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ABSTRACT: Palladium nanoparticles were synthesized by
thermal decomposition of palladium(II) hexafluoroacetylacet-
onate (Pd(hfac)2), an atomic layer deposition (ALD)
precursor, on a TiO2(110) surface. According to X-ray
photoelectron spectroscopy (XPS), Pd(hfac)2 adsorbs on
TiO2(110) dissociatively yielding Pd(hfac)ads, hfacads, and
adsorbed fragments of the hfac ligand at 300 K. A (2 × 1)
surface overlayer was observed by scanning tunneling
microscopy (STM), indicating that hfac adsorbs in a bidentate
bridging fashion across two Ti 5-fold atoms and Pd(hfac)
adsorbs between two bridging oxygen atoms on the surface. Annealing of the Pd(hfac)ads and hfacads species at 525 K
decomposed the adsorbed hfac ligands, leaving PdO-like species and/or Pd atoms or clusters. Above 575 K, the XPS Pd 3d peaks
shift toward lower binding energies and Pd nanoparticles are observed by STM. These observations point to the sintering of Pd
atoms and clusters to Pd nanoparticles. The average height of the Pd nanoparticles was 1.2 ± 0.6 nm at 575 K and increased to
1.7 ± 0.5 nm following annealing at 875 K. The Pd coverage was estimated from XPS and STM data to be 0.05 and 0.03
monolayers (ML), respectively, after the first adsorption/decomposition cycle. The amount of palladium deposited on the
TiO2(110) surface increased linearly with the number of adsorption/decomposition cycles with a growth rate of 0.05 ML or 0.6
Å per cycle. We suggest that the removal of the hfac ligand and fragments eliminates the nucleation inhibition of Pd nanoparticles
previously observed for the Pd(hfac)2 precursor on TiO2.

KEYWORDS: X-ray photoelectron spectroscopy, scanning tunneling microscopy, atomic layer deposition, Pd(hfac)2, TiO2(110),
nucleation delay, surface science, heterogeneous catalysis

1. INTRODUCTION
Palladium is used for numerous catalytic applications including
carbon−carbon coupling,1 hydrocarbon hydrogenation and
dehydrogenation,2,3 hydrocarbon oxidation and combustion,4,5

and the purification of automotive exhaust gases.6 Recently,
atomic layer deposition (ALD) has emerged as a technique
promising greater control for synthesis of nanometer and
subnanometer transition metal particles including Pd on oxide
supports for heterogeneous catalysis.7−13 Primarily used to
grow thin films, ALD is based on self-limiting surface reactions
in which a surface is alternately exposed to different precursors
separated by purging inert gas or vacuum, providing atomically
controlled growth.14 Nanoparticles can be grown on oxide
supports during early stages of ALD processes for heteroge-
neous catalysis applications. Palladium nanoparticles synthe-
sized by ALD using palladium(II) hexafluoroacetylacetonate
(Pd(hfac)2) as a Pd precursor demonstrated higher selectivity
toward desired products and particle stability compared to

traditionally prepared catalysts in reactions such as methanol
decomposition,10 ethanol and isopropyl alcohol oxidation,13

and oxidative dehydrogenation of alkanes.9

Formation of nanoparticles from (hfac)-based organometallic
precursors has exhibited a nucleation delay and requires a high
number of ALD cycles (∼100 cycles) that limits its large scale
application. Different characterization techniques have been
used to isolate the surface intermediates and identify the surface
active sites during the initial precursor exposure. Fourier
transform infrared (FTIR) measurements suggested that
Pd(hfac)2 decomposes to Pd(hfac)ads and Al(hfac)ads upon
adsorption on Al2O3 and the resulting nucleation delay period
was assigned to possible surface poisoning with Al(hfac)ads
species.8,15,16 Using gas-phase infrared spectroscopy, Weber et
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al. suggested that H2+O2 plasma is required to remove the hfac
ligands and other carbon moieties left from Pd(hfac)2
adsorption on Al2O3.

17 Adsorbed hfac ligands were also
suggested to block adsorption sites on TiO2 for Pt particle
formation using Pt(hfac)2 as the precursor.18

In addition to surface intermediates, the substrate chemistry
can also change the growth behavior of the (hfac)-based
precursors. Pd nucleation is faster on ZnO than Al2O3 at the
same conditions. 100 ALD Pd cycles on ZnO yields Pd islands
with 10 to 20 nm domains. However, 200 cycles were required
to form islands consisting of 10 nm domains on Al2O3.

10 X-ray
photoelectron spectroscopy (XPS) studies of Cu(hfac)2
adsorption on Pt(111) showed chemical differences compared
to the Cu(hfac)2 on copper and TiO2 systems. The hfac group
formed on copper and TiO2 surfaces remained intact until 373
and 473 K, respectively, whereas hfac species formed on
Pt(111) showed significant decomposition by 300 K.19,20

Moreover, surface contamination existing prior to deposition
has been shown to influence the decomposition pathway and
the final structure of nanoparticles. X-ray absorption spectros-
copy (XAS) showed, for example, that residual chlorine on the
TiO2 surface can participate in the decomposition pathway of
Pd(hfac)2. In the presence of chlorine, Pd(hfac)2 decomposed
to form Pd(hfac)Cl2ads and Ti(hfac)ads species.

