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Surface segregation of Pb has been studied using angle resolved X-ray Photoelectron Spectroscopy
(ARXPS) and Density Functional Theory (DFT) modelling in a polycrystalline Aug gsCug 15 alloy. Au surface
enrichment was found in the alloy surface, whereas Pb surface enrichment was detected after annealing.
ARXPS depth profiles show a 23% surface coverage by Pb atoms. DFT calculations predict an approximate

coverage of '4 monolayer (ML) of Pb atoms in the first atomic layer, consistent with the experimental
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results. The results presented here are an example of the importance of low concentration of impurities
in determining the surface composition of bulk alloys.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The composition of an electrode surface is a determining factor
in the course of electrocatalytic reactions. It is well established
now that both the environment surrounding an electrode and the
applied potential can greatly influence its surface composition
[1,2], thus leading to radically different electrocatalytic behaviour.
Equally important, metal impurities in the electrode material can
also have a large influence on surface reactions. Since sample
annealing is commonly employed for the preparation of bimetallic
alloy nanoparticles as a means of stabilizing their configuration, it
is important to understand the driving force of segregation phe-
nomena to predict if very low concentrations of impurities could
affect their surface composition by annealing.

Bimetallic alloys are of great interest in electrocatalysis because
they offer a way to fine tune their catalytic properties and make
them more active as compared to their simple component counter-
parts [3,4]. This depends on surface composition, which can differ
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significantly from that in the bulk because of differences in surface
segregation energies of the alloy constituents. It was recently
shown [5] that for the Au-Cu system the surface is preferentially
enriched with Au atoms; whereas when exposed to an atmosphere
of O,, a surface inversion repopulation takes place, with the surface
becoming enriched with Cu atoms thus favouring O adsorption.
Thus, during the course of (electro-)catalytic reactions, alloy
systems might not remain rigid, but may change their surface com-
position according to the environment in which they are placed [6].
In addition, it was found that Pb impurities diffused to the surface
when the sample was annealed and this observation triggered the
present study.

Segregation of Pb can have a deleterious effect on catalytic per-
formance due to the blocking of active sites. Thus, impurities that
are present in low concentration could have a profound effect in
catalyst performance. The present work shows the use of DFT cal-
culations to rationalize segregation phenomena of importance in
catalysis, and how this behaviour can be radically different in bulk
and nanoparticle alloy systems [7]. Angle resolved X-ray Photo-
electron Spectroscopy (ARXPS) measurements on a AuggsClg s
alloy and Density Functional Theory (DFT) calculations were per-
formed to study the effect of surface segregation of Pb impurities
after sample annealing. A comparison between nanoparticulate
materials and bulk is made and it is shown that very low concen-
trations of Pb impurities affect the bulk systems while leaving the
nanoparticulate systems unaffected.
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Fig. 1. XPS survey scans for a AupgsCug ;s alloy after Ar* sputtering. 25 °C: no
annealing; 325 °C: after annealing for 1 h.

2. Material and methods

Sample preparation and surface treatment have been described in more detail
elsewhere [5]. In short, the base metals (Au (99.9985%) and Cu (99.999%) Alfa Aesar
UK) were placed in a tube furnace under H,/Ar atmosphere at 1100 °C for 6 h. The
AuggsCug 15 alloy studied was polished with increasingly fine alumina slurries to a
mirror finish. It was characterised by XRD (PANalytical X'pert PRO Multi-Purpose
Diffractometer, Co Ko, radiation), to ensure that the alloy was formed [5]. X-ray
Photoelectron Spectroscopy measurements (XPS) were performed under UHV con-
ditions (base pressure <5 x 10~° mbar) in a SPECS spectrometer system equipped
with a 150 mm mean radius hemispherical electron energy analyzer and a nine
channeltron detector. XPS spectra were acquired at a constant pass energy of
20 eV using an un-monochromated MgKo (1253.6 eV) source operated at 12.5 kV
and 20 mA and a detection angle of 30° with respect to the sample normal on
grounded conducting substrates. The binding energies quoted are referred to the
Au 4f7), emission at 84.0 eV. The surface concentration of Pb was determined by an-
gle resolved XPS (ARXPS) [5]. Sample heating inside the XPS analysis chamber was
achieved by electron bombardment, temperature was measured with a chromel-
alumel (type K) thermocouple spot welded to the side of the alloy. All ARXPS exper-
iments were performed at room temperature (25 °C). The annealing time was 1 h,
and then the sample was allowed to cool to ambient temperature before ARXPS
measurements.

