on the thermal
agglomeration behavior of Pt SAs on
TiO2

For high-angle annular dark-eld (HAADF) imaging, 20 nm thick
TiO2 lms were deposited and treated in the same way as the thin
lms for the activity measurements reported above. In the
following we will discriminate between SAs, few-atom as well as
Fig. 3 Impact of thermal annealing in an argon atmosphere on the Pt di
as-deposited; 350 °C, 1 h; 450 °C, 1 h; 550 °C, 1 h; 650 °C, 1 h; Ptd+ to P

This journal is © The Royal Society of Chemistry 2025
larger amorphous ras and crystalline Pt nanoparticles. Typical
candidates of those species are exemplarily shown in Fig. 2, here
the Z dependent contrast52 in HAADF scanning transmission
electron microscopy (STEM) imaging yields a good contrast even
for Pt SAs supported on 20 nm TiO2, which consequently appear
bright in the micrographs. To prove the correlation of Pt with the
bright spots in HAADF imaging, energy dispersive X-ray spectros-
copy (EDXS) mapping of a typical TiO2 surface was conducted (c.f.
Fig. S4†) revealing a clear correlation between the Pt signal and
HAADF NPs. The evolution in the Pt conguration aer annealing
is captured in Fig. 3. Similarly to Farnesi et al.49 for Pt on ceria-
based catalysts, a mixture of SAs and assemblies can be found
independent of the annealing temperature. Additionally, a larger
spersion and agglomeration on flat TiO2 films (top left to bottom right:
t0 ratio as determined by XPS).

J. Mater. Chem. A, 2025, 13, 13205–13217 | 13207
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Table 1 Percentage of Ptd+, density of SAs, rafts and NPs as well as the average NP size after different pre-annealing procedures

As-deposited 350 °C, 1 h 450 °C, 1 h 550 °C, 1 h 650 °C, 1h

Ptd+% (XPS) 77.8 83.5 77 22.6 13.9
#SA/mm2 9 × 104 1 × 105 8 × 104 6 × 104 3 × 104

#Ras/mm2 1 × 104 5 × 103 1 × 104 2 × 104 3 × 103

#NPs/mm2 0 1 × 104 1 × 103 1 × 104 3 × 103

d(NPs)/nm n/A 1.6 1.7 2.3 1.8
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degree of Pt agglomeration is visible with increasing temperature.
Remarkably and similar to light-induced17 or current-induced18

agglomeration, Pt SAs always co-exist with their agglomerates even
aer annealing at 650 °C for 1 h. The co-existence of at least two
species is also reected via XPS (cf. Fig. 3, S5† and Table 1). Here,
the XPS Pt 4f7/2 peak shis gradually from ∼72.6 eV to lower
binding energies around ∼71 eV. In accordance with the litera-
ture,53 we assign one species to individual atom species Ptd+ at
72.6 eV and another species to metallic Pt0. The position of the Pt0

peak deviates from that of a metal foil (∼70.6 eV), and this devi-
ation depends on the size of the Pt nanoparticles. This is because
a larger fraction of Pt atoms at the surface experience a different
electronic environment.17 Additionally, the strong metal–support
interaction (SMSI) between small Pt NPs and the TiO2 support
under thermal treatment in an O2-free atmospheremay contribute
to the shi of Pt 4f peaks from their standard positions, as re-
ported in the literature.54,55 Consequently, the position of the Pt0

peak was used as a tting parameter centered around∼71 eV. The
resulting analysis of the XPS spectra yields a co-existence of Ptd+

and Pt0 species with a decreasing Ptd+ fraction upon annealing. In
order to quantify the degree of agglomeration with respect to the
Pt species present, several STEM images for each sample were
segmented by the Trainable Weka Segementation plugin of
ImageJ (c.f. Methods section). The resulting density and size of Pt
species are summarized in Table 1 revealing a decrease of the SA
density in line with XPS analysis.

In general, the SA density decreases with increasing
annealing temperature, still leaving 3 × 104 SAs per mm2 on the
TiO2 support even aer annealing at 650 °C. In addition, ras as
well as NPs with an average size of around 2 nm can be found on
the support aer thermal annealing. Note that a correlation of
the as-deposited and annealed Pt congurations would at this
stage suggest, for instance, that the SAs are not the active
species and hint more at the NPs. This conclusion is, however,
invalid since the Pt conguration upon illumination will change
within minutes,17 and thus the correlation of Pt surface-
conguration and activity can only be made by investigating
the Pt species aer photocatalysis (vide infra).