21

All of these studies demonstrate that the initial substrate−
Pd(hfac)2 interaction and existing surface species play a major
role in tailoring the final properties of the nanoparticles and the
Pd growth behavior. As recently highlighted by Zaera,22

fundamental surface science studies can serve as an ideal tool
to understand the intermediates involved in the deposition
mechanism, and for elucidating how the overall precursor-
substrate interaction process takes place during the initial
exposure of the precursor.
In this work, Pd(II) hexafluoroacetylacetonate (Pd(hfac)2)

was used for synthesis of Pd nanoparticles on the TiO2(110)
surface. The evolution of the organometallic precursor was
monitored by surface sensitive characterization techniques
including X-ray photoelectron spectroscopy (XPS) and
scanning tunneling microscopy (STM) to better understand
the adsorption and thermal decomposition pathways of
Pd(hfac)2 on TiO2(110) surface, as well as to track the
formation of Pd nanoparticles (NPs).

2. EXPERIMENTAL METHODS
2.1. Instruments. Experiments were performed in two separate

UHV systems. An Omicron Surface Analysis Cluster at Birck
Nanotechnology Center (BNC), Purdue University, consisting of an
ultrahigh vacuum (UHV) preparation chamber and μ-metal analysis
chamber with base pressures of 1 × 10−9 and 5 × 10−11 mbar,
respectively, was used for XPS analysis. The preparation chamber was
equipped with a mass spectrometer, an Ar+ sputtering gun, resistive
sample heating, and a leak valve for dosing ALD precursors. The
analysis chamber was equipped with XPS, low energy electron
diffraction (LEED), high resolution electron energy loss spectroscopy
(HREELS), and resistive sample heating. The second experimental
apparatus at the Center for Nanoscale Materials (CNM), Argonne
National Laboratory, was an Omicron VT SPM system equipped with
a variable temperature STM/AFM (Omicron VT-SPM XA), a
preparation chamber for dosing ALD precursors through a leak
valve, an Ar+ sputtering gun, and resistive sample heating. The base
pressure in the STM and preparation chambers was ≤5 × 10−11 mbar.
STM images were obtained using etched W tips. STM images were
analyzed using WSxM software.23 Pymol software (version 1.5.0.4)
was used for molecular visualization.

TiO2(110) single crystals of 9 mm diameter and 1 mm thickness
(Princeton Scientific Corp.) were used. In both systems, the sample
cleaning procedure consisted of repeated cycles of Ar+ sputtering and
vacuum annealing at 925 K. For the XPS study, sample temperature
was measured by a K-type thermocouple spot-welded to the stainless
steel backplate, and crystal cleanliness was monitored by XPS and
LEED. The appearance of the fresh crystal changed from transparent
to light blue following several cleaning cycles, the signature of a slightly
reduced crystal.24

TiO2(110) crystals were exposed to Pd(II) hexafluoroacetylaceto-
nate (Pd(hfac)2) (Aldrich, 99.9%) in the preparation chambers of both
systems. Pd(hfac)2 powder was loaded into a miniature 50 mL
Swagelok stainless steel cylinder and was pumped by a turbo pump
several times before each dosing. All gas lines were regularly heated
overnight at 423 K. For the XPS experiment, dosing was performed
through a leak valve for 10 min at a pressure of ∼5 × 10−7 mbar for an
exposure of 225 L to ensure saturation. Higher exposures of Pd(hfac)2
did not change surface Pd coverage. Dosing pressure was determined
during a test experiment, and the ion gauge was kept off during
Pd(hfac)2 exposure to avoid electron-induced decomposition of
Pd(hfac)2. For the STM experiment, the maximum achievable
Pd(hfac)2 base pressure was much lower (∼4 × 10−9 mbar) due to
system geometry differences; however, the sample sat ∼2 in. away
from a dosing capillary aimed at the sample. Pd(hfac)2 was dosed at
approximately this pressure for 60 min to ensure saturation.

XPS data were acquired using a nonmonochromatic Mg Kα X-ray
source (hν = 1253.6 eV) at 150 W. High resolution spectra were
recorded at a constant pass energy of 20 eV. The resolution, defined as
the full-width at half-maximum (fwhm) of the Ti 2p3/2 peak, was
approximately 1.1 eV. Unfortunately, no energy scale correction was
foreseen by the analyzer manufacturer (analyzer, Omicron EAC 125;
controller, Omicron EAC 2000), and therefore it was possible only to
set the Au 4f7/2 peak at 84.0 eV by changing the spectrometer work
function. Slight sample charging was corrected by fixing the Ti 2p3/2
peak at 459.3 eV.

XPS data were analyzed with CasaXPS (version 2313Dev64)
software. Curve fitting was done assuming a Gaussian/Lorentzian line
shape (30% Lorentzian, CasaXPS function: SGL(30)) for symmetric
peaks and an asymmetric Lorentzian shape (CasaXPS function:
LF(1,1.5,25,70)) for asymmetric peaks.

