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remains a challenge: it is, in fact, one of 
the main research goals of modern nano-
science.[7,9–19] Narrow PSDs are crucial 
to practical applications not only because 
NPs exhibit size-dependent properties but 
also because they are often associated with 
a higher resistance to sintering and thus 
higher stability.[17,20–22] The main obstacle 
toward narrow PSDs lies in the lack of 
fundamental understanding of the mecha-
nisms behind the formation of NPs on 
supports:[7,9,11,23] “catalysts are currently 
prepared rather than synthesized.”[23] Sup-
ported NPs are typically obtained via the 
aggregation of monomers or single atoms 
released by the decomposition of pre-
cursor molecules, which can be induced 
by reaction with one or more coreactants, 
or simply by heat treatment.[1,9,11,12] It fol-
lows that the rational synthesis of NPs 
with tailored PSDs requires an under-
standing of the interplay between pre-

cursor conversion and monomer aggregation.
Atomic layer deposition (ALD) is a well-established thin 

film deposition technique that promises to bring the precision 
of nanotechnology to catalyst synthesis.[18,19,23–26] In ALD, the 
synthesis starts with precursor molecules chemisorbing on the 
surface of the support via self-limiting gas–solid reactions: less 
than a monolayer is deposited in each reaction step.[24,27–29] 
Depending on the precursor of choice, the support is then 
exposed to a suitable coreactant so that the precursor ligands 
are removed and more precursor can chemisorb in the next 
reaction step. By repeating this sequence in a cyclic fashion, 
depending on the affinity between the ALD-grown material 
and the support, one can grow thin films, NPs, and even single 
atoms with submonolayer precision.[18,19,24,25,27–32] Crucially, 
in virtue of being a surface-driven and solvent-less technique, 
ALD circumvents several shortcomings of conventional liquid-
phase and gas-phase techniques in that: (I) it is not a line-of-
sight technique and is thus suitable for high-surface-area 
supports such as powders;[24,33,34] (II) does not suffer  
from the mass-transfer limitations inherent to liquid-phase 
processes and it is thus less prone to lead to inhomogeneous 
deposition;[18,24,25,34] (III) NP nucleation takes place on the sup-
port surface only, that is, secondary homogeneous nucleation 

A fundamental understanding of the interplay between ligand-removal 
kinetics and metal aggregation during the formation of platinum nanopar-
ticles (NPs) in atomic layer deposition of Pt on TiO2 nanopowder using 
trimethyl(methylcyclo-pentadienyl)platinum(IV) as the precursor and O2 as 
the coreactant is presented. The growth follows a pathway from single atoms 
to NPs as a function of the oxygen exposure (PO2 × time). The growth kinetics 
is modeled by accounting for the autocatalytic combustion of the precursor 
ligands via a variant of the Finke–Watzky two-step model. Even at relatively 
high oxygen exposures (<120 mbar s) little to no Pt is deposited after the first 
cycle and most of the Pt is atomically dispersed. Increasing the oxygen expo-
sure above 120 mbar s results in a rapid increase in the Pt loading, which 
saturates at exposures >> 120 mbar s. The deposition of more Pt leads to the 
formation of NPs that can be as large as 6 nm. Crucially, high PO2 (≥5 mbar) 
hinders metal aggregation, thus leading to narrow particle size distributions. 
The results show that ALD of Pt NPs is reproducible across small and large 
surface areas if the precursor ligands are removed at high PO2.

Atomic Layer Deposition

1. Introduction

Most industrial catalysts have consisted of nanoparticles (NPs) 
dispersed on high-surface-area supports since the early days of 
catalysis.[1–8] Yet, obtaining supported NPs with a narrow par-
ticle size distribution (PSD) in a controlled and scalable fashion 
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is inherently suppressed;[18,25] (IV) does not require separation 
steps and yields catalysts with little to no impurities.[22,24,25]

Although ALD of thin films on flat substrates is a mature 
technology, ALD of NPs on high-surface-area supports is still 
poorly understood.[19,24,26,35,36] For example, ALD of platinum 
NPs results in very different PSDs depending on the reac-
tion conditions, reactor configuration, and nature of the sup-
port.[19,24,31,32,35,37–44] Mackus et al.[45] argued that in Pt ALD 
the NP size depends on the oxygen exposure during the 
ligand-removal step because the presence of oxygen affects the 
mobility of Pt species and thus the aggregation of atoms into 
NPs, which in turn can catalyze combustion reactions. Yet, 
while the reaction atmosphere can certainly affect the NP by 
mediating the aggregation process,[7,8,19,21,46] the oxygen expo-
sure also determines the extent of the ligand-removal and 
thus the amount of Pt deposited in each cycle, which alone 
directly affects the NP size. In fact, the role of the extent of 
the ALD reactions in ALD of NPs is typically overlooked, espe-
cially in studies concerning flat substrates.[35] Also, it is not 
clear whether the understanding gained by studying ALD on 
flat substrates is directly applicable to ALD on high-surface-
area supports.[24,35,41] Typically, ALD on high-surface-area sup-
ports results in NPs larger than 1 nm, even after only few ALD 
cycles,[19,24,32,35,37,43] whereas achieving the same size in ALD 
on flat substrates can require as many as 50 cycles.[35] This 
discrepancy might be due to the prolonged precursor dosing 
times used in ALD on high-surface-area supports,[24,35] which 
might exacerbate NP sintering or result in undesired precursor 
decomposition. However, in our recent work, we showed that 
even in ALD on high-surface-area supports NPs mostly form 
and grow during the ligand-removal step rather than during the 
precursor dosing.[19] This is also in agreement with the recent 
findings of Dendooven et al.[42] Hence, the outstanding ques-
tions are: (1) What is the interplay between the kinetics of the 
ligand-removal step and that of the metal aggregation? And, in 
particular, is ALD of NPs reproducible across small and large 
surface areas in terms of loading and PSD? (2) Which oper-
ating conditions suppress metal aggregation, thus resulting in 
narrow PSDs?

