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We explore the low-temperature limit of atomic layer deposition of Pt
using MeCpPtMe; and O,. We reveal that by supplying a sufficiently high
O, exposure, highly dispersed and thermally stable Pt sub-nanometer
clusters can be deposited onto the surface of P25 TiO, nanoparticles
even at room temperature by atmospheric-pressure ALD.

Platinum nanoparticles (Pt NPs) supported on titanium dioxide
(TiO,) nanostructures have garnered significant attention in
catalysis due to their exceptional catalytic activity, stability, and
selectivity."> The combination of the excellent catalytic proper-
ties of Pt with the high surface area and strong metal-support
interactions makes Pt/TiO, highly effective in both thermal and
photocatalytic applications.* In addition, the synergy between
Pt and TiO, enhances catalytic performance, particularly in
photocatalysis, where Pt NPs act as electron sinks, reducing
recombination rates of photogenerated electron-hole pairs,
and thereby increasing the reaction efficiency.®” Therefore,
Pt/TiO, catalysts are widely used for pollutant degradation,®®
and various reactions such as hydrogen production from water
splitting,">"'" hydrogenation,®"> and oxidation reactions.">"*
The catalytic efficiency of Pt NPs is strongly correlated with
their size.">™"” Smaller Pt NPs offer a higher surface-to-volume
ratio, increasing the availability of active sites for catalytic
reactions. However, excessively small NPs can show decreased
stability due to sintering and agglomeration.'® Therefore, precise
control over Pt nanoparticle size is crucial for optimizing cata-
lytic performance, balancing high efficiency with long-term
stability, and enabling tailored catalytic properties for specific
reactions. With the capability of controlling the deposition at the
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atomic level,'**® atomic layer deposition (ALD) is a precise and
controllable technique used to deposit Pt NPs onto different
surfaces.”’>* ALD employs sequential, self-limiting surface reac-
tions to enable atomic-level control of the Pt particle size and
dispersion, even on complex TiO, nanostructures, ensuring a
high coverage of Pt NPs.""**?¢ A typical Pt ALD process involves
alternating exposures of the substrate to a Pt precursor vapor,
such as MeCpPtMe;s, and an oxidizing agent, often oxygen (O,) or
ozone (0;). This is the most widely employed Pt ALD process,
which is commonly conducted at a temperature in the range of
200-300 °C.>""**

Our previous studies demonstrate that Pt NPs can be depos-
ited on graphene nanoplatelets at 100 °C,'®*° which is significantly
lower than the deposition temperatures of other processes.””>°
Such a low-temperature ALD process is enabled by a sufficiently
high O, exposure (ie., >> 120 mbar-s) in the second half-
reaction.”® The low-temperature deposition significantly reduces
the diffusion and coalescence of the deposited Pt NPs, enabling
size-controlled growth, which is highly essential for Pt NPs-based
catalysts. The findings of the previous studies raise the question of
what the low-temperature limit of this ALD process could be,
which motivates our current study. Here, we further investigate the
influence of temperature on the deposition of Pt NPs on TiO,
surface in ALD using MeCpPtMe; and O,. We demonstrate that
lowering the deposition temperature results in a better control of
the particle size, and even enables the deposition of highly
dispersed Pt sub-nanometer clusters at room temperature. The
subsequent calcination at a relatively high temperature reveals
high stability and strong metal-support interactions of the room-
temperature deposited Pt nanoclusters.

Pt was deposited on a gram-scale quantity of TiO, nanopow-
der (Evonik P25 TiO,) using a fluidized bed reactor operating at
atmospheric pressure, as detailed in the ESL.{ TEM images of Pt
NPs deposited on the surface of P25 TiO, at 250 °C after 5 ALD
cycles are presented in Fig. 1a and Fig. S1 (ESIt). The corres-
ponding particle size distribution (PSD) is shown in Fig. 1b.
The results indicate that the Pt NPs deposited at 250 °C are
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Fig.1 TEM images and PSDs of Pt NPs deposited on P25 TiO, surface at
250 °C (a) and (b) and 150 °C (c) and (d) after 5 ALD cycles.

