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a b s t r a c t

In this work, we introduce a surface science approach to supported metal catalyst preparation utilizing
thin, single-crystalline oxide films as substrates. The use of thin oxide films allows for combined morpho-
logical and chemical characterization of the sample at various steps of a typical catalyst preparation pro-
cedure. A Fe3O4-supported Pd model catalyst was prepared by impregnation of Fe3O4(111) films with
acidic PdCl2 solution, and the transformation of the adsorbed precursor into supported Pd nanoparticles
by stepwise heating in vacuum was followed with scanning tunneling microscopy (STM) and X-ray pho-
toelectron spectroscopy (XPS). The results provide evidence for homogeneous nucleation of Pd particles
out of a monolayer of adsorbed precursor and an enhancement of the particle-support interaction with
increasing annealing temperature. Chlorine, which remains on the model catalyst surface after vacuum
annealing, could be removed by oxidation/reduction. This treatment also leads to particle sintering with
an increase in the average particle diameter from 2 nm to 4 nm after oxidation/reduction.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The preparation of supported metal catalysts is a complex mul-
ti-step procedure [1,2]. In the most commonly applied preparation
route, impregnation, the first step involves the interaction of aque-
ous solutions containing metal precursors with the support, fol-
lowed by drying, calcination, and reduction to transform the
metal precursor into the catalytically active compound. Clearly,
catalytic activity in a given test reaction is the ultimate criterion
for the usefulness of a specific preparation procedure and is often
combined with pre, in situ or post-reaction characterization to
determine the physical (particle size and shape) and chemical (oxi-
dation state, chemisorption) properties of the active catalyst and to
reveal details about the reaction mechanism. Maximizing the
abundance and stability of active sites requires, in turn, molecular
level control and an understanding of the important steps during
catalyst preparation and activation [3–7].

Surface science experiments using morphologically well-de-
fined samples contributed to a great extent to the atomic level
understanding of catalytically active metals. It is highly desirable
to extend such studies and therefore the benefit of ultimate mor-
ll rights reserved.
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phological control to the important field of supported metal cata-
lyst preparation. Previous attempts related to metal deposition
from liquid phase precursors onto flat oxide substrates (single
crystal surfaces and single crystal fragments, or noncrystalline
oxide thin films) provided some relevant insights; however, they
lack of combined morphological and chemical characterization
[8–13]. In the approach presented herein, we take advantage of
the ability to reproducibly grow under ultra-high vacuum (UHV)
conditions thin, single-crystalline oxide films with well-defined
morphology, which allow typical surface science analysis tools to
be applied and use them as substrates for studying the formation
of supported metal nanoparticles following wet chemical catalyst
preparation procedures.

As a prototype system, we have chosen to use Fe3O4(111) films
grown on Pt(111) as substrate for Pd nanoparticles. UHV-depos-
ited Pd nanoparticles on Fe3O4 have been extensively investigated
in our laboratory in the past and served as a model system for de-
tailed studies of Pd nanoparticle reactivity in oxidation and hydro-
genation reactions [14,15]. The UHV preparation route is
exceptionally clean and does not include possible chemical inter-
ference from the precursor used in realistic preparations. In partic-
ular, catalysts prepared via impregnation with PdCl2, the most
frequently used precursor for supported Pd catalysts [16], retain
chlorine, which has been shown to act as a poison in certain cata-
lytic applications, supposedly by blocking the active sites [17–19].
Here, we report on the preparation of a Fe3O4(111)-supported Pd
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model catalyst from acidic PdCl2 precursor solution. The combined
use of scanning tunneling microscopy (STM) and X-ray photoelec-
tron spectroscopy (XPS) allows both the morphological and chem-
ical changes that come along with the transformation of the
adsorbed Pd precursor into nanoparticles in the early stages of cat-
alyst preparation to be tracked.
2. Methods

The experimental set up consists of a UHV chamber equipped
with a sputter gun, a metal evaporator, a low energy electron dif-
fraction (LEED) apparatus, and an XPS system for single crystal
cleaning, preparation, and characterization. The Fe3O4(111) films
were grown on a Pt(111) substrate as described in detail previ-
ously [20]. Briefly, one monolayer of Fe was evaporated onto clean
Pt(111) at room temperature (RT) and subsequently oxidized at
1000 K for 2 min to form a FeO(111) monolayer film. This served
as substrate for a �10 nm thick Fe3O4(111) film, which was grown
by repeated cycles of �8 ML Fe deposition at RT and oxidation at
�900 K. Finally, the film was oxidized at �1000 K in 10�6 mbar
O2 for 10 min.