We present a study designed to answer the above questions 
for ALD of Pt NPs on TiO2 nanopowders using Me3MeCpPt as 
the precursor and O2 as the coreactant for the ligand-removal 
step. To understand the interplay between ligand-removal and 
metal aggregation, we followed the growth from single atoms 
to NPs, at a given number of cycles, as a function of the oxygen 
exposure via elemental analysis and electron microscopy, and in 
particular via high angle annular dark field (HAADF) imaging. 
We explored a parameter space encompassing oxygen partial 
pressures and exposures times that are relevant to both vacuum 
reactors for flat substrates and reactors for large batches of 
high-surface-area substrates:[24,27,32,35,37,45,47,48] [0.1 mbar–1 bar 
× 20–600 s]. We show that the extent of ligand-removal and 
thus the amount of material deposited as a function of the 
oxygen exposure follows a sigmoidal curve, which is consistent 
with the autocatalytic nature of combustion reactions. In par-
ticular, we find that exposure values typically used in ALD on 
flat substrates lie in the “incubation” region of the parameter 
space: little to no Pt is being deposited after the first cycle as 
a result of incomplete removal of the precursor ligands after 

the oxygen exposure. Finally, we show that high oxygen partial 
pressures (≥5 mbar) result in narrow and symmetric PSDs, 
whereas low pressures result in broad PSDs with a long tails 
toward the large-size side.

2. Results and Discussion

We begin by examining the effect of the oxygen exposure on 
the ligand-removal kinetics in terms of the evolution of the 
Pt loading. First, we focus on results concerning Pt ALD on 
minute amounts of TiO2 nanopowder supported on transmis-
sion electron microscope (TEM) grids that was carried out in 
vacuum reactors designed for flat substrates. This particular 
setting allowed us to carry out ALD on supports with a high-
specific-surface-area such as TiO2 nanopowder while keeping 
the total surface area within values that are relevant to ALD 
on flat substrates (≈10−3–102 cm2). By doing so, we avoided the 
prolonged precursor exposure times that are typically associ-
ated with ALD on high-surface-area supports such as pow-
ders.[24,27,35] As we will point out later, this aspect is crucial for 
ruling out the long precursor exposures as the leading cause of 
the widely reported formation of large NPs on high-surface-area 
substrates even after a few ALD cycles.[35] After discussing the 
effect of the oxygen exposure on the ligand-removal kinetics, we 
will discuss how the oxygen exposure affects the metal aggrega-
tion and thus the PSD of the NPs. We will then show how the 
partial pressure affects the broadness of the PSD. Finally, we 
will discuss the reproducibility and scalability of the process by 
comparing the results obtained using vacuum reactors on small 
surface areas with those obtained using a fluidized bed reactor 
operated at atmospheric pressure on large areas (≃75 m2).

2.1. Ligand-Removal Kinetics from the Evolution of the Pt 
Loading

As shown in Figure 1, the amount of platinum measured after 
five ALD cycles as a function of the oxygen exposure (oxygen 
pressure × time) exhibits a sigmoidal or S-shaped curve. At low 
oxygen exposures the Pt/Ti ratio remains virtually constant at 
about 2.4 wt%. After a critical oxygen exposure, or “incubation 
phase,” the Pt/Ti ratio rapidly increases and then saturates at 
about 12 wt%. In particular, for an oxygen pressure of 1 mbar, 
the Pt/Ti ratio approaches saturation only after exposures of 
several minutes, whereas for an oxygen pressure of 0.133 mbar 
(100 mTorr) the Pt/Ti ratio remains close to the incubation 
value even after exposures as long as 10 min. Since the Pt/Ti 
ratio at saturation is five times the one in the incubation phase, 
we infer that in the experiments performed using low oxygen 
exposures, trimethyl(methylcyclo-pentadienyl)platinum(IV) 
(MeCpPtMe3) chemisorption, and thus Pt deposition, took 
place only in the first ALD cycle.