highly dispersed on the surface. The mean diameter of the Pt
NPs is found to be 1.2 nm with a standard deviation of 0.5 nm.
However, the particle size spans from 0.2 to 4 nm, resulting in a
broad right-skewed PSD although the number of NPs larger
than 3 nm accounts for only less than 1% of the total number of
NPs analysed. This resembles the PSD of Pt NPs deposited on
graphene nanoplatelets at high temperatures.'®*° Such a broad
and right-skewed PSD is the result of the diffusion and coales-
cence of Pt NPs due to their high mobility at high temperatures,
in addition to their on-going growth.'® The broad PSD is also
caused by the continuous formation of new nuclei, which
generally occurs during the deposition of nanoparticles, even
in wet-chemistry methods.** This accounts for the nucleation
peak on the left side of the PSD. Both the coalescence and the
new nuclei formation can be reduced by lowering the deposi-
tion temperature, which is evidenced by the TEM images and
PSD of the Pt NPs deposited at 150 °C shown in Fig. 1c and d
and Fig. S2 (ESIt). In this case, the average particle size and the
standard deviation are found to be 1.3 nm and 0.4 nm, respec-
tively. The particle size spans from 0.4 to 2.6 nm, resulting in a
narrower PSD. Importantly, the comparison of the two PSDs
reveals that the center of the PSD of Pt NPs deposited at 150 °C
shifts to the right side (Fig. S3, ESIT). This is an indication of
the preferential deposition of Pt on the previously formed Pt
NPs rather than the formation of new nuclei.

Further lowering the deposition temperature significantly
alters the growth mechanism of Pt NPs. This is indicated by the
TEM images and PSDs of Pt NPs deposited at 100 °C after 1, 5
and 10 ALD cycles shown in Fig. 2 and Fig. S4 (ESIt). The TEM
images qualitatively indicate that both the size of Pt NPs and
their spatial distribution on P25 TiO, surface are highly uni-
form, which is reflected by the significantly narrower PSDs. The
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Fig. 2 TEM images and PSDs of Pt NPs deposited on P25 TiO, surface at
100 °C after 1 cycle (a) and (b), 5 cycles (c) and (d) and 10 cycles (e) and (f).

comparison of the PSD in Fig. 2d with those in Fig. 1b and d
(see also Fig. S3, ESIT) reveals that the PSD of Pt NPs deposited
at 100 °C shifts substantially to the left side. This contrasts with
the shift of the PSD of Pt NPs deposited at 150 °C, which can be
explained by the effective hindrance of both the coalescence of
Pt NPs and the formation of new nuclei at 100 °C. Instead, the
deposition takes place mainly on the surface of previously
formed Pt NPs. This enables the capability of controlling the
particle size by the number of ALD cycles, as demonstrated in
Fig. 2. With increasing the number of ALD cycles, the entire
PSD shifts gradually to the right side (Fig. S5, ESIt) while
retaining its narrowness. The results indicate that lowering
the temperature offers great advantages in controlling the Pt
NPs size, which is a crucial factor in catalysis.

Other studies have demonstrated that thermal ALD of Pt
using MeCpPtMe; and O, could only be conducted typically in
the temperature range of 200-300 °C,*’>° and no studies have
been successful in depositing Pt NPs using this process at a
temperature below 150 °C, unless using O; as the reactant.>® Qur
previous work has revealed that the unsuccessful depositions
arise from insufficient O, exposure in the second half-cycle.”*
We have proved that, even at 300 °C, for the same Pt precursor
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dosage, insufficient O, exposure hampers Pt deposition,**
whereas at 100 °C sufficiently high O, exposure enables the
deposition of highly uniform and excellent size-controlled Pt
NPs.'®3° Our present study further confirms the pivotal role of
0, exposure, and in all studies, the lower deposition temperature
provides the better control of Pt NP growth. This cannot be
achieved for the deposition at high temperatures, as observed for
ALD of Pt on graphene and P25 Ti0,."8*%?*%