3. Calculations

All first-principles calculations of surface segregation properties
of lead were performed with the CASTEP (Cambridge Serial Total
Energy Package) code [8] that implements density functional the-
ory (DFT) using plane-wave pseudopotentials. The core electrons
for all atoms, were replaced by Vanderbilt ultrasoft pseudopoten-
tials [9] and the exchange-correlation energies were evaluated
with the PBE-form of the generalized-gradient approximation
(GGA). A plane-wave basis set with an energy cut-off of 380 eV
was used for all surfaces. The Brillouin zones of the (1 x 1)-surface
unit cells were sampled with (4 x 4) Monkhorst-Pack k-point
meshes. These surfaces were represented by 5-layer slabs, where
periodic images were separated by a vacuum of at least 13 A. Dur-
ing the geometry optimizations the bottom two layers were fixed
at the calculated bulk structure and the geometry of the remaining
layers (plus adsorbates) was fully optimised up to <0.01 eV/A. Dif-
ferent coverages were studied by using (1 x 1), (2 x 2), and (3 x 3)
surface unit cells.

4. Results and discussion

Fig. 1 shows XPS survey scans for a AuggsCug 15 alloy after Ar*
etching followed by annealing for 1 h in UHV at 325 °C.

Only Au and Cu signals are observed before sample annealing.
However after annealing Pb 4f signals are clearly visible, although
high purity base metals were employed. The ARXPS results for Pb

are presented in Fig. 2. The binding energy for Pb 4f;, is
136.9 eV, in excellent agreement with literature data of 136.8 eV
[10].

No other signals from metals besides those of Au and Cu are
present, although some small C 1s signal can be seen. This is absent
in the sample before annealing and can be attributed to deeply
buried contamination in the constituent metals that diffuses at
higher temperatures. Pb was not observed for any of the other al-
loys previously studied at lower temperatures [5]. The Pb 4f signal
increase with detection angle indicates that Pb is specifically ad-
sorbed at the surface. The concentration profiles for the Auggs.
Cug 15 alloy before and after annealing were calculated using a
concentration gradient model with maximum entropy regularisa-
tion (Fig. 3) [11,12].

Fig. 3a shows that, before annealing, the alloy surface is en-
riched in Au and as expected, the concentration profiles tend to
their bulk values as depth increases. Fig. 3b shows that after
annealing diffusion of Pb to the surface changes the atomic distri-
bution depth with a clear enrichment of Pb and the concomitant
decrease of the Au and Cu surface concentrations.

Pb transport to the surface would be expected to be a diffu-
sional controlled process and it is interesting to model the result-
ing surface coverage in order to compare with the XPS and DFT
results (see later). This was calculated assuming that adsorption
is an irreversible process and therefore, it can be calculated from
the integrated Fick’s first law for linear diffusion [13]:

I(t) =2D"?c"t" 172 (1)

I'(t) is the surface concentration of Pb, t is the time, D the diffusion
coefficient of Pb atoms in the alloy and C” is the bulk concentration
of Pb.

Eq. (1) assumes that there is no change in the activity coefficient
of Pb with distance and therefore, the value of D is uniform in all
the material and also that there are no additional contributions
to the diffusion rate, for instance, due to the formation of interme-
tallics or separate phase formation. Temperature dependence of
the solid state diffusion of Pb in Au was investigated by Schopper
[14] between 20 and 100 °C employing an optical technique. It
was found that diffusion of Pb could be regarded as an activated
process with a diffusion coefficient given by:

D = (0.016 + 0.005) cm? 5" x exp(—Eq/RT) 2)

where E, is the activation energy for diffusion, R is the gas constant
and T is the absolute temperature. A value of E,. =71 % 8 k] mol™!
was found and from Eq. (2), the diffusion coefficient of Pb in Au
at 598K is approximately Dsos=9.8 x 107 cm?s~'. With the
exception of a single gravimetric measurement at 100°C by
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Fig. 2. Pb XP signal for a AuggsCug s alloy after annealing for 1 h at 325 °C.
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Fig. 3. Concentration profiles for Cu (solid line), Au (dashed line) and Pb (dotted
line) for a AupgsCug 15 alloy before (a) and after annealing at 325 °C (b).