2.2. Coverage Calculations. Because an adlayer on a surface is
represented as an adsorbed layer on a semi-infinite substrate,
traditional XPS quantification, which assumes homogeneous elemental
distribution within the information depth, is not appropriate. To
quantify the XPS result, we followed Fadley’s approach,25 which
assumes a nonattenuating adlayer at fractional coverage. Coverage
(Θ), measured in monolayers (ML), is the ratio between the number
of adsorbed species and the number of surface atoms, and can be
expressed as
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where Nl(θ) and Ns(θ) are the photoemission peak areas of the
adlayer and the substrate at the given photoemission angle, θ, with
respect to the surface normal; dσl/dΩ and dσs/dΩ are differential
cross sections for the photoemission peaks of the adlayer and the
substrate, which can be calculated using tabulated Scofield cross
sections26 and Reilman asymmetry parameters;27 Λe

subst(Es) is the
electron attenuation length (EAL) of the photoelectrons originating
from the substrate atom that have traveled through the substrate
material, and ds is the interlayer distance of the substrate. The EAL was
calculated by NIST SRD-82.28 The required parameters and the
derivation of eq 1 can be found in Table S1 and XPS coverage and
thickness model derivations provided in the Supporting Information.
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Figure 1. F 1s, O 1s, Pd 3d, and C 1s photoemission spectra obtained after exposure of the TiO2(110) surface to Pd(hfac)2 up to saturation at 300
K. Ball and stick schematic of Pd(hfac)2 molecule is shown inside F 1s region (Pd atom, blue; O atoms, red; C atoms, white; F atoms, lime; H atoms,
cyan).

Table 1. Characteristic XPS Features Observed after Pd(hfac)2 Adsorption at Room Temperature and Its Subsequent Thermal
Decomposition

binding energy, eV

species C 1s F 1s Pd 3d5/2 O 1s Ti 2p3/2

Pd(hfac)ads 285.2 (C−H) 688.3 336.9 532.1
287.5 (CO)
292.4 (CF3)

TiO2 530.6 459.3
cracked fragments of Pd(hfac)2
CF3 292.5 688.3
CF2, HOCO 289.2
CF, CO 286.4
CH, CC 284.5
TiFx 684.9
PdOx and Pd NPs 336.2−335.5
artifact
O 1s ghost peak from Al Kα ca. 297.5

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am504127k | ACS Appl. Mater. Interfaces 2014, 6, 14702−1471114704



3. RESULTS

3.1. X-ray Photoelectron Spectroscopy. Figure 1 shows
XPS spectra of the F 1s, O 1s, Pd 3d, and C 1s core-levels
obtained after saturation exposure of the TiO2(110) surface to
Pd(hfac)2 at 300 K. The structure of the Pd(hfac)2 molecule is
shown inside the F 1s region in Figure 1. The main component
of the F 1s peak is at 688.3 eV and represents a CF3 functional
group in hfac ligand. The minor F 1s peak detected at 684.9 eV
is assigned to Ti−F.29 The O 1s spectrum was fitted with two
components at 530.6 and 532.1 eV. The former peak is a
feature of TiO2, and the latter represents oxygen atoms in the
hfac ligand. Supporting this assignment, heating the sample to
575 K causes hfac ligands to decompose (discussed below), and
the peak at 532.1 eV is absent. This same peak was observed
following adsorption of Cu(hfac)2 on the TiO2 surface.20

Palladium is represented by a single broad Pd 3d5/2 peak (fwhm
= 1.6 eV) at 336.9 eV. The observed binding energy (BE) is
slightly higher than 336.6 eV, which is the reference value for
PdO (see, for instance, reference 30 and references therein).
Intact Pd(hfac)2 adsorbed in multilayers on a copper substrate
is characterized by a Pd 3d5/2 peak at 339.1 eV;

31 therefore, the
component at 336.9 eV was assigned to a palladium atom in a
Pd(hfac)ads species. This assignment is further confirmed by
XPS quantification and STM images (discussed later).
Analysis of the C 1s region revealed contributions from

several species (Figure 1). The first is an hfac species, which is
characterized by three components, each representing a distinct
chemical state of the carbon atoms in hfac (see Figure 1).
These components at 285.2, 287.5, and 292.4 eV were assigned
to carbon atoms in CH, CO, and CF3, respectively. Our
assignments are based on Hantsche,32 and these values are in
good agreement with those observed for Cu(hfac)2 and
Pd(hfac)2.