To further explore the low-temperature limit of the
MeCpPtMe;/O, ALD chemistry, we conducted experiments at
room temperature. When the same O, exposure as for ALD at
100-250 °C is applied (i.e., 5 min at a partial pressure of
200 mbar), there is virtually no trace of Pt NPs on the P25 TiO,
surface after 5 ALD cycles. However, upon an increase in the O,
exposure of 6 times (i.e., the “pulse” time increases from 5 min to
30 min), highly dispersed Pt sub-nanometer clusters (Pt s-NCs) are
observed, as shown in Fig. 3a and Fig. S6 (ESIt). The HAADF-TEM
images indicate a high density of Pt s-NCs on the surface with an
average cluster size of 0.6 nm and a standard deviation of 0.2 nm.
The PSD in Fig. 3b shows a remarkably narrow distribution, in
which the cluster size spans from 0.2 to 1.3 nm with only less than
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Fig. 3 HAADF-STEM images and PSDs of Pt s-NCs/NPs deposited on P25
TiO, surface at room temperature (i.e., 25 °C) after 5 ALD cycles (a) and (b),
followed by the annealing in air at 400 °C for 3 h (c) and (d) and 6 h (e) and (f).
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2.8% of the clusters being larger than 1 nm. The formation of a high
density of Pt s-NCs indicates that the surface reactions between the
Pt precursor molecules and O, already take place at room
temperature.®® Nevertheless, this only occurs for considerably long
0, exposure, indicating slow kinetics of the reactions. Importantly,
the X-ray photoelectron spectroscopic analysis (Fig. S7, ESIt)
indicates the metallic state of Pt s-NCs, which is strong evidence
of the successful deposition of Pt at room temperature.

The thermal stability of the Pt s-NCs is evaluated by annealing
them in ambient air at 400 °C for 3 and 6 h. The TEM images and
PSDs of the Pt s-NCs after annealing are shown in Fig. 3c-f,
Fig. S6, and S8 (ESIY). The results indicate the coalescence of Pt
s-NCs, forming Pt NPs. However, in comparison with those
obtained by ALD at 250 and 150 °C, the coalescence caused by
the annealing is much less severe despite being conducted at a
higher temperature and for a longer processing time. This is
because the coalescence of Pt NPs mainly takes place during the
O, exposure step of ALD cycles (i.e., in the second half-cycle),
which is enhanced by the local heat generated by the combus-
tion of the precursor ligands by O,.'®* Importantly, a large
number of Pt single atoms are found on the surface of TiO,
after the annealing. This indicates that Pt single atoms are
strongly bound to the surface, suggesting a strong metal-support
interaction between the Pt single atoms and TiO,, which is of
great importance in heterogeneous catalysis.***’

Overall, the PSDs of Pt NPs and s-NCs obtained after 5 ALD
cycles under different ALD and post treatment conditions are
summarized by the box-and-whisker plots shown in Fig. S9
(ESIT). The figure indicates that the PSDs of Pt deposited at
room temperature (RT) and at 100 °C exhibit the narrowest
spans and smallest average diameters. Additionally, the smaller
vertical dimension of the boxes indicates the higher density of
the Pt NPs/s-NCs near the average diameter. The results
demonstrate great advantages of low-temperature deposition
in enabling the deposition of highly dispersed and uniform Pt
s-NCs and NPs, which have been demonstrated as highly
efficient catalysts for various catalytic reactions.>”°

In conclusion, our work demonstrates that the low-temperature
limit of the Pt ALD using MeCpPtMe; and O, can be extended to
room temperature by supplying a sufficiently high O, exposure.
The room-temperature process effectively hinders diffusion and
coalescence, enabling the deposition of a high density of Pt sub-
nanometer clusters onto the surface of P25 TiO, nanoparticles.
The post-annealing in ambient air at 400 °C causes coalescence of
Pt s-NCs, however, it is much less severe in comparison with the
coalescence taking place during ALD at 150 and 250 °C. Our
approach of low-temperature deposition may pave the way for
the optimized synthesis of Pt-supported catalysts that can max-
imize the Pt usage efficiency and catalytic performance by control-
ling both the particle size and distribution over the support.
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