After the first cycle, the deposition of platinum can stop 
because of (1) an ineffective removal of the carbonaceous layer 
forming upon MeCpPtMe3 chemisorption and (2) the lack of 
active surface oxygen.[45,47–49] This is because MeCpPtMe3 
chemisorption proceeds through combustion-like surface 
reactions that consume surface oxygen and that produce a 
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carbonaceous layer that hinders further MeCpPtMe3 adsorp-
tion. Indeed, ex situ X-ray photoelectron spectroscopy (XPS) 
shows that low oxygen exposures result in a partial reduction 
of the TiO2 surface in concomitance with the deposition of 
small amounts of platinum (see Figure 2). Even after exposure 
to ambient conditions, the surface of the Pt/TiO2 compos-
ites obtained after five ALD cycles using oxygen exposures of 
1 mbar × 20 s presented ≈14 at% Ti3+ and ≈3 at% Ti2+, whereas 
the same number of cycles performed using an oxygen expo-
sure of 5 mbar × 300 s resulted in a surface concentration of 
Ti3+ and Ti2+ of ≈7 at% and ≲1 at%, respectively. Intermediate 
oxygen exposures resulted in intermediate degrees of reduction 
of the TiO2 surface (see Figure S1, Supporting Information). 
In other words, high oxygen exposures effectively reoxidize 
the TiO2 surface that is periodically reduced by MeCpPtMe3, 
thus providing the surface oxygen for the onset of MeCpPtMe3 
chemisorption, which would otherwise take place only during 

the first MeCpPtMe3 exposure. Furthermore, the hypothesis 
that low oxygen exposures are ineffective in combusting the 
carbonaceous layer formed upon the first MeCpPtMe3 pulse is 
also substantiated by the fact that the platinum deposited using 
low oxygen exposures is mostly atomically dispersed (see the 
first panel of Figure 3). Adsorbed carbon can in fact prevent the 
diffusion and aggregation of adatoms and thus the formation of 
NPs.[9,19,50,51]

We argue that the sigmoidal trend exhibited by the amount 
of platinum as a function of the oxygen exposure arises from 
the autocatalytic nature of the combustion of the carbon 
ligands remaining after the MeCpPtMe3 chemisorption. Chem-
ical systems, and especially combustion systems, often exhibit 
sigmoidal kinetic curves if their kinetics involves a positive 
chemical feedback or, in other words, if their kinetics is auto-
catalytic: the concentration of a reaction product increases the 
rate of its own production.[52,53] A common chemical feedback 
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Figure 1. Evolution of the platinum loading with oxygen partial pressure and exposure time after five cycles expressed in terms of Pt/Ti weight frac-
tion. a) Experimental loading and Finke–Watzky two-step model (R2 ≈ 0.92). The vertical error bars indicate the estimated 95% confidence intervals. 
The horizontal error bars indicate the minimum exposure, calculated as the target pressure times the time during which the pressure is kept constant, 
and the maximum exposure, calculated as the target pressure times the total duration of the oxygen exposure, that is, the time spanning the opening 
of the reaction chamber to the oxygen flow and the moment at which the reaction chamber has reached the base pressure. b) 2D representation of Pt 
loading versus the parameter space obtained with the fitted Finke–Watzky two-step model. The dashed line indicates the locus of the maximum growth 
rate, that is, the exposure at which 50% of the maximum loading is attained.

Figure 2. a) Pt 4d and b) Ti 2p ex situ XPS spectra of the Pt/TiO2 composites obtained after five ALD cycles using different oxygen exposures.
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in combustion kinetics, and possibly the simplest, is given by 
the so-called quadratic autocatalysis: A + B → 2B. The term 
“quadratic” arises from the fact that, if the initial concentration 
of B is close to zero, the reaction rate is ~ [A](1 [A]) [A] [A]2− = − .  
This means that A is consumed at an initial small rate that, 
increases over time, reaches a maximum, and then decreases 
again, such that the extent of reaction as a function of time is 
a sigmoid. Interestingly, sigmoidal curves often also describe 
the decomposition kinetics of metal precursors during the 
liquid-based synthesis of metal nanoparticles.[11,13,54–58] In fact, 
Finke and Watzky (F-W)[54,57,59] proposed in 1997 a physical 
model based on quadratic autocatalysis for the formation of 

iridium nanoclusters. Despite its simplicity, 
the F-W model has since found application 
in the description of a broad range of nuclea-
tion and growth phenomena.[54] The F-W 
model is based on two pseudoelementary 
reaction steps: slow and continuous nuclea-
tion (A→B, r1), followed by fast autocatalytic 
growth (A +  B → 2B, r2).[54] Here, we adapt 
the F-W two-step model to describe the 
kinetics of the cyclic combustion of the pre-
cursor ligands during the oxygen exposure, 
and thus the evolution of Pt/Ti ratio after 
five ALD cycles.

The combustion reactions underlying 
the removal of the precursor ligands during 
the oxygen exposure can comprise a large 
number of individual steps.[45,48,49] We 
reduce such sets of reactions to two pseudo-
elementary steps by assuming that all the 
individual elementary reactions can be 
grouped into two characteristics “time-scale 
bands.”[52] We therefore describe the ligand-
removal kinetics in terms of the following 
two pseudo-elementary steps: (1) slow com-
bustion reaction of the carbon ligands A, 
producing gaseous products and surface spe-
cies B (nucleation step of the F-W model); (2) 
fast autocatalytic reaction between A and B 
resulting in the production of 2B and more 
gaseous products (autocatalytic step of the 
F-W model). Several surface chemistries can 
give rise to kinetics of this kind. Although 
resolving the exact surface chemistry is 
beyond the scope of this work, we discuss 
here three possible mechanisms.