31,33−36 Characteristic BEs are summarized in Table
1.
To identify fragments from hfac cracking, the area ratio

between the CF3, CO, and CH components was
constrained to 2:2:1 during curve fitting based on the
stoichiometry of the hfac group (Figure 1). As shown in
Figure 1, the hfac components alone were not enough for a
proper fitting of the C 1s region; therefore, other components
were added. The highest BE peak at approximately 297.5 eV
was an O 1s ghost peak excited by Al Kα radiation (a dual Mg/
Al X-ray gun was used). Inclusion of the O 1s ghost peak in the
curve fitting was crucial to ensure correct background
subtraction and spectrum deconvolution. The ratio between
the O 1s and ghost peak areas was always constant, confirming
this assignment. The O 1s ghost peak area was excluded from
carbon quantification. The four other components represent
decomposition fragments of the hfac group: residual carbon
(carbon bonded to carbon and/or hydrogen only) is assigned
to the peak at 284.5 eV, the component at 286.4 eV is a feature
corresponding to CF and/or CO species (carbon bonded
to oxygen or fluorine), CF2 and carboxyl groups are
characterized by the peak at 289.2 eV, and the peak at 292.5
eV is due to CF3 species. Partial dissociation of the hfac species
likely occurs during adsorption. Caution was taken to avoid
radiation damage by minimizing exposure to the X-ray flux.
Characteristic Pd(hfac)2 core levels (F 1s, C 1s, Pd 3d) were
collected first followed by Ti 2p and O 1s. Radiation-induced
decomposition of the precursor was only observed during
prolonged exposure to X-rays by the appearance of the F 1s

peak at 684.9 eV, which was a signature of precursor
decomposition.
The coverage of adsorbed species was calculated using eq 1.

The F 1s, Pd 3d, and C 1s peaks represented the adlayer, and
the Ti 2p peaks represented the substrate. At room temperature
(Figure 1), the adlayer was assumed to consist of Pd(hfac)ads
and hfacads species along with fragments of the hfac ligand. To
calculate the coverage of Pd(hfac)ads + hfacads, corresponding
contributions of these characteristic components were taken
from the F 1s, C 1s, and O 1s peaks (hfac components only),
which were obtained using the curve fittings shown in Figure 1.
For Pd, the entire Pd 3d region was used for coverage
calculations. The coverages of Pd(hfac)ads + hfacads based on
the F 1s, Pd 3d, and C 1s regions were equal to 0.10, 0.10, and
0.08 ML at 300 K, respectively (Table 2). The coverages were

normalized to the stoichiometric ratio of Pd:C:F in the
Pd(hfac)2 molecule (1:10:12). The other quantification
parameters, for instance, the ratio between the CF3 carbon
component of C 1s and the CF3 fluorine component of F 1s,
matched the stoichiometry as well. The equal value between the
normalized coverages (∼0.1 ML) for the Pd, C, and F showed
that the surface species kept the original stoichiometry of the
molecule and can consist of Pd(hfac)2 or Pd(hfac)ads + hfacads.
However, the Pd 3d5/2 XPS peak at 336.9 eV eliminates the
presence of the Pd(hfac)2 molecule and allows us to conclude
that following Pd(hfac)2 exposure at 300 K, the TiO2(110)
surface is covered by the Pd(hfac)ads + hfacads species at a
coverage of approximately 0.1 ML. Cracked fragments of hfac
such as C−H, C−C, C−F, C−O, CF2, carboxyl groups, and
CF3 species were also present on the surface.
The effect of temperature on Pd(hfac)2 adsorption was

investigated by exposing the TiO2(110) surface to Pd(hfac)2 at
300, 375, and 450 K. For higher adsorption temperatures, the
extent of fragmentation of the hfacads and Pd(hfac)ads species
increased. At 300 K, the symmetric F 1s peak at 688.3 eV
represents the CF3 functional group in the hfac ligand. With
increasing adsorption temperature, a peak at 684.9 eV grows,
which is the signature of the Ti−F bond (spectra for different
adsorption temperatures are provided in the Supporting
Information, Figure S1).29 The maximum concentration of
Ti−F occurred at 450 K due to the thermal decomposition of
the hfac ligand. At 300 K, a single chemical state of palladium as
Pd(hfac)ads was observed at 336.8 eV, but a new Pd 3d5/2 peak
at 336.2 eV appeared following adsorption at 375 and 450 K
(Figure S1, Supporting Information). The appearance of this
peak could be due to Pd(hfac)ads decomposition and the
appearance of a PdOx (x < 1) species and/or Pd clusters. The
coverage of the hfac-containing species was calculated using eq

Table 2. Coverage of hfac Species as a Function of
Adsorption Temperaturea

coverage, ML, calculated based on

adsorption
temperature, K Pd 3d

C 1s (the hfac
component only)

F 1s (the hfac
component only)

300 0.10 0.08 0.10
375 0.11 0.09 0.08
450 0.12 0.09 0.10

aThe standard deviation of the coverage values was less than 0.004
ML. Standard deviations were calculated using standard procedures in
the CasaXPS software.
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1 based on the Pd 3d, C 1s, and F 1s peaks, and the results are
summarized in Tables 2 and 3.
The observed trend in these calculations demonstrated that

