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ABSTRACT: Pt nanoparticles were grown on titanium oxide and tungsten oxide at 200
°C by Pt atomic layer deposition (ALD) using platinum(II) hexafluoroacetylacetonate
[Pt(hfac),] and formalin as the reactants. The Pt ALD surface chemistry and Pt
nanoparticles were examined using in situ Fourier transform infrared (FTIR) vibrational
spectroscopy and ex situ transmission electron microscopy (TEM). The FTIR spectra
identified the surface species after the Pt(hfac), and formalin exposures on TiO,. An
infrared feature at ~2100 cm™' in the FTIR spectrum after Pt(hfac), and formalin
exposures on TiO, was consistent with CO on Pt, revealing that Pt(hfac), and formalin
exposures led to the formation of Pt nanoparticles. The FTIR spectrum of Pt(hfac), on
TiO, was very similar to the FTIR spectrum of hexafluoroacetylacetone (hfacH) on TiO,.
The FTIR spectra also revealed that hfacH blocked the adsorption of Pt(hfac), on TiO,.
The coverage of the Pt nanoparticles could be reduced by preadsorbing hfacH on TiO,
prior to Pt(hfac), adsorption. Time-dependent FTIR spectra showed that the coverage of
hfacH and its adsorption products were reduced versus time following hfacH exposure. Pt ALD on WO, at 200 °C led to the
growth of Pt nanoparticles that were fairly similar to the Pt nanoparticles from Pt ALD on TiO,. The TEM images revealed that
the size of the Pt nanoparticles on WO, could be adjusted by varying the number of Pt ALD cycles. Because of site-blocking by
the hfac ligands, the Pt(hfac), and formalin reactants required many more ALD cycles for nucleation and growth compared with
other Pt ALD surface chemistries.

170 cycles Pt

1. INTRODUCTION Pt(acac), and ozone.” In addition to combustion chemistry, Pt
ALD can be defined using Pt precursors together with reducing
agents. One example of this reduction chemistry for Pt ALD is
the use of MeCpPtMe; and H, plasma as the reactants.'® Other
reducing agents can also be employed, such as formalin. Pt
ALD using platinum(II) hexafluoroacetylacetonate [Pt(hfac),]
and formalin should be similar to Pd ALD using Pd(hfac), and
formalin."' ™3

In contrast to ideal growth of ultrathin and conformal films
using ALD,”> Pt ALD leads to the deposition of nanoparticles

Platinum is one of the most important catalysts in
heterogeneous catalysis. Platinum is also extremely resistant
to oxidation' and is a common electrode material in oxygen-
containing and aqueous environments. Platinum is especially
important as a catalyst for the oxygen reduction reaction
(ORR) in polymer electrolyte membrane (PEM) fuel cells.”
Unfortunately, Pt is a precious metal and its high cost requires
that Pt be used very efficiently. Approximately ~80 g of Pt

catalyst were required for 75 kW PEM automotive fuel cells in 5 A i .
2005.> Although the Pt requirements have decreased in recent during initial film growth. Pt nanoparticles are observed during

14,15 15,18
years, there is still an economic need to reduce the amount of Pt AI;P 200n carbor},s s 4carbon Z?anotugg/ graphene,
ibility i TiO,,'”*° SrTi0,,'*?'7** Zn0,*®> WC,*° ALO,,'*?"*®
Pt to reduce the fuel cell cost. One possibility is that Pt can be Y N ’ % VY3
deposited with greater control using atomic layer deposition Si0,, and various sputtered metal films.™ The appearance

(ALD) techniques.’ of Pt nanoparticles is linked to several causes. One factor is the

Pt ALD was initially reported using lack of appropriate surface functional groups on the underlying
. . 31

(methylcyclopentadienyl )trimethylplatinum (MeCpPtMe,) substrate for the reaction with Pt ALD reactants.” Another

and O, as the reactants. The mechanism of this reaction is issue is the poisoning of the initial substrate by the ligands from

based on combustion chemistry where the oxygen burns the

organic ligands from the Pt precursor.”® The nucleation of Pt Received: December 22, 2013
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the Pt ALD reactants.'"® In addition, perhaps the most
important reason is the high surface energy of ~2.5 J/m” for
platinum,** which leads to the formation of Pt nanoparticles to
minimize the Pt surface area to lower the surface energy.lo’33

In this work, Pt ALD was examined on titanium oxide and
tungsten oxide surfaces. TiO, is an important metal oxide
substrate for Pt in supported metal catalysis and photo-
catalysis.'”"*° Pt—TiO, and Pt—WO, are also used as
electrocatalysts in fuel cells because of their high activity,
stability, and resistance to CO poisoning.**™>” The surface
chemistry during the initial nucleation of Pt ALD on TiO, was
explored using in situ FTIR vibrational spectroscopy studies.
The growth of the Pt nanoparticles on titanium oxide and
tungsten oxide was monitored using ex situ TEM investigations.

The goal of this work was to develop methods to control
both the coverage and size of the Pt nanoparticles. The studies
focused on Pt ALD using Pt(hfac), and formalin as the
reactants. Previous studies have observed that Pd ALD using
palladium(II) hexafluoroacetylacetonate [Pd(hfac),] and for-
malin as the reactants leads to the formation of Pd
nanoparticles on ALO; and TiO, substrates.''~'*?%7*
Previous work on Pd ALD also showed that the hfac ligand
was effective at blocking Pd(hfac), reactant adsorption during
Pd ALD."™" This site-blocking by the hfac ligand may provide
a method to control the Pt nanoparticle coverage.