The Pd precursor stock solution was prepared by dissolving
PdCl2 (99.9%, Alfa Aesar) in 5 M HCl. This stock solution was diluted
with H2O to yield a final Pd concentration of 15 mM and pH 1.3. For
impregnation with precursor solution as well as STM experiments,
the sample was transferred via a load lock out of the UHV chamber.
The supported Pd catalyst was prepared by the following proce-
dure: Firstly, the Fe3O4(111) surface was contacted with acidic
PdCl2 solution (pH 1.3, 15 mM) for 1 h at RT. Then, the solution
was removed and the surface rinsed four times with ultra-pure
water at RT. Rinsing with water was necessary to remove residual
precursor solution from the single crystal surface, which could lead
to unwanted precipitation of PdCl2 in the subsequent drying step.
Drying was carried out at RT under a stream of He gas. Subsequent
heating to elevated temperatures (390 and 600 K) as well as oxida-
tion (O2) and reduction (CO) treatments were performed in the
UHV chamber. A gas atmosphere of 1 � 10�6 mbar during oxida-
tion (reduction) was sufficient to induce the desired chemical
changes of the supported Pd particles and low enough to avoid
transformation of Fe3O4 into Fe2O3, which could occur at elevated
temperature under more realistic oxygen partial pressures in the
mbar range [20].

STM measurements were conducted in air using a Wandelt-
type STM [21] directly after drying as well as after additional ther-
mal pretreatment and oxidation/reduction steps. All STM images
reported in this work were acquired at a tunneling current of
Fig. 1. STM images (100 nm � 100 nm) of Fe3O4(111)/Pt(111) taken in air directly after
(b).
it = 0.1 nA and a bias voltage of Ut = �0.3 V. XPS spectra were ac-
quired in UHV using an Al Ka X-ray source and a hemispherical
analyzer (SPECS Phoibos 150).
3. Results and discussion

In Fig. 1a, we present an STM image of the surface of a �10 nm
thick Fe3O4(111) film taken in air. Similar to previous UHV studies,
we observe large terraces separated by well-defined step edges
[22]. As shown in Fig. 1b, the surface morphology remains essen-
tially unchanged after exposing the sample to HCl (pH 1.3) solution
for 60 min. The fact that the Fe3O4 surface is resistant to attack
from the acidic solution makes it an ideal starting material for
the following investigation of Pd deposition from acidic Pd precur-
sor solution.

For impregnation, the Fe3O4(111) surface was exposed at room
temperature for 60 min to 15 mM PdCl2 (pH 1.3) solution. The STM
image obtained after removing the solution, rinsing the sample
with water, and subsequent drying with He at RT shows a low den-
sity of particles on otherwise seemingly ‘‘clean’’ Fe3O4(111) ter-
races (Fig. 2a, left). Comparison of Fig. 2a (left) with the STM
image of the Fe3O4(111) surface exposed to HCl solution shown
in Fig. 1b, where only flat terraces without any adsorbate are im-
aged, allows to attribute the particles observed at this stage to Pd
species and not to impurities such as carbon that accumulates on
the surface during air exposure. In addition, atomic resolution
imaging that can be frequently achieved on terraces of the clean
Fe3O4(111) surface even in ambient air was not possible on a sur-
face exposed to precursor solution. This indicates chemical
changes of the surface induced by exposure to the precursor solu-
tion, which can intuitively be related to the presence of adsorbed
molecular precursor. In a next step, the sample was dried at
390 K in UHV, whereupon the particle density increases (Fig. 2a,
middle). Finally, after heating to 600 K in UHV, particles cover
the entire oxide surface (Fig. 2a, right). The sequence of STM
images in Fig. 2a indicates reduction of the adsorbed molecular
Pd precursor, which cannot be resolved in our STM experiment,
to Pd particles by heating in UHV. XPS results presented below
support this conclusion. Meanwhile, additional information
regarding the nucleation behavior and the particle-support inter-
action can be deduced: STM images obtained directly after impreg-
nation as well as after drying at 390 K show randomly distributed
particles on the oxide surface, while they uniformly cover the sur-
face after heating to 600 K (Fig. 2a). Note that there is no preferen-
tial nucleation at surface irregularities such as step edges. This
observation provides strong evidence for homogeneous nucleation
preparation (a), and after exposure to HCl (pH 1.3, 60 min) and subsequent drying