At the beginning of the oxygen exposure, 
the oxygen molecules will mostly react with 
the carbonaceous layer, as this can effec-
tively shield the TiO2 surface as well as the Pt 
atoms. The oxidation of adsorbed carbon in 
the absence of an oxidation catalyst is known 
to be a slow reaction.[19,45,49] Nonetheless, 
the slow combustion of the carbonaceous 
layer C(s) also results in the gradual reduc-
tion of the adsorbed platinum, which can in 
turn catalyze the combustion of more carbon 
ligands[45,48,49]

Pt C Pt C CO
g

2( ) ( ) → + ( )  (1)

Pt C Pt 2Pt CO
(g)

2( ) +  → +
 

(2)

where Pt(C) is the platinum precursor in its chemisorbed state 
and C(g) indicates volatile combustion products (e.g., COx, 
CxOyHz, H2O). In fact, platinum typically catalyzes combustion 
reactions by dissociating O2 into more active oxygen radicals 
(O2 → 2O•). Yet, the ability of Pt to dissociate O2 manifests itself 
only when the Pt is aggregated in fairly large (2–3 nm) and fac-
eted NPs.[22,60] Also, the catalytic reach of the Pt NPs is likely to 
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Figure 3. Representative HAADF and TEM images of the morphology of the Pt/TiO2 compos-
ites after five cycles using different oxygen exposure times. The oxygen pressure in the ligand-
removal step was 1 mbar and the exposure time of Me3MeCpPt was 5 s in all cases.



1800765 (5 of 11)

www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.small-journal.com

be limited to the carbon ligands in their neighborhood, unless, 
of course, they can migrate over the TiO2 surface. Indeed, the 
local evolution of gas and heat arising from reactions catalyzed 
by the NPs can promote NP diffusion and coalescence.[19]

Analogously, TiO2−x surface sites, which are exposed by the 
slow combustion of the carbonaceous layer, can give rise to 
an autocatalytic behavior. As the slow combustion of the car-
bonaceous layer exposes the underlying surface, O2 molecules 
can react with Ti3+ and Ti2+ sites producing superoxide radical 
groups,[61] which in turn can lead to the combustion of more 
adsorbed carbon

C S C(s)
O

(g)
2 → +  (3)

C S 2S C(s)
O

(g)
2+  → +

 
(4)

Another mechanism that is consistent with the F-W model 
is suggested by the fact that the slow noncatalyzed combustion 
of the carbonaceous layer can still lead to the formation of free 
radicals C•

(s) such as organic hydroperoxides.[62] If these radicals 
react in an autocatalytic fashion with the remaining adsorbed 
carbon then we can write

C C C(s)
O

(s)
•

(g)
2 → +

 
(5)

C C 2C C(s) (s)
• O

(s)
•

(g)
2+  → +

 
(6)

At any rate, all of the above scenarios translate into the same 
differential equation

t
k k k k P k k Pm nd

d
1 , andc

1 c 2 c c 1 1
0

O 2 2
0

O2 2( )Θ = Θ + Θ − Θ = =
 

(7)

where Θc is the surface coverage of adsorbed carbon, PO2  is 
the oxygen partial pressure, and k1

0 , k2
0  and m, n are reac-

tion constants and the reaction orders of the two pseudoele-
mentary reaction steps, respectively. Equation (1) allows us to 
describe the ligand-removal kinetics as a function of the oxygen 
exposure. If we also assume that: (2) the amount of platinum 
that can be deposited in each cycle is proportional to (1 − Θc);  
(2) the extent of the ligand-removal step and thus Θc is the 
same in each cycle; and (3) the maximum loading scales lin-
early with the number of cycles within the first five ALD cycles, 
then the Pt/Ti weight ratio is

M M P t m m/ ( , ) 1 4(1 )Pt Ti O 5 5 1 c2  [ ]= + − Θ  
(8)

where m1 is Pt/Ti weight ratio after the first cycle. It follows 
that

m P t
m

k k

k
e

k

k
e

t k k

t k k
( , )

5
4

1
5 O

1
2 1

1

( )

2

1

( )
2

1 2

1 2



+ −





+

− +

− +

 

(9)

By assuming that the two pseudo-elementary reaction 
steps are first-order reactions with respect to the oxygen par-
tial pressure (m =  n = 1), we obtain a reasonable description 
of the data (R2 ≃ 0.92) with only two parameters: k1

0  and k2
0. 

We find that the time scales of the two pseudo-elementary 
steps are well separated: k k/ 4 10 12

0
1
0 6

≈ × , where k 0.12
0 ≈  

mbar−1 s−1. Figure 1b shows a 2D representation of the Pt/
Ti ratio as a function of the oxygen partial pressure and expo-
sure time obtained with the F-W two-step model. This model 
allows us to give a rigorous definition to the upper boundary 
of the induction phase (black region in Figure 1b). We define 
the upper boundary of the induction phase as the oxygen expo-
sure ⋅( )O2P t  at which the acceleration of the reaction rate is 
maximum[54]

( )⋅ =
−





+
= ± ⋅

ln (2 3)
119 15mbar sO induction

2
0

1
0

1
0

2
02P t

k

k

k k
 

(10)

In other words, oxygen pressures as high as 1 mbar would 
result in little to no combustion of the ligands even after 2 min 
of oxygen exposure. The main conclusion that can be drawn 
from this analysis is that a wide cross section of the literature 
on ALD of Pt NPs on oxides is likely based on experiments 
where the ligand-removal step was not carried out to com-
pletion. In fact, a large number of studies are based on ALD 
experiments carried out with oxygen pressures ≤ 1 mbar and 
exposure times ≤ 60 s.[18,31,35,40,42,45]