2. EXPERIMENTAL SECTION

The Pt ALD was performed in a vacuum reactor equipped for
in situ FTIR analysis. This reactor has been previously
described in detail.** Briefly, the vacuum reactor was a warm
wall viscous flow reactor. The walls of the reactor were
maintained at ~130 °C. The reactor was constantly pumped
with a mechanical pump (Alcatel 2010 C1). Using two mass
flow controllers (URS-40), the N, gas in viscous flow was
maintained at 1.25 Torr using a N, flow rate of 200 sccm. A
capacitance manometer (MKS) monitored the N, viscous flow
gas leaving the reactor. The N, flow gas was UHP grade
(Airgas).

The precursors for the platinum growth were Pt(hfac), (98%
pure from Strem Chemicals Inc.) and formalin (37%
formaldehyde and 10% methanol in water from Sigma-Aldrich).
Both reactants were transferred to dosing vessels and degassed
before experiments. To ensure appreciable vapor pressure,
Pt(hfac), was heated to 80 °C during the experiments.
Formalin was maintained at room temperature.

The in situ FTIR experiments were performed using
transmission FTIR through TiO, powder samples.** Powder
samples increase the sample surface area and improve the FTIR
signal-to-noise compared with flat samples.**** The powders
were pressed into a sample grid that could be resistively heated
to high temperatures. The sample grid was made using a
tungsten mesh with 100 lines per inch (Tech-Etch). The TiO,
powders were mechanically pressed into this tungsten mesh.
The tungsten oxide powders were also coated using the
tungsten mesh.

The titanium dioxide nanopowder was crystalline with ~80%
anatase and ~20% rutile (Nanophase Technologies Corp.).
The tungsten oxide nanopowder was obtained from the
National Renewable Energy Laboratory. The WO, nanorods
were grown using hotwire chemical vapor deposition in an
argon and oxygen atmosphere.** The tungsten oxide had
multiple oxidation states, including W, WO, and WOj;. The y
and monoclinic phases of tungsten oxide were present as
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determined by X-ray diffraction. Thermogravimetric analysis
indicated that the bulk oxidation state of the tungsten oxide was
WO, o. Therefore, the tungsten oxide samples used for this
work are designated as WO,.

The TiO, and WO, powder samples were pressed into the
tungsten mesh and loaded into the reactor. The samples were
purged with gaseous nitrogen for at least 1 h and then cleaned
by annealing in vacuum to high temperature to remove carbon
impurities. The TiO, powders were heated to 500 °C for 3—35
min. The WO, nanorods were heated to 350 °C for 3—5 min.
The tungsten mesh could reach temperatures over 650 °C. A
temperature controller (Love Controls 16A) was used to
control the temperature. A type K thermocouple was used to
measure the temperature. The resistive heating current was
supplied by a dc power supply (Hewlett-Packard 6268B).

The FTIR spectrometer was a Nicolet model Magna IR 560.
CsI windows on the reactor allowed the infrared light to pass
through the powder samples. The CsI windows were protected
by gate valves during the reactant exposures. The infrared
detector was a mercury cadmium telluride (MCT-B) detector.
This MCT-B detector was cooled to 77 K with liquid nitrogen
prior to use. The TiO, powder samples were sufficiently
transparent for transmission FTIR studies. In contrast, the WO,
powders absorbed the infrared radiation because of their
electrical conductivity.

X-ray photoelectron spectroscopy (XPS) was used to
confirm that the Pt nanoparticles on the WO, nanorods were
metallic. The XPS analysis was performed using a PHI 5600 X-
ray photoelectron spectrometer using a monochromatic Al Ko
source. The XPS depth-profiling to remove the surface carbon
was conducted using argon sputtering. Transmission electron
microscopy (TEM) was conducted at the National Renewable
Energy Laboratory. The TEM was performed using an FEI
Tecnai ST 30 TEM instrument with standard bright field
electron diffraction contrast imaging operating at 200 kV.

3. RESULTS AND DISCUSSION

Parts a and b of Figure 1 show FTIR spectra from 2200 to 900
cm™ after the adsorption of hexafluoroacetylacetone (hfacH)
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Figure 1. FTIR spectra after adsorption on TiO, powders at 200 °C.
(a) Adsorption of hexafluoroacetylacetone (hfacH). (b) Adsorption of
Pt(hfac),. The FTIR spectra are referenced to the initial TiO,
powders. The peak assignments are given in Table 1.
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and Pt(hfac),, respectively, to near saturation coverages on
TiO, powders at 200 °C. These FTIR spectra are referenced to
the initial TiO, powder. The similarities and differences of
these two spectra are useful to identify the vibrational
absorbances for hfacH and Pt(hfac), on TiO, powders. The
spectra are similar because both adsorbates share the same hfac
group. The spectra are different because the Pt in the Pt(hfac),
leads to a distinct absorbance feature in the carbonyl region at
1590 cm™. This absorbance feature is assigned to Pt on the
basis of the previous infrared spectroscogy studies of Pt(hfac),
and Pd(hfac), on copper surfaces.*>*’ Another distinct
absorbance feature for Pt(hfac), is the absorbance at ~2100
cm™ associated with CO on Pt nanoparticles.* ™' CO
adsorbed on either anatase or rutile TiO, displays absorbance
features at higher frequencies.”>>> The CO may be derived
from residual CO gas in the reactor or decomposition of the
hfac ligand.