Monitoring SAs and their thermal
agglomeration behavior in situ

To shed further light on the thermal agglomeration process of
Pt on TiO2 on the atomic scale, in situ HAADF-STEM studies
were performed aided by a gas cell setup schematically shown in
Fig. S6.† Here, 20 nm thick amorphous TiO2 layers were sput-
tered on the supporting TEM membranes (40 nm thick SiNx)
13208 | J. Mater. Chem. A, 2025, 13, 13205–13217
embedded within temperature-controlled silicon microchips
(DENSsolutions). Next, an Ar atmosphere (700 mbar) was
established within the sealed space above the TiO2 surface,
while the well-controlled heating56 of the TiO2-covered areas was
directly provided by the heating elements within the micro-
chips. Heating to 400 °C in this setup leads to crystallization of
TiO2 layers in the anatase phase, as conrmed by in situ selected
area electron diffraction analysis (SAED, Fig. S7†).

The aforementioned setup was then utilized in the thermal
studies of Pt SAs dispersed on the TiO2 support (Fig. 4). Notably,
upon introduction of an Ar atmosphere and heating, HAADF-
STEM imaging of the Pt SAs becomes signicantly more chal-
lenging. Most evidently, this is due to electron beam scattering
effects within the cell, which includes ∼70 nm thick SiNx

membranes and the ∼1 mm thick Ar gas layer. Additionally,
mobile SA species under elevated temperatures could be diffi-
cult to detect due to relatively slow image acquisition time (10
ms per pixel). Nevertheless, the structural evolution of immo-
bilized Pt species (e.g. small nanoparticles, clusters or SAs
immobilized on the support) under elevated temperatures can
be reliably monitored in situ, owing to the signicant difference
in atomic number between Pt (78) and Ti (22).

Fig. 4 shows identical-location HAADF-STEM overview images
of a Pt SA loaded (0.05 mM solution, reactive deposition41) TiO2

layer heated in Ar in the temperature range from 250 °C to 950 °C
(corresponding temperature proles are provided in Fig. S8†).
This location was specically selected to show the inuence of
TiO2 edges and grain boundaries (GB) in the polycrystalline TiO2

structure on the thermally-induced processes. The images clearly
reveal a strong Pt agglomeration tendency along the 2D defects,
which can be subdivided into three stages: (1) nucleation of Pt
agglomerates already at 250–350 °C; (2) further growth and sin-
tering of the nuclei at 350–550 °C; (3) reduction in the NP density
at 650–950 °C. This trend was further conrmed in additional
series of HAADF-STEM studies obtained under the same condi-
tions, but other magnications or locations on the TEM grid
(Fig. S9 and S10†).

Observed phenomena of thermally-
induced SA agglomeration

The Pt agglomeration observed in situ is in line with the ex situ
characterization of the 2 mM samples described above. The in
situ data adds valuable information on the history of the exist-
ing NPs and reveals that initially formed agglomerates can
dissolve, whereas others act as starting points for further NP
growth. In this context, Pt agglomeration is well-documented in
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Identical-location in situ HAADF-STEM images of the Pt SA decorated TiO2 layer (using 0.05 mM H2PtCl6) heated in an Ar atmosphere
(700 mbar) to different temperatures (250–950 °C). Pt species can be identified as bright spots on the TiO2 surface (based on the significant
difference in atomic number between Pt (78) and Ti (22), and the related scattering strength in HAADF-STEM imaging).
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reductive atmospheres23,49,57 where gas adsorption weakens the
metal–support interaction facilitating Pt SA destabilization and
mobilization.23,57,58 In our case, utilizing an inert Ar atmosphere
was crucial to prevent any external inuence on the Pt–TiO2

binding strength – thus the observed thermal destabilization of
Pt SAs already at 250 °C conrms the intrinsically low diffusion
barriers for Pt SAs on TiO2.59 It is also clear that the structural
quality of the support plays a role in thermally-induced
processes, based on preferential formation of NPs along the
2D defect. The latter can be ascribed to the defect-induced
changes in the metal–support interaction, which either facili-
tate heterogeneous nucleation (e.g. via lowering the critical
radius for nucleation60) or provide higher mobility of SAs along
extended defects61 (thus higher ux of Pt SAs towards the
Fig. 5 High-magnification in situ HAADF-STEM observations of Pt SAs (h
in Fig. 4). The scale bar in all images corresponds to 5 nm.