Leidheiser [15], no other reliable data for the diffusion coefficient
of Pb could be found in the literature. This work reported
D373=1.6 x 1072 cm? s, in good agreement with the value calcu-
lated from Eq. (2). The extrapolation of Eq. (2) outside the range of
measurements will introduce some uncertainty in the value of the
diffusion coefficient but in the absence of additional information,
this value was employed to obtain a qualitative estimate of the
degree of coverage that could be expected.

From Eq. (2) and considering a diffusion time of 1 h (the anneal-
ing time), the expected coverage is given by I'(1h)=6.53 x 103
x C® (€® in mol cm™3). From the densities of Cu and Au [16], the
alloy density was estimated at 17.77 gcm™> assuming approxi-
mate ideal solution behaviour and therefore, a surface concentra-
tion of Pb can be estimated for a given concentration of impurity
in the alloy. From the above, a 1 ppm concentration of Pb as impu-
rity would result in a Pb coverage of 5.7 x 107 mol cm~2 or an
atomic concentration of 3.5 x 10'*cm™2. Considering a surface
concentration of Au of 1.5 x 10> cm~2 [17], these calculations
predict a 23% surface coverage, very close to the value observed
experimentally (~22%, see Fig. 3b). Although this is a very approx-
imate calculation the similarity with the results calculated from
the ARXPS data supports our assumptions.

It is interesting to carry out a qualitative estimate of the Gibbs
energy of segregation of Pb (AGs(Pb)) that the above results
indicate and relate it to theoretical models. Considering the segre-
gation process as an exchange of a host atom at the surface by a
guest from the bulk, the equilibrium composition is given by
[18,19]:

Xop/Xau = Xpp/XRy x €Xp(~AGs(Pb)/RT) 3)

where X* and X" refer to surface and bulk mol fractions, respec-
tively. The Pb concentration specified in the base metals datasheet
is less than 1ppm. The measurement of the actual level of

impurities in the materials employed to compare with this result
presents great analytical difficulties. There is no reliable measure-
ment of the saturation solid state solubility of Pb in Au. Owen and
O’Donnell Roberts [20] could not detect any solubility using an
X-ray method. The most reliable estimates are given in the compi-
lation by Okamoto and Massalski [21] who indicated that the
maximum solubility of Pb corresponds to X5, < 0.04 below 600 °C.
Therefore, the estimate from Eq. (1) of 1 ppm (X5 = 9.5 x 1077)
for the concentration of Pb in the alloy is not unreasonable.

From these results, a value of AGs(Pb) in the range of
—60 k] mol~! can be estimated from Eq. (3), reflecting the strong
driving force for Pb surface segregation. The physical meaning of
AGs has been the subject of much debate in the past. The classical
macroscopic formalisms have been based on two important contri-
butions, Gibbs energy of surface interactions and solute strain
effects. The former was quantified using nearest neighbour interac-
tion models whereas the latter relied on the calculation of strain
effects caused by the introduction of the guest, with the resulting
displacement in the position of the atoms in the host lattice. A nec-
essary condition here is to assume relaxation of the lattice strain
caused by the guest on transfer to the surface layer, which has to
be modelled. The attraction (and limitations!) of this traditional
approach is the use of macroscopic properties such as, for instance,
the enthalpy of sublimation for the surface Gibbs energy calcula-
tions or the bulk modulus of the host and the shear modulus of
the guest for strain energy estimates [18,22,23].

In order to quantify the driving force for the observed segrega-
tion we performed DFT calculations on Au(111) with different
amounts of Pb (1/9, 1/4, and 1.0 ML Pb) either being adsorbed on
the surface or by replacing Au atoms in the first, second, or third
topmost layers. This provides information about the general segre-
gation behaviour, even though multiple near-surface layers might
be influenced by this segregation tendency (e.g., alternating decay
of the enrichment by Pb).