All the vibrational assignments are given in Table 1. Many of
the vibrational absorbance features correspond with intact

Table 1. Vibrational Mode Assignments after Pt(hfac), and
Formalin Exposures on TiO,

mode frequency

no. vibration cm™! ref

1 CO on Pt/TiO, ~2100 48-51

2 C=C stretch 1640 54

3 C=0 stretch 1625 54

4 Pt C=0 + C—H bend 1590 46, 55

N C=0 stretch + C—H bend 1550 46, 55

6 C=C stretch 1530 SS

7 C—H bend +C=C stretch 1440 54

8 C—C stretch + C—F stretch 1360 54, 56

9 CF; stretch 1250 54, 56

10 CF; stretch 1230 54, 56

11 C—H bend 1180 54, 56

12 C—H stretch 2942 59

13 C—H stretch 2837 59

14 COO stretch of formate 1550 59, 64, 65
15 COO stretch of formate 1370 59, 64, 65
16 C—O stretch 1026 59

HfacH or hfac ligand on the surface. The carbonyl C=0
stretching vibrations are observed at 1640 and 1625 em™' A
C=O0 stretching + CH bending combination band is also
monitored at 1550 cm™.* Earlier isotope substitution work
provides additional support for these assignments.”> The C=C
stretching vibration is observed at 1530 em™13 A C-H
bending + C=C stretching combination band and a C-C
stretching + C—F stretching combination band are monitored
at 1440 and 1360 cm™!, respectively.**° Likewise, the CF,
vibrations and C—H bending modes are observed at 1250,
1230, and 1180 cm ™}, respectively.s“’56

Figure 2 shows the FTIR spectra from 4000 to 2400 cm™
after hfacH and Pt(hfac), exposure on TiO, powders. These
FTIR spectra display the higher frequency region of the spectra
in Figure 1. The FTIR spectrum in Figure 2a shows a negligible
absorbance change in the O—H stretching region following
hfacH adsorption on TiO, at 200 °C. Because of the keto—enol
equilibrium, hfacH could adsorb on TiO, in the keto or enol
form. The lack of absorbance in the O—H stretching region
argues that hfacH adsorbs on TiO, in the keto form. In
addition, hfacH does not adsorb on the TiO, surface by
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Figure 2. FTIR spectra in the O—H and C—H vibrational stretching
region after adsorption of (a) hfacH and (b) Pt(hfac), on TiO,
powders at 200 °C. These spectra correspond to the same samples
presented in Figure 1 and are referenced to the initial TiO, powders.

dissociative adsorption. Dissociation chemisorption would have
added new O—H stretching vibrations on the TiO, surface. The
addition of a C—H stretching vibration from the hfacH together
with the absence of an O—H stretching vibration are consistent
with the associative adsorption of hfacH in the keto form on
TiO, powders.

The FTIR spectrum in Figure 2b displays a very small
absorbance loss in the O—H stretching region following
Pt(hfac), adsorption on TiO, at 200 °C. This absorbance
loss observed at ~3700 cm™' corresponds with the O—H
stretching vibration of isolated hydroxyl groups on TiO,.>” This
loss is consistent with a small fraction of the Pt(hfac),
molecules reacting with a few TiOH surface species. These
absorbance changes argue that the dominant adsorption
mechanism for Pt(hfac), on TiO, powders is either associative
adsorption or dissociative adsorption that does not release
hydrogen to the TiO, surface. The presence of the infrared
absorbance at ~2100 cm™ in Figure 1b corresponding with
CO on Pt surfaces argues for some dissociative adsorption that
would release Pt atoms and form Pt nanoparticles on the TiO,
surface.** !

The FTIR spectra during the first two cycles of Pt ALD film
growth on TiO, powders using Pt(hfac), and formalin at 200
°C are shown in Figure 3. The Pt(hfac), and formalin
exposures yielded near saturation coverages. These FTIR
spectra were all referenced to the initial TiO, powders. The
FTIR spectrum in Figure 3a is very similar to the FTIR
spectrum in Figure 1b. The absorbance for CO on Pt
nanoparticles is again observed at ~2100 cm™. This peak
indicates that Pt atoms are released from Pt(hfac), and form Pt
nanoparticles on the first Pt(hfac), exposure on TiO,. All the
other infrared absorbances between 1800 and 1000 cm™" are
nearly identical to the features observed and previously
identified in Figure 1b.

Figure 3b shows that the subsequent formalin exposure
increases the size of the infrared absorbance associated with CO
on Pt nanoparticles. This increase is consistent with additional
Pt atoms that increase the number and size of the Pt
nanoparticles following formalin reduction of the adsorbed
Pt(hfac), surface species. The infrared absorbance is also

dx.doi.org/10.1021/jp412539y | J. Phys. Chem. C 2014, 118, 8960—8970



The Journal of Physical Chemistry C

0.6 1

0.5 1

04+

(c) Pt

03+ (b) H, O

0.2 1

Absorbance

0.1 1

0.0 1
2200 2000 1800 1600 1400 1200 1000
£
Frequency (cm )

Figure 3. FTIR spectra after the first two cycles during Pt ALD on
TiO, powders at 200 °C with Pt(hfac), and formalin as the reactants.
The spectra are referenced to the initial TiO, powders. (a) First
Pt(hfac), exposure. (b) First formalin exposure. (c) Second Pt(hfac),
exposure. (d) Second formalin exposure. The peak assignments are
given in Table 1.

reduced significantly in the region of the CF; stretching
vibrations. This reduction is consistent with the removal of hfac
surface species.