This journal is © The Royal Society of Chemistry 2025
nuclei). The observed dynamics of NP coarsening at higher
temperatures is in line with the Ostwald ripening mechanism of
metastable Pt clusters and NPs, which reduces their total
surface energy.45–49,59. Notably, this process implies the co-
existence of Pt SAs and NPs on the surface, and assumes
a size-dependent activation energy for atom detachment.46

Accordingly, in our experiments the existence of non-aggregated
Pt SAs at different temperatures (650–950 °C) could be resolved
in individual images presented in Fig. 5 in line with the ex situ
data of the 2 mM samples presented above.

The apparent decline in NP density at 650–950 °C with
simultaneous observations of Pt SAs strongly suggests the
possibility of thermally-induced NP redispersion into SAs.
Accordingly, upon cooling down the supports from 950 °C to
ighlighted) at different temperatures (following the same procedure as

J. Mater. Chem. A, 2025, 13, 13205–13217 | 13209
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room temperature, we found abundant Pt SAs on the surface
(Fig. S11†) and the preserved conguration of Pt agglomerates
(Fig. S12†). This nding agrees with a previous report of the
redispersion of Pt NPs under inert conditions and elevated
temperatures.62 To check if the observed redispersion into SAs
also results in a high photocatalytic activity, a sample was
annealed at 950 °C in an Ar atmosphere. The hydrogen evolu-
tion rate (Fig. S13†) is, however, lower as compared to all other
samples. This effect might stem from a strong interaction of Pt
with TiO2 potentially leading to a TiO2 overgrowth of Pt or Pt
Fig. 6 High-magnification identical-location in situ HAADF-STEM imagi
400–900 °C. The white arrow indicates the detachment of a Pt cluster

13210 | J. Mater. Chem. A, 2025, 13, 13205–13217
diffusion into the thin lm and could be further investigated in
the future.
Interplay of SAs and a NP: SA
detachment and attachment
monitored in situ

To gain further insights into the thermally-induced trans-
formations and redispersion of Pt NPs supported on TiO2, we
ng series showing the evolution of a Pt nucleus and its surroundings at
from a larger particle.

This journal is © The Royal Society of Chemistry 2025
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carried out in situ identical-location observations of a Pt NP
(∼5 nm in diameter) at elevated temperatures, as presented in
Fig. 6. Clearly, in the temperature range of 400–600 °C the NP
appears as a metastable aggregate with ill-dened and overall
unstable shape. Consequently, at the intermediate stage of
heating (600 °C, 19 min–700 °C, 0 min) the metastable Pt
agglomerate cleaves off a small cluster (marked by a white
arrow). The detached Pt cloud appears to be spatially separated
from the original NP by the grain boundary, and further
disappears upon exposure to higher temperatures (700 °C, 10
min). This again suggests the competition between SA aggre-
gation and redispersion in the Pt SA-TiO2 system, although the
latter process is activated at signicantly higher temperatures.
While such competition is implied in the Ostwald ripening
mechanism, here it is experimentally veried by identical-
location in situ HAADF-STEM with atomic resolution. The fact
that smaller clusters are more prone to fragmentation/
redispersion as compared to the larger agglomerates63 agrees
with a size-dependent activation energy for detachment
(proportional to R−1 (ref. 45 and 46)) as a result of size-
dependent surface energy.

With an increase in temperature from 600 °C to 700 °C
(Fig. 6), a partially amorphous round-shaped and more at Pt
aggregate30 (as revealed by STEM imaging) transforms into
a compact, three-dimensional crystalline NP with distinct fac-
ets. Such reshaping and faceting of the investigated NP driven
by the reduction of the surface energy is a common phenom-
enon for supported metal particles on oxide substrates,64 and
the size-dependent transition from a metastable liquid-like
structure (at 400–600 °C) to the crystalline-ordered state (at
700–900 °C) is also in line with observations in colloidal systems
at room temperature.65