(i) the hfac coverage does not change with adsorption
temperature, (ii) the extent of hfac cracking increased, and
(iii) the amount of palladium increases. The conclusion is that,
at elevated adsorption temperatures, some products of
Pd(hfac)2 decomposition desorb, leaving palladium atoms on
the surface. This assumption is supported by the observation of
the Pd 3d5/2 peak at 336.2 eV assigned to a PdOx species and/
or Pd clusters.
Thermal decomposition of the adlayer prepared by exposure

of TiO2(110) to Pd(hfac)2 at 300 K was studied by heating in a
stepwise manner from 300 to 875 K under UHV. Relevant XPS
spectra are shown in Figure 2.
Following heating at 575 K, the CF3 species represented by

the F 1s peak at 688.3 eV was replaced by the Ti−F species,
represented by the F 1s peak at 684.9 eV. The Ti−F species
decomposed completely following heating at 875 K. In the Pd
3d region, heating to 375 K resulted in the appearance of a Pd
3d5/2 peak at 336.2 eV, which was assigned to a PdOx (x < 2)
species and/or Pd clusters and/or atoms. The intensity of the
Pd(hfac)ads components decreased reaching a plateau at 525 K,
indicating decomposition of the Pd(hfac)ads species (Figures 2
and S2, Supporting Information). At 775 K, the Pd 3d5/2 peak
was at 335.8 eV. This BE is too low to be assigned to a PdOx
species;30 therefore, we assume that the PdOx species
decomposed. However, this BE is too high for bulk metallic
Pd, which is characterized by a Pd 3d5/2 peak at 335.0 eV.30

Thus, we conclude that this shift to a higher binding energy is
caused by the size effect in Pd metal nanoparticles, which give
shifts to a higher BE because of incomplete final state

relaxation.37 With increasing temperature, the Pd 3d5/2 peak
at 335.8 eV shifted toward a lower BE and reached 335.6 eV
following annealing at 875 K. The BE shift toward lower
binding energies observed between 775 and 875 K is assigned
to a sintering effect that partially removes the final state
relaxation limitation.
Thermal decomposition of adsorbed hfac-containing species

and the transformation of its dissociation fragments were traced
by monitoring the coverages of different carbon species during
annealing (Figures 2 and S3, Supporting Information).
Coverages were calculated using eq 1. The Pd(hfac)ads species
fully decomposes at 525 K, in agreement with the conclusion
reached based on the evolution of the Pd 3d spectra (Figure 2).
CF3 fragments associated with the decomposition of the hfac
ligand follow the same trend and, therefore, have thermal
stability similar to Pd(hfac)ads. The CF2, carboxyl, and CF
species are likely intermediates of Pd(hfac)ads and hfacads
decomposition. CF2 and CF species might form through
decomposition of CF3 by transfer of fluorine atoms to
TiO2(110). Above 575 K, the carbon species related to hfac
groups vanish, and only a single asymmetric peak related to
graphitic carbon or other carbon species formed by
decomposition of the organic moieties could be detected.
The carbon remaining following annealing at 875 K is likely
graphitic. Potassium, a bulk crystal contaminate, diffuses from
the bulk to the surface during annealing at 875 K.
Detailed XPS analysis of surface chemical states also revealed

possible adsorption sites for Pd(hfac)ads and hfacads. The clean
TiO2(110) surface was characterized by the Ti 2p3/2 peak at
459.3 eV, which is a feature of stoichiometric TiO2. An
additional Ti 2p3/2 peak at 457.5 eV assigned to reduced titania,

Table 3. Coverage for the Different C-Containing Species as a Function of Adsorption Temperaturea

coverage, ML

adsorption temperature, K CF+CO residual HC CF2+−HOCO CF3 hfac

300 0.28 ± 0.04 0.54 ± 0.03 0.16 ± 0.01 0.37 ± 0.04 0.09 ± 0.003
375 0.23 ± 0.03 0.65 ± 0.03 0.15 ± 0.02 0.39 ± 0.03 0.09 ± 0.003
450 0.33 ± 0.04 0.78 ± 0.03 0.16 ± 0.01 0.38 ± 0.04 0.09 ± 0.003

aThe error is one standard deviation of the coverage. Standard deviations were calculated using standard procedures in the CasaXPS software.

Figure 2. F 1s, Pd 3d and C 1s XPS spectra obtained following TiO2(110) exposed to Pd(hfac)2 at 300 K and heated at 375, 525, 575, 775, and 875
K. The spectra were collected at the specified temperature.
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TiOx (x < 2), was also observed (spectra are shown in Figure
S4, Supporting Information).
The evolution of the TiOx and TiO2 components is shown in

Figure 3. The TiOx component disappears following Pd(hfac)2

adsorption. However, the TiOx peaks reappeared upon heating
to 525 K, the same temperature at which the Pd(hfac)ads and
hfacads species decomposed. This suggests that the reduced
titania centers are involved in Pd(hfac)2 adsorption and/or
dissociation. The oxygen atoms of the hfac ligand might
interact with the reduced TiOx centers providing oxygen
needed for a fully oxidized surface. Following decomposition of
the hfacads ligands at 575 K in UHV, the TiOx area percentage
increases to ∼6.5% before returning to the original value of
∼2% following heating at 875 K (Figure 3). The increase of the
TiOx contribution at 575 K might be due to the reaction of the
surface oxygen from stoichiometric TiO2 with carbon fragments
from the hfac ligands. Heating to 875 K results in the diffusion
of the oxygen vacancies to the bulk and return of the surface to
its initial state.
The number of Pd(hfac)2 adsorption and decomposition