The infrared absorbance is not reduced substantially in the
carbonyl region between 1700 and 1500 cm™'. Although CF,
species are lost, there may be decomposition of hfac species
that leaves carbonyl-containing reaction products on the TiO,
surface. These species could include formate, carbonate, or
ketenylidene species.”® In addition, the formaldehyde (H,CO)
in the formalin exposure could also add carbonate and formate
species.s“’58

Figure 3c shows that much smaller absorbance changes are
observed after the second Pt(hfac), exposure during Pt ALD.
The largest absorbance change is observed for CO on the Pt
nanoparticles. This increase is consistent with the progressive
growth of the number and size of the Pt nanoparticles. Only a
small increase is observed for the absorbance of the CF;
stretching vibrations at ~1230 cm™". The infrared absorbance
in the carbonyl region shows very little change. However, the
prominent feature observed at ~1590 cm™ for Pt associated
with carbonyl features is missing in Figure 3c. The absence of
this feature indicates that the Pt(hfac), adsorption products
may bond differently to the formalin-exposed surface than the
initial TiO, surface.

Figure 3d reveals that the subsequent formalin exposure leads
to a much larger increase in the infrared absorbance for CO on
the Pt nanoparticles. The formalin is able to reduce the
Pt(hfac), surface species and liberate additional Pt atoms that
can add to the existing Pt nanoparticles or form new Pt
nanoparticles. There is also a slight reduction in the infrared
absorbance for the CF; stretching vibrations that is consistent
with the removal of some of the hfac surface species. Little
change is observed in the carbonyl region between 1700 and
1500 cm™'. This behavior again reveals that either hfac
decomposition or the adsorption of formaldehyde or methanol
is adding absorbance features in the carbonyl region.
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Figure 4 explores the changes in the absorbance from 4000
to 900 cm™' during the first Pt ALD cycle using FTIR
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Figure 4. FTIR difference spectra during the first cycle during Pt ALD
on TiO, powders at 200 °C with Pt(hfac), and formalin as the
reactants. (a) First Pt(hfac), exposure referenced to the initial TiO,
powders. (b) First formalin exposure referenced to the initial Pt(hfac),
exposure. The peak assignments are given in Table 1.

difference spectra that are referenced to the previous spectrum.
These difference spectra are based on the spectra shown in
Figure 3. Figure 4a shows the Pt—TiO, difference spectrum
that references the FTIR spectrum after the Pt(hfac), exposure
to the initial TiO, powders. Figure 4b shows the H,CO—Pt
difference spectrum that references the FTIR spectrum after the
subsequent formalin exposure to the FTIR spectrum after the
previous Pt(hfac), exposure. Additional vibrational assignments
are given in Table 1 that identify the new absorbance features
monitored after the formalin exposure.

The H,CO-Pt difference spectrum in Figure 4b observes
absorbance from C—H stretching vibrations after the formalin
exposure that could be derived from formaldehyde or
methanol.** The absorbance features associated with CO on
Pt nanoparticles also display a distinctive shift to lower
frequencies. This red shift is consistent with the reduction of
the Pt atoms in the Pt nanoparticle by formalin."% In
contrast, a blue shift would be expected from the growth of
larger Pt nanoparticles."®> There are also new features at 1370
and 1550 cm™' that are consistent with the formation of
formate and possibly carboxylate species on the surface.””%*%
In addition, a new feature at ~1026 cm™' is observed that is
assigned to a C—O stretching vibration.>

Parts a and b of Figure 5 show the integrated absorbance in
the CF; stretching and CH bending regions between 1100 and
1320 cm™' versus time during Pt(hfac), and formalin
exposures, respectively, during the second Pt ALD cycle at
200 °C on TiO, powders. The exposures are performed using
microdoses of Pt(hfac), or formalin. The microdoses are small
exposures that are much less than the exposures required for
saturation of the surface reaction. The surface chemistry is
weakly selflimiting for the Pt(hfac), exposure. The surface
chemistry is more completely self-limiting for the formalin
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Figure S. Integrated absorbance of the CF; stretching vibrations
between 1100 and 1320 cm™" during the adsorption of (a) Pt(hfac),
and (b) formalin. These integrated absorbances were recorded during
the second Pt ALD cycle on TiO, powders at 200 °C. The integrated
absorbance was defined using modes 9—11 as assigned in Table 1.

exposure. The weak self-limiting behavior for Pt(hfac), may be
associated with the large size of this reactant and the bulky
nature of the hfac ligands. Rearrangements of adsorbed
Pt(hfac), reactants may be required to open up space for
additional Pt(hfac), reactants.