Fig. 2. (a) Series of STM images (100 nm � 100 nm) of Fe3O4(111)/Pt(111) taken in air after contact with PdCl2 (pH 1.3) solution (left) directly after removing the solution,
(middle) after UHV-annealing at 390 K, and (right) after UHV-annealing at 600 K. (b) STM images (70 nm � 70 nm) showing the same area of Fe3O4(111)/Pt(111) exposed to
PdCl2 (pH 1.3) and annealed to 390 K in subsequent STM scans. The majority of particles present in the left image is only weakly bound to the surface and easily removed by
the STM tip. (c) STM image (100 nm � 100 nm) of the Fe3O4(111) and PdCl2 (pH1.3) sample after 600 K annealing and additional oxidation and reduction treatment to
remove chlorine.
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of Pd particles from a monolayer of adsorbed precursor. The diam-
eter of the particles observed in Fig. 2a is �2 nm regardless of the
pretreatment temperature used in this study showing that 600 K is
well below the onset of Ostwald ripening. We observed, however, a
strong dependence of the particle-support interaction on the pre-
treatment temperature. The particles on the dried sample (RT,
390 K) could easily be moved under the STM tip by increasing
the bias voltage. This is exemplified in Fig. 2b, which presents
images of the same area of a sample dried at 390 K scanned succes-
sively. The majority of small particles present in the left image of
Fig. 2b disappeared after additional scanning (compare with right
image of Fig. 2b) either by moving with or collection by the STM
tip (increasing the scan area after scanning at high bias revealed
that some particles accumulated at the edges of the previous scan
window). This suggests that the particles are only weakly bound to
the support at this stage of preparation. In contrast, no such behav-
ior was observed for the sample heated to 600 K indicating a clear
enhancement of the particle-support interaction by heating.

The chemical nature of the surface species present at the vari-
ous stages of sample pretreatment was studied with XPS (Fig. 3).
The spectra obtained directly after removing the solution contain
a dominant Pd 3d5/2 component at a binding energy (BE) of
337.8 eV, and a second Pd 3d5/2 component at 336.2 eV. With
increasing temperature, a gradual transformation of the high BE
component into the low BE component and a shift to lower BE is
evident (Fig. 3a). Comparison with the STM images in Fig. 2a allows
the emergence of the low BE peak with the abundance of nucleated
particles, which increases with pretreatment temperature, to be di-
rectly correlated. Similarly, the loss of the high BE peak reflects the
thermal decomposition of the Pd precursor complex. Analysis of
the Fe 2p (not shown) and Pd 3d XPS peak intensities shows a clear
increase in the Fe/Pd ratio with increasing annealing temperature.
This expected trend can be rationalized in terms of weaker atten-
uation of the Fe 2p emission once Pd particles have been formed
after high temperature treatment. This leads to a higher fraction
of Fe3O4 surface exposed to vacuum as compared to the state di-
rectly after precursor deposition, where the Fe3O4 surface is homo-
geneously covered by Pd precursor complexes.

Apart from this qualitative correlation, the measured BE’s may
further be analyzed to determine the chemical identity of the sur-
face species. For the species relevant in this study, the Pd 3d5/2 BE
increases in the order as follows: Pd0 (335.2 eV) < Pdd+Cl� <
Pd(H2O)x Clnþð�Þ

y (336–338 eV) 6 PdCl2 (337.8 eV) < PdCl2�
4 (338.1

eV) [23,24]. It is well documented that during impregnation with
acidic PdCl2 solution predominantly PdCl2�

4 ions adsorb on the sup-
port surface. The high BE component at 337.8 eV observed after
impregnation, washing, and drying at RT is well below the Pd
3d5/2 BE in PdCl2�

4 and is instead assigned to adsorbed aquochloro
complexes, Pd(H2O)x Clnþð�Þ

y . In fact, a rough estimate of the ele-
mental distribution from the Pd 3d (Fig. 3a) and Cl 2p (Fig. 3b) peak
areas gives a Pd/Cl atomic ratio of �1:1, clearly different than ex-
pected for PdCl2�

4 . The change of the nature of the adsorbed precur-
sor may be explained by respeciation of PdCl2�

4 upon adsorption
because of the increase in the local pH above the support surface.
Such phenomenon has been observed for the interaction of
PdCl2�

4 with alumina support when precursor solutions with
pH > 3 were used [25]. Since the pH of the precursor solution (pH
1.3) used in the present experiment is well below this threshold
pH (and similar behavior of alumina and iron oxide supports
may be expected because of the similar point of zero charge,
pzc � 8, of the two oxides), we exclude the possibility of respecia-
tion because of variation of the local pH and rather attribute the
change of the nature of the adsorbed precursor to ligand exchange
during the washing step. Ligand exchange results in particular in
the formation of neutral or singly charged aquochloro complexes
for which the lateral repulsive interaction on the surface is signif-



Fig. 3. (a) Pd 3d (Epass = 20 eV), and (b) Cl 2p (Epass = 50 eV) photoemission spectra
of Fe3O4(111) exposed to PdCl2 (pH 1.3). The spectra were recorded (bottom)
directly after exposure to PdCl2 solution at RT, (middle) after subsequent annealing
to 390 K, and (top) after further annealing to 600 K. The Cl 2p spectra of a
Fe3O4(111) sample that has been exposed to HCl (pH 1.3, blank experiment) are
shown as gray traces in (b).
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icantly reduced as compared to adsorbed PdCl2�
4 . Hence, the possi-

bility to form agglomerates is enhanced and this may account for
the observation of the small number of Pd particles on the sample
dried at room temperature after the washing step (Fig. 2a, left).
Upon heating the sample to 390 and 600 K, the high BE component
shifts from 337.8 to 337.1 eV, which is most probably related to
partial decomposition of the adsorbed precursor complexes.