2.2. Effect of the Oxygen Exposure on the Size Distribution

Electron microscopy shows that the oxygen exposure deter-
mines not only the Pt loading but also the degree of metal 
aggregation. Figure 3 shows HAADF-STEM and TEM images 
of the morphology of the Pt/TiO2 composites obtained after five 
cycles at different oxygen exposure times and at an oxygen pres-
sure of 1 mbar. The Z-contrast of the HAADF-STEM images 
clearly shows that the Pt deposited within the incubation phase 
(1 mbar × 20 s) remains mostly atomically dispersed. Not run-
ning the ligand-removal step to completion is therefore a viable 
avenue to fabricate supported single atoms. In fact, we argue 
that Sun et al.[40] could deposit single atoms (and NPs) on gra-
phene sheets because of the short oxygen exposures (2 s) and 
low oxygen pressures (<1 mbar) they used. On the other hand, 
long exposure times (≥180 s), and thus higher Pt loadings, 
result in the formation of NPs that can be as large as 6 nm 
even after only five cycles. These numbers clearly indicate that 
the NPs form and grow via diffusive aggregation rather than 
by layer-by-layer growth. Also, this clearly demonstrates that  
the formation of large NPs after a few ALD cycles on high-surface-
area substrates is not necessarily due to a long precursor dosing.[35] 
Finally, while single atoms and clusters of two or three atoms are 
still present in the composites obtained with long oxygen expo-
sures (see Figure 3), most of the Pt is contained in NPs (≥1 nm).

Although high oxygen exposures (>120 mbar s) resulted in 
about the same Pt/Ti ratio (≃12 wt%), irrespective of the oxygen 
pressure, the degree of the metal aggregation was a strong 
function of the oxygen pressure. Figure 4 shows TEM images 
of the Pt/TiO2 composites obtained after five cycles using dif-
ferent oxygen partial pressures. An oxygen pressure of 0.1 mbar 
resulted in no visible NPs even when using oxygen exposure 
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times of 300 s. At higher pressures (0.27–10 mbar) and long 
oxygen exposures (300–600 s) the Pt forms into NPs whose size 
range depends on the oxygen pressure. Interestingly, oxygen 
pressures below 5 mbar result in few and mostly large NPs 
(≥2 nm), whereas oxygen pressures ≥ 5 mbar result in a high 
density of small NPs ≈1 nm. Figure 5 quantifies this difference 
by showing the PSDs and the average number density of the 
NPs on composites with about the same Pt loading as a function 
of the oxygen pressure. Clearly, high oxygen pressures result in 
narrow PSDs, whereas low oxygen pressures result in broad and 
right-skewed PSDs. To investigate this further we also carried 
out ten cycles using 10 mbar of oxygen. As shown in Figure 6, 
after ten cycles the NPs are still small and well-dispersed and the 
PSD remains narrow while shifting toward the large-size side.

Interestingly, the PSDs obtained at high oxygen pressures 
are consistent with a recent report on Pt ALD on TiO2 (flat 

substrate) using oxygen plasma at 300 °C as the oxidizer.[44] In 
fact, also Rontu et al.[44] report the formation of NPs of 1–2 nm 
after five ALD cycles. It is reasonable to assume that the oxygen 
plasma used by Rontu et al.[44] insured the complete combus-
tion of the carbon ligands. This reinforces our conclusion that 
NPs >1 nm can emerge even after only few ALD cycles pro-
vided that the carbon ligands are removed and that atom dif-
fusion is active. Also, the fact that a strong oxidizer such as 
oxygen plasma led to narrow PSDs offers a clue into the NP 
growth mechanism.

2.3. On the Mechanisms of Nanoparticle Formation and Growth

There are at least two possible phenomena that can account for the 
different degree of metal aggregation observed at different oxygen 
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Figure 4. Representative TEM images of the morphology of the Pt/TiO2 composites after five cycles using different oxygen pressures. The oxygen 
exposure time in the ligand-removal step was of b) 600 s and a,c,d–f) about 300 s. The exposure time of Me3MeCpPt was 5 s in all cases.

Figure 5. Particle size distribution (PSDs) after five cycles at a) low and b) high oxygen pressure and at different exposure times. The PSDs are 
expressed in terms of probability density function, and the number of bins was estimated by using the Freedman–Diaconis rule. c) Average number 
of NPs per unit area (density) as a function of oxygen pressure estimated from the PSDs and the platinum loading approximating the NPs to hemi-
spherical caps (the error bars indicate 95% confidence intervals).
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pressures: (1) increased adhesion energy between the Pt NPs and 
TiO2 at high oxygen partial pressures due to the formation of a 
stable interfacial oxide that acts as an anchoring point; and (2) 
pressure-dependent competition between direct ligand combus-
tion, autocatalytic surface growth, and diffusive aggregation.