Figure 3d reveals that there is a large increase in the
absorbance for the CO stretching vibrations on the Pt
nanoparticles during the second formalin exposure. Figure 6
shows the evolution of the integrated absorbance for the CO
stretching vibrations between 1990 and 2190 cm™ during the
second formalin exposure during Pt ALD. The second formalin
exposure is the same series of microdoses as shown in Figure
Sb. The integrated absorbance for the CO stretching vibrations
increases dramatically during the early stages of the formalin
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Figure 6. Integrated absorbance for the CO stretching vibration for
CO on Pt nanoparticles and the CF; stretching vibration versus
formalin exposure for a second formalin exposure during Pt ALD at
200 °C.
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exposure. The integrated absorbance for the CO stretching
vibrations is then relatively constant while the integrated
absorbance of the CF; stretching vibrations is still reducing
versus formalin exposure.

The results in Figure 6 suggest that Pt atoms are released
quickly from Pt(hfac), adsorbed species during formalin
reduction. These Pt atoms are presumably adding to existing
Pt nanoparticles or forming new Pt nanoparticles. The formalin
exposure then continues to remove hfac species on the TiO,
substrate that contain CFj; stretching vibrations. However, these
hfac species on the TiO, substrate are not associated with
additional Pt atoms.

Figure 7 shows the absorbance for the CO stretching
vibrations on the Pt nanoparticles versus larger numbers of Pt

150°C
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Figure 7. FTIR spectra in the CO vibrational stretching region after
(a) 10, (b) 20, (c) 35, (d) 65, and (e) 75 Pt ALD cycles on TiO,
powders at 150 °C.

ALD cycles at 150 °C. The temperature was reduced to 150 °C
to avoid desorption and decomposition of hfac ligands on the
TiO, surface. Figure 7a reveals two broad peaks centered at
~2097 and ~2065 cm™" after 10 Pt ALD cycles. The peak at
~2065 cm™! then grows progressively after 20, 35, 65, and 75
Pt ALD cycles, as displayed in parts b, ¢, d, and e of Figure 7,
respectively. For this set of Pt ALD cycles at 150 °C, TMA
exposures were applied after 10, 20, 35, 45, and 70 Pt ALD
cycles to remove the hfac species from the surface.'”> When
spectra were recorded, they were collected prior to the TMA
exposures.

The CO stretching vibration at ~2065 cm™ after 10 Pt ALD
cycles shifts slightly to higher frequencies as this absorbance
feature grows versus Pt ALD cycles. The CO stretching
vibration is observed at ~2070 cm™" after 35 Pt ALD cycles and
2073 cm™' after 7S Pt ALD cycles. This CO stretching
frequency corresponds closely with the frequency of CO on on-
top sites on stepped or defective Pt(111) surfaces.’*®” This
assignment is reasonable because small Pt nanoparticles cannot
maintain large Pt(111) terraces. In contrast, CO stretching
vibrations on on-top sites on Pt(111) single-crystal surfaces at
full coverage are observed at ~2100 cm 130!

The CO stretching vibration at ~2097 cm™" after 10 Pt ALD
cycles shifts very slightly versus Pt ALD cycles. The CO

dx.doi.org/10.1021/jp412539y | J. Phys. Chem. C 2014, 118, 8960—8970
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stretching vibration is observed at ~2100 cm™" after 65 Pt ALD
cycles. Although this CO stretching vibration frequency is
consistent with the CO stretching frequency on on-top sites on
Pt(111) single-crystal surfaces at full coverage,so’51 small Pt
nanoparticles could not have extensive Pt(111) surface area.
Consequently, this CO stretching frequency is assigned to CO
on more electropositive Pt clusters or surfaces.”’ %> These
more electropositive Pt clusters or surfaces may be associated
with Pt that still retains some hfac coordination.

Figure 8 displays the TEM image of Pt nanoparticles on the
TiO, powders after 150 cycles of Pt ALD at 200 °C. The

Figure 8. TEM image of Pt nanoparticles after 150 cycles of Pt ALD
on TiO, powders at 200 °C with Pt(hfac), and formalin as the
reactants. The Pt nanoparticles have a diameter of ~2—3 nm and the
TiO, powder is crystalline.

Pt(hfac), and formalin exposures were sufficient to yield near
saturation coverages after 20—30 Pt ALD cycles. The denser
and darker Pt nanoparticles are on the lighter TiO, powder.
Lattice fringes are observable in the individual grains of the
TiO, powder. The Pt nanoparticles have a diameter of ~2—3
nm. Spherical Pt nanoparticle diameters of ~2 nm have ~280
Pt atoms. Spherical Pt nanoparticle diameters of ~3 nm have
~940 atoms. The coverage of the Pt nanoparticles is ~6—7
nanoparticles/100 nm*

Figure 9 explores the FTIR spectra of Pt(hfac), and hfacH
and the effect of hfacH preadsorption on the subsequent
Pt(hfac), adsorption on TiO, powders at the lower temper-
ature of 150 °C. The surface species are much more stable
versus time at 150 °C. Figure 9a displays the FTIR spectrum
after Pt(hfac), exposures sufficient to yield a near saturation
Pt(hfac), coverage on TiO, powders at 150 °C. This spectrum
is very similar to the spectra in Figure 1b and Figure 3a
recorded after Pt(hfac), adsorption at 200 °C. Figure 9b
displays the FTIR spectrum after hfacH exposures sufficient to
yield a near saturation hfacH coverage on TiO, powders at 150
°C. This spectrum is very similar to the spectrum in Figure la
recorded after hfacH adsorption at 200 °C.