Although the experimental studies were performed on Auggs.
Cug 15 bulk alloys, the theoretical studies were carried out for pure
Au(111), the main alloy component. This approach was taken for
simplicity since Au segregates preferentially to the surface in AuCu
alloys, leading to a so-called Au-skin surface structure (see Fig. 3a)
[6]. Thus, concentrating on the surface Au-skin layers, the use of a
Au(111) surface is a reasonable compromise between a realistic
surface model and computing resources. A more realistic model
would require an in-depth investigation on the segregation behav-
iour of the Au, Cu, and Pb ternary system, with different bulk and
surface compositions. This was, however, beyond the scope of
the present work.

A comparison of the total energy of systems with the same com-
position already provides first insights in their stability. It was
found that for a full Pb layer, the adsorption on the Au(111) sur-
face is 0.16 and 0.27 eV/Pb-atom more stable than having Pb in
the second or third surface layer respectively, i.e. below-surface
absorption is not favourable. However, when considering lower
coverages, absorption in the first layer becomes the preferred
structure, while having Pb in the lower surface layers shows the
same trend of decreasing stability as with a full Pb layer even
though with higher energy differences. Here, having 1/4 ML Pb in
the first surface layer is 0.74 and 1.00 eV/Pb more stable than
having Pb in the second or third layers, respectively. Lowering
the coverage to 1/9 ML, that can be considered as a zero-coverage
limit, the segregation energy increases slightly to 1.00 and 1.16 eV/
Pb, respectively. These calculations show that Pb is more likely to
be at or near the surface of Au(111), a tendency that was also
observed with ARXPS on the alloy investigated.

However, in order to compare the stability of systems with dif-
ferent surface compositions, the surface Gibbs energies rather than
total energies must be analysed. Results from these calculations
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Table 1
Surface Gibbs energies 7 (in eV/surface-atom) for different amounts of Pb in different
surface layers.

Pb in layer Coverage
1/9 ML 1/4 ML 1.0 ML
Adsorption 0 0.72 0.69 1.29
Absorption 1 0.70 0.61 1.28
2 0.80 0.80 1.43
Bulk 0.83 0.86 1.53

are shown in Table 1. Surface Gibbs energies should be lowest for
the most stable configuration and the results in Table 1 indicate
that the overall lowest value (i.e. highest stability) is obtained for
1/4ML Pb in the first surface layer () =0.61eV/surface-atom),
although adsorption on the surface is only 0.08 eV/surface-atom
less stable. The next stable structure is with 1/9 ML Pb, where
again absorption into the first surface layer is preferred. As
expected, the least stable configuration is with a full Pb monolayer,
which is certainly due to the relatively weak Pb-Pb interactions
compared to those of Au-Au. From these calculations it can be con-
cluded that Pb will indeed be segregated at the surface. The most
stable configuration is obtained for a surface that contains roughly
1/4 ML Pb in the first layer, onto which additional Pb might be
adsorbed. The greater stability of the 1/4 M Pb coverage derived
from these calculations is in broad agreements with the ARXPS re-
sults and with predictions from the diffusion controlled adsorption
model given by Eq. (1).

5. Conclusions

The results presented here are an example of the importance of
low concentration of impurities in determining the surface compo-
sition of bulk alloys. DFT calculations clearly show that Pb impurity
atoms have a strong tendency to accumulate near the surface
(either adsorbed on the surface or absorbed in the first surface
layer). Since annealing will enhance the system to assume its pre-
ferred structure and composition distribution, drastic changes in
the catalytic behaviour would be expected for bulk samples. It is
interesting to note, however, that the degree of surface contamina-
tion for nanoparticles will be strongly dependent on their size due
to the availability of impurity atoms per cluster. In the example
shown in this paper, if the alloy containing 1 ppm of Pb as impurity
is present as nanoparticles of 5 nm diameter, on average 1 in 295
particles will contain a single atom of Pb and hence, will have a

very small effect on the electrocatalytic properties of a nanopartic-
ulate electrode a consequence of the confinement of Pb in the dis-
persed nanoparticle material. The influence of the impurities on
electrocatalytic properties will depend, therefore, on the average
size. So, even though a 1 ppm Pb content would appear to be a high
concentration of poison for electrocatalytic reactions, this will have
an almost undetectable effect for electrodes prepared with small
nanoparticles.
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