The interaction between Pt and TiO2 has been widely 
studied.[63] Yet, most of the research concerned with the sta-
bility of Pt overlayers has been devoted to the understanding 
of what is referred to as the strong metal–support interaction 
(SMSI)[63–65] under highly reducing conditions, that is, at high 
temperature and ultrahigh vacuum. Far less research has been 
devoted to the stability of Pt on TiO2 under oxidizing conditions 
and relatively low temperatures (300 °C). Nonetheless, it is well 
known in catalysis that noble metal NPs supported on oxides 
can be stabilized via a mild oxygen treatment. In particular, 
Solano et al.[66] have recently shown that the formation of a PtO2 
shell around Pt NPs upon exposure to oxygen is crucial to their 
stability against coarsening: The onset of coarsening is retarded 
at higher oxygen partial pressures, as these stabilize the PtO2 
shell. In general, the adhesion energy between a metal such as 
Pt and an oxide increases with the density of surface oxygen 
atoms on the oxide surface,[67] which in turn is a function of the 
oxygen partial pressure. Nagai et al.[68] have shown that the sin-
tering of Pt in oxidizing conditions can be inhibited as a result 
of an increase of the electron density of oxygen in the support, 
which result in strong Pt-oxide-support interactions. It has also 
been proposed that oxygen spillover from the support to noble 
metal NPs can prevent NP agglomeration by introducing short-
range interparticle repulsion forces.[69,70] High oxygen partial 
pressures, by increasing the surface density of surface oxygen, 
could therefore increase the Pt/TiO2 adhesion energy and pro-
mote interparticle repulsion via enhanced oxygen spillover.

Another possibility is that the kinetics of the combustion of 
the ligands affects the way the NPs form and grow. For example, 

at low oxygen pressure the rate of ligand combustion, and thus 
the formation of mobile Pt atoms, is very low. As a result, the 
nucleation rate of Pt NPs will be very low, that is, at the begin-
ning only a few NPs form. Yet, if the NPs can catalyze the 
combustion of more ligands and thus the formation of more 
mobile Pt atoms, the few nucleated NPs can undergo rapid 
autocatalytic surface growth, thus suppressing the formation of 
more NPs. While the NPs will likely catalyze the combustion of 
carbon ligands only in their neighborhood, the local evolution 
of gas and heat can promote NP mobility,[19,71] thus enlarging 
the effective catalytic reach of the growing NPs. Indeed, Pt 
NPs have been reported to undergo diffusion and coalescence 
upon heat treatment.[63,72] On the other hand, at high oxygen 
pressure, the noncatalytic combustion of the organic ligands 
(first step of the F-W model) can be fast enough to generate a 
high concentration of mobile Pt atoms in a short time, which 
would then lead to the nucleation of a large number of small 
NPs. A similar mechanism involving a competition between 
autocatalytic surface growth and diffusive agglomeration was 
also invoked by Aiken et al.[13] to explain the effect of hydrogen 
concentration on the PSD of colloidal Rh NPs synthesized by 
reducing a Rh precursor in the liquid phase.

2.4. Reproducibility Across Small and Large Surface Areas

Figure 7 shows that ALD of Pt NPs is reproducible across small 
(≤10−3 cm2) and large (≈75 m2) surface areas, as well as reactor 
configurations, provided that the ligand-removal step is car-
ried out at high oxygen partial pressure (≥5 mbar). Remarkably, 
the size range is virtually unaffected by the fact that the large-
surface-area experiments required precursor exposure times 
as long as 12 min whereas the small-surface-area experiments 
were carried out with a precursor exposure of 5 s (the oxygen 
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Figure 6. Morphology of the Pt/TiO2 composites at low and high oxygen partial pressure. HAADF images of the composites after five cycles using an 
oxygen pressure of a) 1 and b) 10 mbar. c) HAADF image of the composite after ten cycles using an oxygen pressure of 10 mbar. TEM images of the 
composites after d) 5 and e) 10 cycles using an oxygen pressure of 10 mbar. f) HAADF image of the composite after ten cycles using an oxygen pres-
sure of 10 mbar. g) Particle size distributions of the Pt NPs after 5 and 10 cycles using an oxygen exposure of 10 mbar.



1800765 (8 of 11)

www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.small-journal.com

exposure time was of ≈300 s in all cases). This further validates 
the hypothesis that the formation and growth of NPs during 
ALD are mostly determined by the operating conditions during 
the ligand-removal step.[19]

3. Final Remarks and Outlook

The status of the surface of the TiO2 nanopowder and, in par-
ticular, its degree of reduction clearly plays a crucial role on the 
Pt stability as well as on the Me3MeCpPt chemisorption. Here, 
we have shown that the TiO2 surface is partially reduced during 
the Me3MeCpPt chemisorption and oxidized during the oxygen 
exposure. Oxygen molecules can oxidize the TiO2 surface 
during or after the carbonaceous layer is combusted. Yet, we 
could not directly resolve the exact dynamics of the evolution of 
the removal of the carbonaceous layer and of the TiO2 surface 
chemistry. This would in fact require in operando or, at least, 
in situ surface techniques. The same is true for verifying the 
formation of a PtO2 shell around the Pt NPs during the oxygen 
exposure and its dependence with the oxygen partial pressure. 
These aspects certainly merit further study. Furthermore, here 
we did not explore the effect of surface modifications prior to 
ALD. Previous studies have already shown that tailored sur-
face pretreatments can be instrumental not only to the onset 
of precursor chemisorption but also to the mitigation of metal 
aggregation.[30,31,73,74] While the initial state of the surface of the 
support is crucial for the whole ALD process, our results also 
emphasize how the sequential exposure to different reacting 
environments induces periodic changes in the metal–support 
interaction, whose nature and extent are a strong function of 
the operating conditions. Understanding how the reaction 
atmosphere affects the overlayer stability during each ALD step 
is crucial to the devising of ALD schemes that enable deposi-
tion while retaining minimal metal aggregation. Finally, as the 
operating conditions can affect not only the size of the NPs but 
also their surface chemistry, further studies should be dedi-
cated to the effect of the deposition conditions on the catalytic 
performance of the as-synthesized supported Pt NPs.