cycles on the TiO2(110) surface determines the amount of the
deposited Pd. Palladium coverages and palladium layer
thicknesses are shown in Figure 4 for four consecutive cycles
of Pd(hfac)2 adsorption at 300 K followed by heating to 875 K
in UHV. XPS spectra for consecutive cycles are similar to those
for the first deposition cycle. In addition to the Pd coverage, the
thicknesses are presented for comparison with the value of
growth per cycle (GPC) for Pd(hfac)2 ALD measured by
quartz crystal microbalance (QCM), which assumes formation
of a uniform overlayer after each cycle. Similarly, we have used
a uniform Pd overlayer XPS quantification model. The details
of the thickness calculations are provided in the Supporting
Information. Growth is linear, with a GPC of 0.6 Å (Figure 4).
Therefore, the amount of deposited palladium can be
controlled by the number of adsorption and decomposition
cycles. The linear growth of Pd indicates that the remaining
graphite-like carbon does not block adsorption sites for
Pd(hfac)2.
3.2. Scanning Tunneling Microscopy. To complement

the XPS results with topography data, an STM investigation

was performed. A typical 100 × 100 nm STM image of the
clean TiO2(110) surface following the preparation procedure,
described in the Experimental Methods section, is shown in
Figure 5A. Irregularly shaped terraces are present, as are defect
sites that show up as bright spots and added rows. The spots
might be oxygen vacancies or other defect types, and the added
rows act as precursors for the TiO2(110)-(1 × 2) surface
reconstruction.38 The measured step height was approximately
3.2 ± 0.2 Å, in agreement with the expected value of 3.24 Å for
rutile TiO2(110). Alternating bright and dark rows running
along the [001] direction are visible. The spacing between
bright rows and between dark rows in the [11 ̅0] direction is
approximately 6.5 Å. Within bright rows, the spacing between
features was approximately 3 Å. Atomic resolution data after
Fourier transform filtering is shown in the inset in Figure 5A
with the dimensions labeled. These dimensions correspond to a
bulk terminated TiO2(110)-(1 × 1) surface, where the bright
features are attributed to surface 5-fold Ti atoms and the dark
features to bridging oxygen atoms.38

A 100 × 100 nm image following saturation dosing of
Pd(hfac)2 at RT is shown in Figure 5B. This surface is
characterized by bright clusters with similar approximate size
and density as the defect sites on the clean TiO2, and bright,
discontinuous rows running along the [001] direction with
inter-row spacing of approximately 6.5 Å. Though the
discontinuities could not be resolved in all images, a Fourier
transform of an area containing discrete features revealed their
spacing along a row in the [001] direction to be approximately
6 Å (inset, Figure 5B). The dimensions of these dark and bright
spots correspond to a structured (2 × 1) overlayer, which can
be assigned to bidentate bridging hfac ligands bonding through
both oxygen atoms to two 5-fold Ti atoms, and Pd(hfac)ads with
Pd bonding to two surface bridging oxygen atoms shown
schematically in the ball model in Figure 6. The contrast in the
STM images allows to identify the adsorption species and
adsorption sites: Pd(hfac), if bound between two bridging
oxygen atoms, would protrude further from the surface than an
hfac ligand bound to two 5-fold coordinated Ti atoms, and
would therefore appear brighter on the basis of topography.
Based solely on topography, then, the adsorbed hfac ligands
would appear as the dark spots also in a (2 × 1) arrangement.
The contrast may also be explained by electronic arguments.

Figure 3. Changes in area percentage of TiO2 and TiOx components
upon heating for clean TiO2(110), Pd(hfac)2 exposure at 300 K, and
during annealing to 875 K. The shaded area shows the fractions of
TiO2 and TiOx for the clean TiO2(110) single crystal before the
Pd(hfac)2 exposure.

Figure 4. Pd growth curve showing the coverage of the Pd in ML
versus number of deposition cycles. Each cycle consists of adsorption
of Pd(hfac)2 at 300 K followed by annealing in UHV to 875 K.
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For example, the appearance of dark and bright areas was
reported in the STM images of the Si(111)-(7 × 7) surface
exposed to Cu(hfac)2.

39 On the basis of the bias dependence,
dark areas were assigned to hfac ligands and the bright regions

to Cu atoms when empty electronic states of the sample were
tested at positive bias voltage. The STM images shown in
Figure 5 were obtained at positive biases. Therefore, hfac
ligands might appear as the dark rows. The Pd(hfac)ads species
is expected to have a higher density of states above the Fermi
level than those for the hfacads group, leading to the Pd(hfac)ads
species appearing as the bright spots (Figure 5B). Unfortu-
nately, the Pd(hfac)ads + (hfac)ads adlayer was not stable under
the LEED electron beam, and therefore the LEED patterns
were not collected.
The proposed model for dissociative Pd(hfac)2 adsorption

on TiO2(110) is in agreement with an observed (2 × 1)
overlayer following dosing of Cu(hfac)2 on TiO2(110).