Figure 9¢ shows the FTIR spectrum after exposing hfacH to
the TiO, powders and obtaining a near saturation hfacH
exposure prior to a subsequent exposure of Pt(hfac),. The
Pt(hfac), exposure would have been sufficient to yield a near
saturation coverage on clean TiO, powders. Figure 9d displays
the FTIR difference spectrum defined by the FTIR spectrum in
Figure 9c referenced to the FTIR spectrum in Figure 9b.

A comparison between the FTIR spectra in parts d and a of
Figure 9 shows that the preadsorbed hfacH dramatically
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Figure 9. FTIR spectra after adsorption on TiO, powders at 150 °C.
(a) Adsorption of Pt(hfac),. (b) Adsorption of hfacH. (c) Adsorption
of Pt(hfac), after preadsorption of hfacH. (d) Pt(hfac),—hfacH
difference spectra showing absorbance gain after adsorbing Pt(hfac),
on surface covered with hfacH.

reduces the adsorption of Pt(hfac), on the TiO, powders. The
absorbances in the CF; and carbonyl stretching vibration
regions in Figure 9d are much less than the corresponding
absorbances in Figure 9a. The preadsorbed hfacH has blocked
the available adsorption sites for Pt(hfac),. This site-blocking
by hfacH may also serve to reduce the coverage of Pt
nanoparticles on the TiO, powders.

Figure 10 displays TEM images of Pt nanoparticles grown
using 150 Pt ALD cycles with Pt(hfac), and formalin at 200 °C.
The Pt(hfac), and formalin exposures were sufficient to yield
near saturation coverages after 20—30 Pt ALD cycles. Figure
10a shows the Pt nanoparticles resulting from 150 Pt ALD
cycles on initial TiO, powders. Figure 10b shows the Pt
nanoparticles resulting from 150 Pt ALD cycles on TiO,
powders that had been initially exposed to a near saturation
exposure of hfacH. The preadsorbed hfacH on the TiO,
powders dramatically reduces the coverage of Pt nanoparticles.

The Pt nanoparticle coverage in Figure 10a is ~6-7
nanoparticles/100 nm* without the preadsorbed hfacH. The
Pt nanoparticle coverage in Figure 10b is ~1—3 nanoparticles/
100 nm” with the preadsorbed hfacH. The Pt nanoparticle
diameter is also reduced by the preadsorbed hfacH on the TiO,
powders. The Pt nanoparticle diameter is ~2—3 nm without
the preadsorbed hfacH in Figure 10a. The Pt nanoparticle
diameter is ~1.5 nm with the preadsorbed hfacH in Figure 10b.
The lower Pt nanoparticle coverages and smaller Pt nano-
particle diameters are consistent with fewer Pt atoms deposited
by Pt(hfac), on the TiO, surface with preadsorbed hfacH.

Preadsorbed hfacH can dramatically reduce the subsequent
adsorption of Pt(hfac), on TiO, surfaces. The hfac ligands from
Pt(hfac), should also be able to block sites and prevent the
adsorption of additional Pt(hfac), reactants. Similar behavior
was observed for Pd ALD using Pd(hfac), and formalin as the
reactants.”’ Earlier studies of Pd ALD using Pd(hfac), and
formalin demonstrated that trimethylaluminum (TMA) could
remove the Pt(hfac), adsorption products and facilitate a more
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Figure 10. TEM images comparing Pt nanoparticles grown using (a)
Pt ALD on TiO, powders and (b) Pt ALD on TiO, powders initially
exposed to hfacH. The Pt nanoparticles were grown using 150 Pt ALD
cycles with Pt(hfac), and formalin at 200 °C. The preadsorbed hfacH
on the TiO, powders dramatically reduces the coverage of Pt
nanoparticles.

rapid nucleation of Pt ALD."> TMA should also be able to
remove the Pt(hfac), adsorption products during Pt ALD using
Pt(hfac), and formalin as the reactants.

The ability of hfacH to restrict Pt(hfac), adsorption and
lower the Pt nanoparticle coverage on the TiO, surface may be
dependent on the coverage of the hfacH reaction products. The
hfacH reaction products can be adjusted by allowing the
adsorbed hfacH to either desorb or decompose following hfacH
adsorption. Figure 11a shows the FTIR spectrum of hfacH on
TiO, powders after a hfacH exposure at 200 °C that was
sufficient to yield a near saturation coverage. Parts b, ¢, and d of
Figure 11 then show the FTIR difference spectra versus times
of 5, 42, and 118 min, respectively. The difference spectra
reveal that the hfacH adsorption products are progressively lost
from the TiO, surface versus time at 200 °C.

The loss of the hfacH adsorption products from TiO, is very
temperature dependent. Figure 12 shows the integrated
absorbance versus time at temperatures of 175, 200, 225, and
250 °C after hfacH exposures that were sufficient to yield near
saturation coverages. The integrated absorbance was defined
using the carbonyl stretching vibrations between 1500 and
1745 cm™ as defined by modes 2—6 in Table 1. The loss of the
hfacH adsorption products is much more rapid at higher
temperatures. The higher temperatures also led to a loss of the
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Figure 11. (a) FTIR spectrum recorded after hfacH exposure on TiO,
powders at 200 °C. Difference spectra recorded versus time after (b) S
min, (c) 42 min, and (d) 118 min. The difference spectra are
referenced to the FTIR spectrum in part a. The difference spectra
reveal the desorption and decomposition of the adsorbed hfacH
species versus time.
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Figure 12. Integrated absorbance between 1500 and 1745 cm ™! versus
time at 175, 200, 225, and 250 °C after the adsorption of hfacH on
TiO, powders at the given temperature. The integrated absorbance
was defined using modes 2—6 as assigned in Table 1.

integrated absorbance prior to the recording of the first FTIR
spectrum.