Overall, the combined ex situ and in situ data reveal that the
Pt conguration can be systematically tuned by thermal
annealing. Pt tends to agglomerate via non-classical60 hetero-
geneous nucleation and further agglomerates towards NPs. In
addition, Ostwald ripening, the detachment of Pt species from
existing agglomerates and the co-existence of SAs with NPs is
observed over the whole temperature range. Thus, we can
identify three major mechanisms: (i) attachment of Pt towards
agglomerates, (ii) detachment of Pt from agglomerates, and (iii)
SA diffusion on the TiO2 support. While the attachment process
is rather fast, the co-existence of SAs and agglomerates suggests
that the detachment rate is on a similar timescale as compared
to the residence time of SAs on the support. Here, the detach-
ment rate, which is a temperature- as well as size- and
morphology-dependent quantity, and the residence time are
decisively inuenced by the Pt binding energy to the agglom-
erate and the support, respectively. Thus, tuning the metal–
support interaction66 by changing the charge state of Pt57,67,68 or
the coordination environment by, e.g., generating defects at the
support Pt interface30,53,69 can shi the SA-agglomerate balance
towards the SA side. Alternatively, increasing the detachment
rate by changing the surface or interface energies of Pt
agglomerates by, e.g., the annealing atmosphere49,57 will lead to
a similar effect. Another way to increase the mean free path for
diffusion and thus the residence time on the support is tuning
This journal is © The Royal Society of Chemistry 2025
the Pt concentration: Here, very dilute SA congurations are
found to be stable against sintering as well described in the
literature.16,70 In line with these ndings, we observed almost no
Pt thermal aggregation at lower SA loading (produced using
0.005 mM precursor solution) on the TiO2 surface (Fig. S14†).
Pre-annealing as a remedy against
light-induced agglomeration and
identification of active sites

While thermal agglomeration is activated by temperature, light-
induced and current-induced agglomeration are activated by
a weakening of the metal–substrate interaction due to H
adsorption.17,18 Thus, it is interesting to see how light-induced
agglomeration interacts with thermally pre-agglomerated
species. For that, the as-deposited as well as the annealed
samples were investigated aer photocatalysis under illumina-
tion at 275 nm (30 mW) for 3 h. The resulting Pt congurations
are exemplarily shown in Fig. 7 and summarized aer
segmentation (vide supra) in Table 2. Interestingly the SA
density aer photocatalysis is the lowest for the least active
sample; thus, light-induced agglomeration acted the most on
the non-annealed/as-deposited sample. One likely reason can
be the generation of oxygen vacancies (Ovs) during thermal
annealing in an Ar atmosphere, which has been found for
powder samples by electron paramagnetic resonance (EPR) in
the past.71 Here, EPR reveals a maximum density of Ovs aer
annealing at 500 °C, those vacancies are then potential sites
stabilizing SAs during photocatalysis. As can be seen by, e.g., the
average NP size or the nal SA density, all samples underwent
further agglomeration, while the ra density is reduced (except
for 650 °C). In contrast to the solely thermally agglomerated
state, the most active samples (450 and 550 °C) exhibit the
lowest NP density, thus NPs can be excluded as main active
sites. Similarly, the ra density is the highest for 650 °C and
quite low for 450 °C, also indicating that ras alone are not the
most efficient activity contributors. All annealed samples,
however, exhibit a higher SA density as compared to the as-
deposited sample indicating that SAs are responsible for the
activity. We also note that the 650 °C sample, although being in
a similar range to the other most active samples, exhibits the
highest SA density, which is a strong indication that not all SAs
exhibit the same activity, in line with previous ndings.20,21

Interestingly, the correlation with XPS data (cf. Fig. 7 and Table
2) reveals that the most active samples exhibit the highest
abundance of Ptd+ species. However, the amount of Ptd+ detec-
ted by XPS follows the activity trend, but decreases signicantly
compared to the density of SAs observed by STEM (cf. Table 1
and Fig. S15†). While a fairly linear relationship between SA
density and Ptd+ species exists aer annealing, this relationship
breaks down following photocatalysis. This suggests that not all
structural SAs (STEM) are in the same electronic state (XPS),
highlighting the importance of stabilizing SAs at the appro-
priate substrate sites to maximize the efficiency of the co-cata-
lyst.5 In this context, recent studies revealed a massive impact of
the exposed TiO2 surface on the Pt SA coordination and
J. Mater. Chem. A, 2025, 13, 13205–13217 | 13211
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Fig. 7 Impact of thermal annealing in argon on the light-induced agglomeration behavior of Pt species on flat TiO2 films (top left to bottom right:
as-deposited; 350 °C, 1 h; 450 °C, 1 h; 550 °C, 1 h; 650 °C, 1 h; Ptd+ to Pt0 ratio as determined by XPS).