4. Conclusions

We have established that:

• Me3MeCpPt/O2 ALD of Pt NPs on TiO2 nanopowders is re-
producible across small and large surface areas in terms of Pt 
loading, provided that the ligand-removal step is carried out 
with oxygen exposures above a critical threshold (≈120 mbar s).  
This is because the extent of ligand-removal as a function 
of the oxygen exposure follows a sigmoidal profile charac-
terized by an “incubation” region at low oxygen exposures  
(≤120 mbar s). The latter results in negligible deposition af-
ter the first cycle. In particular, after five ALD cycles, the Pt 
remains mostly atomically dispersed over the TiO2 surface, 
which remains partially reduced as a result of Me3MeCpPt 
chemisorption. This shows that single-atom catalysts can in-
deed be fabricated with ALD by not running the ligand-removal  
step to completion. On the other hand, oxygen exposures  
> 120 mbar s lead to (1) an increase in the Pt loading, which 
saturates at high oxygen exposures, indicating the complete 
removal of precursor ligands, and (2) the progressive oxida-
tion of the TiO2 surface. The higher Pt loading at high oxygen 
exposures results in the formation of NPs > 2 nm even after 
only five ALD cycles. This is the case regardless of the reactor 
configuration and the total surface area. In particular, oxy-
gen pressures typically accessible in vacuum reactors for flat 
substrates (e.g., 0.1–1 mbar) translate into exposure times on 
the order of several minutes for the ligand-removal step to 
reach saturation. Since Pt ALD is often carried using oxygen 
exposure times on the order of tens of seconds at most, we 
argue that most studies reporting on Pt NPs on oxides per-
formed in vacuum reactors for flat substrates are based on 
experiments where the ligand-removal step was not run to 
completion. This can explain why the size of the NPs grown 
by Pt ALD on flat substrates is often reported to be lower than 
the size of NPs grown by Pt ALD on powders, which is usu-
ally performed using oxygen exposures on the order of min-
utes. Finally, the ligand-removal kinetics is well described by 
a variant of the Finke–Watzky allowing for the autocatalytic 
combustion of the carbon ligands.

• While the metal loading is reproducible across different sur-
face areas, provided that the oxygen exposure is »120 mbar s, 
the PSD is a strong function of the oxygen partial pressure. 
At oxygen pressures ≤ 1 mbar the PSDs are broad and right-
skewed (1–6 nm after five cycles), whereas at oxygen pres-
sures ≥ 5 mbar the PSDs are narrow and symmetric (1–3 nm 
after five cycle). As a result, the number of NPs per unit area 
is significantly higher at higher pressures. This suggests that 
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Figure 7. TEM images of the Pt/TiO2 composites obtained using a custom-made vacuum reactor for flat substrates a) using an oxygen pressure of 
5 mbar and b) using a fluidized bed reactor operating at an oxygen pressure of 200 mbar. c) Particle size distributions of the Pt NPs obtained in the 
vacuum reactor for flat substrates and of those obtained using the fluidized bed reactor. In all cases, the oxygen exposure time was about 300 s.
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high oxygen partial pressures suppress the diffusive aggrega-
tion of Pt NPs by (1) promoting the formation of a PtO2 shell 
that anchors the NPs to the TiO2 surface and (2) promoting 
the rapid combustion the carbon ligands, and thus the gener-
ation of a large number of mobile Pt atoms in a short period 
of time, which in turn results in the burst nucleation of many 
small NPs.

In conclusion, we have shown that understanding how the 
operating conditions during the ligand-removal step affects sur-
face chemistry and metal aggregation is crucial for achieving 
the synthesis of supported NPs with narrow PSDs in a repro-
ducible and scalable fashion. This is true for all ALD routes 
for supported NPs that rely on the cyclic removal of precursor 
ligands. Also, our results are of relevance to the emerging 
field of area-selective ALD as we clearly show that, while the 
growth might be kinetically suppressed by a slow ligand-
removal step, single atoms are still deposited during the first 
precursor exposure. Nonetheless, this aspect, while detrimental 
to area-selective ALD, can still be exploited for the synthesis of 
single-site catalysts.

5. Experimental Section
Materials: The metal precursor MeCpPtMe3 (99%) was obtained 

from Strem Chemicals and used as received. The nanopowders 
used as the substrate consisted of Aeroxide P-25 titanium dioxide 
particles (TiO2, 99.5% purity) received from Evonik (average size: 
21 nm, surface area 50 m2 g−1). The nanopowders were supported on 
QUANTIFOIL (R 1.2/1.3 type, 3.05 mm in diameter) aluminum grids 
for TEM. The TEM grids were loaded with TiO2 nanopowder by drop-
casting a solution prepared by crashing the powder in an agate mortar in 
ethanol. The same dispersion was used for all the TEM grids.