20,40

The authors of that study noted that the distance of the two
oxygen atoms in the hfac ligand of Cu(hfac)2 is 2.79 Å, close to
the distance of 2.96 Å between two 5-fold surface Ti atoms on
TiO2(110), which makes that site suitable for adsorption of
hfac. This is close to the value of 2.77 Å between two O atoms
in an hfac ligand in Pd(hfac)2.

41

Following annealing at 575 K, nanoparticles appeared with
an average height of 1.2 ± 0.6 nm (the STM images are shown
in the Supporting Information, Figure S5), where the error is
one standard deviation from the average value. Uncertainty in
the height distribution arises from the difficulty in determining
which features are Pd nanoparticles, which are agglomerations
of ligand fragments, and which are original defects in the TiO2
surface. The best quality images were obtained at lower bias
and higher tunneling current (V = +0.8 V, I = 1.0 nA) than for
the previous experiment, indicating that surface conductivity
had increased. This might be due to the formation of Pd
nanoparticles.
Annealing at 875 K resulted in the agglomeration of the

nanoparticles, and the unreconstructed TiO2(110)-(1 × 1)
surface reappeared, as shown in Figure 5D. These results agree
with the XPS data, which demonstrated the complete
decomposition of the (hfac)ads species at 575 K and Pd
nanoparticle sintering at 875 K. The average height of the
nanoparticles was 1.7 ± 0.5 nm at 875 K. Even after annealing
to 875 K, the particle size is within the range where a size-
dependent BE shift could be observed. Therefore, the +0.6 eV
shift of the Pd 3d5/2 peak from the peak position for the bulk
palladium (335.0 eV) could be assigned to a particle size effect.
No preferential nucleation of the Pd NPs was observed at step
edges. The coverage of Pd particles was estimated from the
STM data to be 0.03 ML at 875 K. This value is in good
agreement with the 0.05 ML calculated using the XPS data. It
must be noted that the apparent lateral dimension of these
nanoparticles depends on the STM tip shape and, therefore, is
not used. The coverage estimation from STM assumes a
hemispherical nanoparticle shape in which the radius is
approximately equal to the height.

4. DISCUSSION
On the basis of the experimental data, the mechanism shown in
Figure 7 is proposed for the interaction of Pd(hfac)2 with
TiO2(110). The cleaning procedure of TiO2(110) causes
thermal desorption of surface oxygen leaving behind a partially
reduced surface with TiOx species.

38 Upon adsorption at 300−
450 K, the Pd(hfac)2 precursor dissociates to (hfac)ads and
Pd(hfac)ads species. Further decomposition of the (hfac)ads and
Pd(hfac)ads species occurs at 375 and 450 K. The (hfac)ads and
Pd(hfac)ads species form a (2 × 1) surface overlayer. The hfac
fragment adsorbs in a bidentate bridging fashion across two Ti

Figure 5. STM images of the TiO2(110) surface. A: Clean TiO2(110)
following sputtering and annealing cycles (V = +2.0 V, I = 70 pA).
Inset: atomic scale image after Fourier transform showing the
unreconstructed (1 × 1) unit cell. B: TiO2 following dosing of
Pd(hfac)2 for 60 min at room temperature (V = +1.75 V, I = 0.1 nA).
Inset: small scale image after Fourier transform showing structured (2
× 1) overlayer of adsorbates. The bright spots are assigned to
Pd(hfac)ads group. C: Model for Pd(hfac)2 adsorbed on TiO2(110):
The Pd(hfac)2 dissociates. The resulting hfac (hfac: black spheres)
binds to two 5-fold coordinated Ti atoms (gray spheres) in a bidentate
fashion and the Pd(hfac) (Pd(hfac): yellow spheres) adsorbs between
two bridging oxygen (oxygen: white spheres). The adsorption
geometry matches the experimental value reported in the image B
inset. D: Following annealing of the as-deposited sample to 875 K for
20 min (V = +0.5 V, I = 2.0 nA).

Figure 6. Pd(hfac)2 molecule adsorbed on the TiO2(110) surface at
room temperature. Pd(hfac)2 dissociates into a hfacads ligand, which
bonds across neighboring 5-fold coordinated Ti sites (gray atoms),
and a Pd(hfac), which bonds across bridging O atoms (red atoms) on
the surface. Adsorbed Pd(hfac) is responsible for the (2 × 1) structure
observed after Pd(hfac)2 adsorption at room temperature. Adjacent
Pd(hfac) and hfac groups are not shown for clarity.
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5-fold atoms and Pd(hfac) adsorbs between two bridging
oxygen atoms (Figure 6). Following Pd(hfac)2 adsorption, the
TiOx species disappeared, showing that hfacads and its cracked
fragments reoxidize the surface (Figure 3). This implies that in
a parallel path with the adsorption on Ti 5-fold atoms, the
hfacads species can adsorb on the TiOx defects and compensate
for the lack of oxygen.
Cracked fragments of the hfac ligand were observed at all