Table 2 Percentage of Ptd+, density of SAs, rafts and NPs as well as the average NP size after different pre-annealing procedures and photo-
catalysis for 3 h (275 nm, 30 mW)

As-deposited 350 °C, 1 h 450 °C, 1 h 550 °C, 1 h 650 °C, 1 h

Ptd+ % (XPS) 5 6.6 8.6 7.7 4.3
#SA/mm2 1 × 104 5 × 104 4 × 104 6 × 104 6 × 104

#Ras/mm2 2 × 103 5 × 103 3 × 103 8 × 103 2 × 104

#NPs/mm2 1 × 103 4 × 103 1 × 103 2 × 103 8 × 103

d(NPs)/nm 1.8 2.4 2.9 3.1 1.8
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activity.58,72 As described above Ovs may play a key role in (i)
stabilizing SAs in potentially the right coordination environ-
ment and (ii) acting as co-catalytic sites as recently reported for
Pd33 and Pt30 on TiO2 supports. Thus, whereas agglomeration in
electro- and photocatalysis takes place close to room tempera-
ture due to H adsorption weakening the binding energy to the
support and enhancing the self-diffusion of Pt by orders of
magnitude,73 thermal agglomeration requires elevated temper-
atures to overcome the Pt binding energy towards the TiO2

substrate sites. In this context, elevated temperatures will lead
to the generation of additional point defects such as Ovs on the
support, which serve as additional anchoring sites for SAs
partially stabilizing the system. Thermal annealing also helps to
guide the SAs to the most stable anchoring sites on the
substrates, since here the binding energy is the highest and
consequently the Pt surface diffusion kinetics are the lowest.
13212 | J. Mater. Chem. A, 2025, 13, 13205–13217
Conclusion and outlook

In conclusion, our study demonstrates the feasibility of thermal
treatments for ne-tuning the state of Pt as SAs, ras, or 3D
nanoparticles, and thus presents a tool for optimizing the Pt-
speciation towards a maximum photocatalytic activity. We
nd that the photocatalytic activity of a Pt SA decorated sample
annealed at 550 °C is more than ve times higher as compared
to that of the as-deposited one. Ex situ HRSTEM investigations
reveal that the Pt dispersion and agglomeration state can be
tuned by the treatment temperatures. While in any case
a combination of SAs, ras and NPs exists, overall, higher
annealing temperatures lead to larger NPs (but still co-existing
with SAs on the support). In situ investigations in the gas cell
reveal details of the microscopic mechanism of agglomeration.
At 250 °C, a high density of small 2D SA clusters (ras) is formed
This journal is © The Royal Society of Chemistry 2025
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that then act either as nuclei and grow further or dissolve with
increasing temperature. Since the structure of the mainly 2D
object is far from that of the nal NP, we also reveal a non-
classical nucleation pathway meaning that the initial nuclei
exhibit a different structure as compared to Pt NPs in equilib-
rium. The dissolution of initially formed nuclei documented in
situ by high-resolution imaging demonstrates the detachment
of Pt atoms and assemblies from ill-dened nuclei as well as
from the NP on an atomic scale. Here, an increasing number of
initially formed clusters dissolved with increasing temperature,
while others grow further into stable and crystalline Pt NPs. In
addition, the in situ as well as ex situ structural data documents
the importance of predominant heterogeneous nucleation
taking place at grain boundaries during thermally-induced
agglomeration. Moreover, we demonstrate that thermal pre-
annealing decisively inuences later light-induced agglomera-
tion during photocatalytic applications. Here, the non-annealed
sample is most prone to agglomeration within minutes,17 while
annealed samples agglomerate, but to a much lower relative
extent. Correlating the structural and electronic data aer
photocatalysis with the activity data indicates that SAs (in the
right coordination environment and electronic state) are likely
the most active sites during photocatalysis. The above consid-
eration shows that – for a most effective use of Pt and a maxi-
mized activity and stability – on the one hand, strategies that
shi the SA to agglomerate ratio towards the SA side are needed;
on the other hand, the residual SAs can be trapped in a “right”
structural environment (e.g. in the vicinity of OVs).
Methods
Formation of TiO2 layers on Si/SiO2 and SiNx membranes

20 nm thick amorphous TiO2 lms were produced on the
viewing windows of DENSsolutions climate chips as well as on
Si/SiO2 substrates by magnetron sputtering. The lms were then
crystallized via in situ heating in the climate system (700 mbar
Ar atmosphere) for 30 min at 400 °C and within a conventional
heating furnace for 1 h in an Ar atmosphere, respectively.
Alternatively, the crystallization was achieved during the
thermal studies with pre-loaded Pt SAs.
Deposition of Pt SAs on TiO2 layers