The second Pd 3d5/2 signal related to the nucleated particles
exhibits a BE of 336.2 eV (RT), which shifts to 335.7 eV upon heat-
ing to 600 K (Fig. 3a). These values are higher than expected for
metallic Pd particles, but considerably lower than expected for
PdCl2. Two effects may contribute in the present study to the ob-
served positive BE shift with respect to bulk Pd: (i) particle size-
dependent screening of the Pd core hole created in the photoemis-
sion process, resulting in higher BE’s for small particles as com-
pared to bulk Pd [26–29]. (ii) Formation of Pdd+ species by charge
transfer to Cl which remains adsorbed on the surface of the parti-
cles. While a rigorous separation of the two contributions is not
possible, the Cl 2p XP spectra reported in Fig. 3b provide strong
evidence for remaining Cl on the Pd particles. We find that,
whereas the chlorine-containing precursor is gradually trans-
formed into Pd nanoparticles, the surface chlorine concentration
is not affected by thermal treatment (Fig. 3b, black traces). Further-
more, in a blank experiment with the Fe3O4 surface exposed to HCl
(pH 1.3) solution without Pd precursor, the amount of chlorine is
considerably less and it could almost completely be removed by
heating to 600 K (gray traces in Fig. 3b). The chlorine detected after
heating the Pd-containing sample to 600 K can, therefore, unam-
biguously be related to the Pd particles. This result is in line with
the high desorption temperature (�1000 K) that has been reported
for chlorine on Pd surfaces [30].

Since chlorine is an unwanted residue of the preparation pro-
cess, the sample was further subjected to oxidation (1 � 10�6 mbar
O2, 600 K, 5 h) and subsequent reduction (1 � 10�6 mbar CO,
500 K, 1 h) [31]. No chlorine could be detected with XPS afterward.
However, the oxidation/reduction treatment resulted in morpho-
logical changes as seen in STM: The average Pd particle diameter
increased from 2 nm before (Fig. 2b, right), to 4 nm after oxida-
tion/reduction (Fig. 2c). Particle sintering (and chlorine removal)
occurred mainly during oxygen treatment, in accord with a recent
UHV study that showed that the formation of surface and interface
oxides is responsible for Pd sintering on Fe3O4 under mild oxida-
tion conditions [32]. The facile removal of chlorine observed here
is related to the rather weak interaction of the Fe3O4(111) surface
with HCl, as demonstrated by the XPS results in Fig. 3b. In this re-
spect, the Fe3O4(111) support is similar to silica supports, where
chlorine can easily be removed by reduction (in contrast to alu-
mina) [23]. In addition, and as already stated previously, the ab-
sence of diffusion limitation and readsorption on a flat substrate
as opposed to porous support materials might influence the reten-
tion of chlorine [9].
4. Conclusion

We presented a new approach that allows, by utilizing thin, sin-
gle-crystalline oxide films as substrates, both morphological and
chemical information during the early stages of supported metal
catalyst preparation to be gained. We have in particular investi-
gated the thermal transformation of Pd precursor complexes into
metal nanoparticles on Fe3O4(111). STM experiments revealed
that during heating Pd particles homogeneously nucleate from
the adsorbed molecular precursor after impregnation of
Fe3O4(111) with acidic PdCl2 solution and that the particle-
support interaction is temperature dependent. In addition, the
morphological information is important for the interpretation of
the spectroscopic data and helps in the assignment of the XPS sig-
nals. Residual chlorine is found to be mainly in contact with the Pd
particles and could be easily removed by oxidation/reduction,
which also leads to particle sintering.

The approach presented herein offers great potential for further
elucidation of catalyst preparation procedures. In particular, varia-
tion of parameters such as pH of the impregnation solution as well
as concentration and type of precursor salt and, hence, the differ-
ent nucleation behavior and chemical identity of surface species
may contribute to a better understanding of the influence of prep-
aration parameters on the final properties of a catalyst. We envis-
age to further extend this approach to in situ microscopic and
spectroscopic studies of the oxide-solution interface during the
impregnation step, which could reveal in detail the adsorption
behavior of precursor complexes.
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