ALD of Pt in Vacuum Reactors for Flat Substrates: The majority of the 
ALD experiments, that is, the ones concerning oxygen partial pressures 
of 0.1, 0.5, 1, 5, and 10 mbar, was performed in a custom-built single-
wafer hot-wall ALD reactor already described elsewhere.[75–77] The reactor 
chamber was 25 cm3 in volume and was loaded via a loadlock system, 
which was instrumental in maintaining the reactor at high vacuum (base 
pressure ≈ 2 × 10−7 mbar). In each experiment, a TEM grid loaded with 
TiO2 nanopowder was placed on a dummy silicon wafer, which was 
then loaded into the ALD reactor. An order of magnitude estimate of 
the upper bound of the total TiO2 surface present in each experiment 
can be obtained by assuming that the TiO2 particles occupy 10% of the 
volume of the cylinder having a height of 100 nm and a diameter equal 
to the one of the TEM grid (3.05 mm):[78] π −

0.1 10 cm2
TiO BET

3 2
2

R h S� ,  
where SBET is the surface area per unit mass of the TiO2 nanopowder 
and TiO2
�  is the density of TiO2. Such surface area is about five orders 

of magnitude lower than the one of the 4 in. wafer (≈80 cm2) on which 
the TEM grid is placed. The bubbler containing MeCpPtMe3 was kept 
at 70 °C via a heating jacket. The vapor pressure at this temperature 
was measured to be 1.9 mbar. The line connecting the bubbler to the 
reaction chamber was kept at 80 °C. All the deposition experiments were 
carried out at 300 °C. Each ALD cycle consisted of the following steps: 
(I) 5 s of MeCpPtMe3 precursor dosing; (II) a pump down period long 
enough such that a base pressure of 5 × 10−6 mbar is reached (pump); 
(III) 10 s of N2 purge (50 sccm); (IV) pump; (V) O2 exposure (50 sccm), 
(VI) pump; (VII) 30 s of N2 purge; and (VIII) pump. The time required to 
pump down the chamber after each oxygen exposure as well as the time 
required reaching the target pressure varied depending on the target 
oxygen pressure. The former increased from ≈2 to 120 s and the latter 
increased from ≈2 to 55 s upon increasing the target pressure from 
0.1 to 10 mbar. Once reached, the target pressure was kept constant for 

the designated exposure time, which varied in the range 20–600 s. The 
series of experiments at 100 and 200 mTorr (0.133 and 0.267 mbar) of 
oxygen were carried out in a FlexAL ALD system following an analogous 
procedure.

ALD of Pt on Gram-Scale Batches of TiO2 Nanopowders: These ALD 
experiments were carried out in a custom-built fluidized bed reactor 
operating at atmospheric pressure already described elsewhere.[19,22,79] 
The Pt precursor, contained in a stainless steel bubbler, was heated 
and kept at 70 °C by a heating jacket controlled by a PDI controller. 
The stainless steel line connecting the bubbler and the reactor was kept 
at 80 °C to avoid the precursor condensation. The reactor was heated 
via an infrared lamp placed parallel to the column. The temperature 
was measured by a thermocouple inserted in the powder bed and 
controlled by a PDI controller. In each experiment, 1.5 g of TiO2 were 
loaded into the reactor. The powder was fluidized by means of a gas 
flow 0.5 L min−1. Prior to ALD, the powder was dried in air at 120 °C 
for 1 h and then pretreated in pure oxygen at 300 °C for 5 min. The 
ALD process consisted of sequential exposures of the powders to the 
Pt precursor (8–12 min) and synthetic air or pure oxygen (5 min), 
separated by a purging step (10–15 min) using nitrogen as an inert gas 
(N2, 99.999 vol%).

Characterization: The morphology of the Pt/TiO2 composites was 
investigated by means of TEM and HAADF-STEM. STEM-BF and 
HAADF transmission electron microscopy images were recorded using 
a JEOL JEM-ARM200F double Cs-corrected TEM equipped with a FEG, 
a STEM unit, and an HAADF detector, operated at 200 kV. TEM images 
were obtained using a JEOL JEM1400 transmission electron microscope 
equipped with a JED-2300 Analysis Station for energy-dispersive X-ray 
spectroscopy (EDS) and operating at 120 kV. Number-based particle size 
distributions of the ALD-grown Pt NPs were obtained by image analysis 
of 10–30 TEM images taken at different locations and at different 
magnifications (e.g., 50k and 100k). For each sample, the equivalent 
projected diameter 4 /pd A π=  of 600–1000 Pt NPs was measured 
manually using the software ImageJ. For all the experiments carried out 
on TiO2 nanopowders supported on TEM grids, the elemental analysis 
was carried out via EDS and XPS. XPS measurements were performed 
via a K-alpha Thermo Fisher Scientific spectrometer (see Figure S1, 
Supporting Information). Elemental analysis of the samples obtained 
with the fluidized bed reactor was carried out via inductively coupled 
plasma optical emission spectrometry (ICP-OES) using a Perkin Elmer 
Optima 3000 DV optical emission spectrometer. The Pt/Ti ratio was 
obtained via EDS by acquiring about 20 spectra at different locations on 
the TEM grid and at different magnifications (see Figure S2, Supporting 
Information). The 95% confidence intervals were estimated by bootstrap 
sampling using the Matlab function “bootci” with 10 000 iterations. To 
confirm the validity of this method, three samples obtained with the 
fluidized bed reactor were characterized by both ICP-OES and EDS. 
The two methods are found to be in reasonable agreement (see the 
Supporting Information).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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