The Pt SAs were produced on the crystalline TiO2 layers via
a facile reactive deposition method,17,21,53 whereas the ex situ
samples and chips were immersed in aqueous 2 mM and
0.05 mMH2PtCl6:6H2O solutions, respectively. All samples were
kept in the dark for 1 h, while the backside was covered in order
to only expose the TiO2 functionalized side to the precursor
solution. The membranes were subsequently washed with
deionized water and dried in an N2 atmosphere. In a separate
experiment a lower Pt SA loading (0.005 mM H2PtCl6) on the
amorphous TiO2 layers was realized. The estimated Pt loading
produced on the surface is equal to 0.14 at% (for 0.005 mM
H2PtCl6), 0.47 at% (for 0.05 mM H2PtCl6), and 0.78 at% (for
2 mM H2PtCl6), respectively.21
This journal is © The Royal Society of Chemistry 2025
Photocatalytic H2 evolution

Photocatalytic H2 evolution performance of the Pt SA-loaded
TiO2 anatase layers was evaluated under UV illumination. The
samples were placed in a quartz reactor containing 50 vol%
methanol (hole scavenger) aqueous solution (10 mL), which was
subsequently purged with Ar for 15 min. Aer that, the reactor
was sealed, and illumination with an LED (l = 275 nm, power
density of 20 mW cm−2, exposure area = 1.2 cm × 1.2 cm) was
carried out for a specied duration. A gas chromatograph
(GCMS-QO2010SE, SHIMADZU) equipped with a thermal
conductivity detector (TCD) was used to determine the amount
of H2 generated at specic time intervals.

SEM and XPS characterization

The surface and cross-section morphologies of the samples
were investigated using a eld-emission scanning electron
microscope (FE-SEM, S-4800, Hitachi). The chemical composi-
tion of samples was analyzed by X-ray photoelectron spectros-
copy (XPS, PHI 5600). All XPS spectra were shied to a standard
Ti 2p binding energy in anatase of 458.5 eV and the peak
deconvolution was carried out by MultiPak soware.

Ex situ STEM imaging

HAADF STEM imaging was conducted utilizing an aberration-
corrected Thermo Fisher Scientic Spectra 200 operating at
200 keV. Images were taken at 960 kx as well as 1.8 Mx and
various different positions each. For that a beam convergence
angle of 15 mrad, a collection angle of 56–200 mrad, a beam
current below 30 pA, and dwell times of 20 ms and 30 ms have
been used.

In situ STEM imaging

High-resolution HAADF STEM imaging was performed at
a double corrected FEI Titan Themis3 300 operating at 300 kV.
The beam convergence angle was 15.7 mrad. The collection
angle was 38–200mrad at a dwell time of 10 ms and 30–184mrad
at a dwell time of 2 ms for the 0.05 mM and 0.005 mM samples,
respectively. To avoid dri due to charging of the membrane
and to minimize the inuence of the electron beam, the beam
current was below the sensitivity limit of the screen of 30 pA.
The DENSsolutions climate system was utilized for in situ
heating and control of the atmosphere. In all in situ thermal
studies, an Ar atmosphere with a pressure of 700 mbar and 0.3
mL min−1

ow rate was maintained.

Segmentation of STEM images

For statistical analysis of the particle size and density, STEM
images were segmented using the soware (Fiji is Just) ImageJ
utilizing the Trainable Weka Segmentation plugin within
a human-in-the-loop approach. The segmentation was trained
with respect to three classes, namely, SAs, agglomerates and
background/substrate. Typically, 20 to 30 areas per class were
chosen as reference, while the segmentation result was stepwise
checked. Further, the resulting segmentation was analyzed with
the particle analyzer of Fiji. Here, edges were excluded whereas
J. Mater. Chem. A, 2025, 13, 13205–13217 | 13213
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all other segmented SA and NP areas were analyzed. Subse-
quently, the results were classied within three classes: (i) SAs,
(ii) ras, and (iii) NPs. For that a maximum size/diameter of 4 Å
corresponding to the (100) lattice spacing of anatase and 1 nm
have been chosen to classify SAs and ras as displayed in Tables
1 and 2, respectively. Everything beyond 1 nm is classied as
NP.
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