adsorption temperatures. The degree of hfac decomposition
increases with increasing adsorption temperature. Heating the
adsorbed layer resulted in decomposition of the Pd(hfac)ads and
(hfac)ads species, which dissociated at approximately 525 K,
leaving the cracked hfac fragments and Pd0 clusters (Figure 7).
The CF3 species underwent decomposition through sequential
loss of fluorine atoms, which then bond to titanium. Ti−F
species were observed on the surface up to 775 K. No fluorine-
containing species were detected at 875 K. Carbon atoms
segregate to graphitic-like (C−C) structures at 575 K. The rest
of the carbon-containing species partially desorb: the carbon
level decreases upon heating until 675 K and then remains
unchanged upon further annealing to 875 K. Once the hfac
groups thermally decomposed at 525 K, reduced titania
appeared on the surface. At 875 K, the level of reduced titania
returned to the original level of the clean TiO2(110) surface
due to diffusion of surface oxygen vacancies to the bulk (Figure
3).
Following annealing at 775 K, the Pd coverage decreased to

0.07 ML, indicating sintering of the Pd nanoparticles, which is
accompanied by the Pd 3d5/2 peak shifting toward a lower BE.
This BE shift is attributed to the formation of larger Pd
nanoparticles. It could also be attributed to the encapsulation of
Pd nanoparticles by TiOx species; however, for Pd particle
encapsulation to take place, the TiO2 support must first be
reduced.42 Here, the TiOx component decreases continuously
upon annealing to 875 K, which indicates absence of
encapsulation in our system.
Because hfacads and its cracked fragments can block Pd(hfac)2

adsorption, their removal is critical for the next deposition
cycles. As shown in Figure 4, on the surface free of hfac ligands
and decomposition fragments, the amount of palladium linearly
increases with the number of deposition cycles. The key factor
for linear growth was thermal decomposition and removal of
the hfac ligands at 875 K prior to each cycle of the Pd(hfac)2
adsorption. On the other hand, for a real Pd(hfac)2 ALD
process, the number of typical ALD cycles required to reach
steady-state Pd ALD growth was reported to be between 20 to

100 ALD cycles.8 QCM measurements for Pd(hfac)2/formalin
ALD on TiO2 showed 0.22 Å growth per cycle.16 This is about
1/3 of the value of 0.6 Å per cycle calculated from our XPS
data. The residual fluorine- and carbon-containing contami-
nations might cause surface poisoning during the first few
cycles (see for instance Figure 3 in Elam et al.8). The
contaminations could be a reason for the lower growth per
cycle. Surface blocking by hfacads and its fragment moieties was
assumed to be responsible for Pd nucleation delay on the Al2O3

and TiO2 surfaces.
8,15,16

Following annealing at 875 K, Pd nanoparticles with an
average height of 1.7 ± 0.5 nm were obtained. Assuming a
hemispherical shape of the particle, the average diameter at the
base of the particle is 3.4 ± 1.0 nm. The Pd coverage was
estimated to be 0.1 ML after Pd(hfac)2 exposure, and 0.03−
0.05 ML after annealing at 875 K, respectively.

5. CONCLUSIONS

Pd(hfac)2 adsorption is a self-limiting reaction on the
TiO2(110) surface yielding Pd(hfac)ads and/or hfacads species
and partial hfac fragmentation at room temperature. The
removal of the hfac ligand and its fragments through thermal
decomposition eliminates the initial growth delay period and
results in linear growth of Pd on the TiO2(110) surface. The Pd
amount linearly increases with the number of adsorption/
dissociation cycles with an average growth per deposition cycle
of about 0.05 ML (0.6 Å).

■ ASSOCIATED CONTENT

*S Supporting Information
Derivation of coverage and thickness XPS models and required
parameters are provided along with additional XPS spectra,
coverage of carbon species observed during heating experi-
ments and STM figures for the intermediate annealing
temperature. This material is available free of charge via the
Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
*Dr. Dmitry Zemlyanov. Address: Birck Nanotechnology
Center, Purdue University, 1205 W. State Street, West
Lafayette, IN 47906, United States. E-mail: dzemlian@
purdue.edu.

Figure 7. Schematic of the reaction of Pd(hfac)2 with a TiO2(110) surface.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am504127k | ACS Appl. Mater. Interfaces 2014, 6, 14702−1471114709

http://pubs.acs.org
mailto:dzemlian@purdue.edu
mailto:dzemlian@purdue.edu


Author Contributions
The paper was written through contributions of all authors. All
authors have given approval to the final version of the paper.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This material is based upon work supported as part of the
Institute for Atom-efficient Chemical Transformations (IACT),
an Energy Frontier Research Center funded by the U.S.
Department of Energy, Office of Science, Office of Basic Energy
Sciences. Use of the Center for Nanoscale Materials (CNM)
was supported by the U.S. Department of Energy, Office of
Science, Office of Basic Energy Sciences, under Contract No.
DE-AC02-06CH11357. The support of Dr. Nathan Guisinger
at CNM during the STM experiments is greatly appreciated.
The authors acknowledge Lukas Mayr for his contribution to
the figures in this text.

■ REFERENCES
(1) Biffis, A.; Zecca, M.; Basato, M. Palladium Metal Catalysts in
Heck C-C Coupling Reactions. J. Mol. Catal. A: Chem. 2001, 173,
249−274.
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