An estimate of the activation energy for the loss of hfacH
adsorption products can be obtained using the initial slopes of
the integrated absorbance versus time plots and assuming a
first-order loss mechanism. The loss mechanism may include
both hfacH desorption and hfacH decomposition.® On the
basis of an Arrhenius analysis of the initial slope results versus
temperature, an activation energy of 96 + 9 kJ/mol was
obtained from the results in Figure 12. This activation energy
on the TiO, surface is less than the activation energy of 165 kJ/
mol that was obtained for hfacH second-order desorption from
AL O, ALD surfaces."?
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TiO, powders provided a convenient substrate for the FTIR
studies of Pt ALD and Pt nanoparticle formation because the
TiO, powders are insulators and are not conducting.
Consequently, the TiO, powders did not display background
infrared absorption. Pt nanoparticles on other oxide substrates,
such as tungsten oxide, are relevant for fuel cells.>*=37 Tungsten
oxide can also be electrically conductive. Electrical conductivity
is needed for electron transport in PEM fuel cells. However, the
electrical conductivity of WO, nanorods precludes their use for
FTIR studies because of background infrared absorption
according to the Drude—Zener theory.**%

To compare Pt ALD on TiO, powders and WO, nanorods,
Pt nanoparticles were grown using 150 cycles of Pt ALD with
Pt(hfac), and formalin as the reactants at 200 °C. The
Pt(hfac), and formalin exposures were sufficient to yield near
saturation coverages on TiO, powders after 20—30 Pt ALD
cycles. Parts a and b of Figure 13 show the TEM images for Pt

(a) PtALD on TiO,

.. :.,

Figure 13. TEM images comparing Pt nanoparticles grown using (a)
Pt ALD on TiO, powders and (b) Pt ALD on WO, nanorods. The Pt
nanoparticles were grown using 150 Pt ALD cycles with Pt(hfac), and
formalin at 200 °C.

ALD on TiO, powders and WO,, nanorods, respectively. The
average Pt nanoparticle diameters are ~2—3 and ~4—S5 nm on
the TiO, and WO, surfaces, respectively. The average Pt
nanoparticle coverages are ~6—7 and ~2—3 nanoparticles/100
nm® on the TiO, and WO, surfaces, respectively. These
contrasting Pt nanoparticle coverages and sizes indicate that the
growth mechanisms are slightly different on the two substrates.
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Figure 14 displays a higher resolution TEM image of Pt
nanoparticles on a WO, nanorod after 170 cycles of Pt ALD at

Figure 14. TEM image of Pt nanoparticles on a WO, nanorod. The Pt
nanoparticles were grown using 170 Pt ALD cycles with Pt(hfac), and
formalin at 200 °C. To facilitate the Pt ALD nucleation, the first 20 Pt
ALD cycles included a TMA exposure after the formalin exposure.

200 °C. The Pt(hfac), and formalin exposures were sufficient
to yield near saturation coverages on TiO, powders after 20—
30 Pt ALD cycles. The first 20 Pt ALD cycles were performed
with a TMA exposure after the formalin exposure to remove
the Pt(hfac), and formalin adsorption products."> This TEM
image illustrates the highly spherical nature of the Pt
nanoparticles. Spherical shapes are consistent with the high
surface energy of Pt, which fosters the formation of spherical Pt
particles to minimize the surface area to lower the surface
energy.

Pt nanoparticles were also grown on WO, nanorods at 200
°C using various numbers of Pt ALD cycles with Pt(hfac), and
formalin as the reactants. The Pt(hfac), and formalin exposures
were sufficient to yield near saturation coverages on TiO,
powders after 20—30 Pt ALD cycles. Figure 15 shows TEM
images of Pt nanoparticles after 130, 140, and 150 Pt ALD
cycles. The Pt nanoparticle diameter increased with the number
of Pt ALD cycle. The Pt nanoparticle diameters were ~2.0,
~22, and ~4.5 nm after 130, 140, and 150 Pt ALD cycles,
respectively. The corresponding Pt nanoparticle coverages were
~1, ~2-3, and ~2—3 nanoparticles/100 nm? after 130, 140,
and 150 Pt ALD cycles, respectively. The growth of Pt
nanoparticles versus Pt ALD cycles has also been observed for
Pt ALD on TiO,,'”" carbon nanotube/graphene,lé $io,,”
ALO,,"® and SrTiO; substrates.*

The growth of the Pt nanoparticle diameters observed in
Figure 15 is not linear with the number of Pt ALD cycles. This
nonlinearity may be related to the nucleation of Pt ALD on
WO, nanorods. A certain number of Pt ALD cycles may be
required before reaching the threshold for efficient Pt ALD
growth. A similar behavior was observed for Pd ALD on the
ALO; ALD surface using Pd(hfac), and formalin as the
reactants.'’ This delayed nucleation was explained earlier in
terms of the time required to remove the hfac adsorption
products from the surface that block Pd(hfac), adsorption sites
and restrict Pd ALD growth.">"

Because of site-blocking by the hfac ligands, the Pt
nanoparticles grown using Pt(hfac), and formalin require
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% (a) 130 cycles Pt

(b) 140 cycles Pt

Figure 15. TEM images of Pt nanoparticles on WO, nanorods grown
using (a) 130 Pt ALD cycles, (b) 140 Pt ALD cycles, and (c) 150 Pt
ALD cycles with Pt(hfac), and formalin at 200 °C.

many more cycles to obtain comparable diameters than Pt
nanoparticles grown using other Pt ALD surface chemistries.
Using MeCpPtMe; and O, as the reactants on TiO,, Pt
nanoparticle diameters of ~1 and ~2—3 nm were obtained
after one and 20 Pt ALD cycles, respectively.'” Using
MeCpPtMe; and ozone as the reactants on TiO,, Pt
nanoparticle diameters of ~1.5 and ~2.3 nm were obtained
after one and five Pt ALD cycles, respectively.'” Similar results
were observed on Si0,* SrTiO,;** and AlLOj substrates'®
using MeCpPtMe; and O,.

The hfac ligands block sites on oxide surfaces and can
dramatically increase the number of Pt ALD cycles required for
nucleation and growth. However, the site-blocking properties of
hfacH can also be used to control the coverage of Pt
nanoparticles. The disadvantage of requiring more Pt ALD
cycles can become an advantage when site-blocking can help
control the Pt nanoparticle coverage. We note that hfacH could
be used together with other surface chemistries for Pt ALD or
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other metal ALD to control the reactant adsorption and tune
the metal nanoparticle coverage.

Finally, XPS studies were performed to determine the purity
of the Pt deposited by Pt ALD using Pt(hfac), and formalin.
Samples were grown using ~400 cycles of Pt ALD on TiO,
powders at 200 °C. The Pt(hfac), and formalin exposures were
sufficient to yield near saturation coverages on TiO, powders
after 20—30 Pt ALD cycles. These samples were then analyzed
using XPS. After removing the adventitious carbon with Ar
sputtering, XPS analysis was consistent with 95 atom % Pt on
the TiO, powders.

4. CONCLUSIONS

Pt(hfac), and formalin were used as the reactants to grow Pt
nanoparticles on titanium oxide and tungsten oxide at 200 °C
using Pt ALD. The Pt ALD surface chemistry during the initial
Pt ALD cycles on titanium oxide was studied using in situ FTIR
spectroscopy. The Pt nanoparticles were analyzed on both
titanium oxide and tungsten oxide using ex situ TEM.

The FTIR spectrum of Pt(hfac), on TiO, was very similar to
the FTIR spectrum of hfacH on TiO,. The lack of changes in
the O—H stretching region after hfacH adsorption and small
loss of absorbance in the O—H stretching region after Pt(hfac),
adsorption argued that both hfacH and Pt(hfac), adsorb
primarily via associative adsorption on TiO,. Any dissociative
adsorption occurred without the transfer of hydrogen to the
TiO, surface.

The repetitive application of the Pt(hfac), and formalin
exposures led to changes in the absorbance for the CF;
stretching vibrations and only small changes in the absorbance
for the carbonyl species. The results suggested that formalin
was able to remove many of the hfac surface species. However,
the decomposition of hfac species or adsorption of carbonyl-
containing species during the formalin exposure prevented the
observation of an absorbance loss in the carbonyl region of the
FTIR spectrum. The FTIR spectra also showed that the surface
chemical reactions versus Pt(hfac), and formalin exposures
were weakly self-limiting.

An infrared feature at ~2100 cm™" was monitored in the
FTIR spectrum that was consistent with CO on Pt nano-
particles. The absorbance for the CO stretching vibration on
the Pt nanoparticles was observed to increase rapidly during the
initial stages of the formalin exposure. This behavior suggested
that the Pt(hfac) species were reduced and liberated Pt atoms
prior to the removal of the other hfac surface species. The
absorbance of the CO stretching frequency at 2070 cm™" grew
progressively with Pt ALD cycles and was consistent with CO
adsorbed on on-top sites on stepped or defective Pt(111)
surfaces.

The FTIR spectra also revealed that adsorbed hfacH blocked
the subsequent adsorption of Pt(hfac), on TiO,. The coverage
of the Pt nanoparticles could be reduced by preadsorbing hfacH
on the TiO, prior to Pt(hfac), adsorption. The Pt nanoparticle
coverage was reduced from ~6—7 to ~1—3 nanoparticles/100
nm?® with preadsorbed hfacH. The corresponding Pt nano-
particle diameter was reduced from ~2—3 to ~1.5 nm with
preadsorbed hfacH.

Pt ALD on WO, powders at 200 °C led to the growth of Pt
nanoparticles that were fairly similar to the Pt nanoparticles
after Pt ALD on TiO, powders. The size of the Pt nanoparticles
on WO, powders increased with the number of Pt ALD cycles.
The Pt nanoparticles grown using Pt(hfac), and formalin
required many more cycles to obtain comparable diameters
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than Pt nanoparticles grown using other Pt ALD surface
chemistries. The larger number of required Pt ALD cycles is
attributed to the site-blocking effects of hfac species.
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