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ABSTRACT

The influence of adsorbed S on surface segregation in Cu,Pd; _  alloys (S/Cu,Pd; _ ) was characterized over a
wide range of bulk alloy compositions (x=0.05 to 0.95) using high-throughput Composition Spread Alloy
Film (CSAF) sample libraries. Top-surface and near-surface compositions of the CSAFs were measured as
functions of bulk Cu composition, x, and temperature using spatially resolved low energy ion scattering
spectroscopy (LEISS) and X-ray photoemission spectroscopy (XPS). Preferential segregation of Cu to the
top-surface of the S/Cu,Pd; _, CSAF was observed at all bulk compositions, x, but the extent of Cu segregation
to the S/Cu,Pd; _ , surface was lower than the Cu segregation to the surface of a clean Cu,Pd; _ , CSAF, clear
evidence of an S-induced “segregation reversal.” The Langmuir-McLean formulation of the Gibbs isotherm
was used to estimate the enthalpy and entropy of Cu segregation to the top-surface, AHseg(X) and ASge(X),
at saturation sulfur coverages. While Cu segregation to the top-surface of the clean Cu,Pd; _, is exothermic
(AHgee<0) for all bulk Cu compositions, it is endothermic (AHseg>0) for S/Cu,Pd; _,. Segregation to the
S/Cu,Pd; — surface is driven by entropy. Changes in segregation patterns that occur upon adsorption of S
onto Cu,Pd; _  appear to be related to formation of energetically favored Pd-S bonds at the surface, which

counterbalance the enthalpic driving forces for Cu segregation to the clean surface.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The rates and mechanisms of processes that take place on the sur-
faces of multi-component materials, such as catalysis and corrosion,
depend on surface composition. For multi-component materials,
surface composition differs from bulk composition because of preferen-
tial segregation of one or more components to the surface [1-3]. Surface
segregation minimizes the total free energy of the material; it is deter-
mined by bulk composition, environmental variables (temperature and
pressure) and the presence adsorbed species on the surface [4-6]. An
adsorbed species can interact preferentially with one or more of the com-
ponent materials, resulting in “adsorbate-induced segregation” [7-9].
This phenomenon is of particular importance in the design of catalytic
surfaces [10-15]; for example, adsorption of CO is known to induce
segregation of Cu to the top surface of Cu-Pt catalysts used for the
water-gas shift reaction [10,11,14]. Rational design of complex
surface-functional materials for catalysis and other applications re-
quires that segregation be understood, controlled, and even leveraged
to achieve optimal material performance. Modern computational tools
have contributed to fundamental understanding of segregation phe-
nomena; as an example of particular relevance to this work, Mavrikakis
and co-workers have provided a systematic framework, based on first-
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principle calculations, for understanding adsorbate-induced segrega-
tion to the surfaces of alloy catalysts [16-18].

Our interest in segregation follows from our work on Pd-alloys
used as membranes for separation of H, from mixed gas streams in
advanced coal gasification processes [1,2,19-24]. Pure Pd has received
significant attention in the separation application because of its sur-
face activity for dissociative adsorption of H, and the high diffusivity
of H-atoms in its bulk [25-28]. In practice, pure Pd membranes suffer
from structural instability in the presence of H, [29,30]. Furthermore,
exposure of a Pd membrane to H,S, a common impurity in coal-
derived gas streams, degrades membrane performance by poisoning
the surface for H, dissociation and inhibiting H-atom diffusion
through the bulk [22-24,31]. To address these challenges, Pd has
been alloyed with a variety of minor components, including Cu, Ag
and Au [30,32-37]. CuPd alloys, in particular, have been studied for
their resistance to deactivation by H,S [22-24,31,38].

While the bulk composition of a Hy purification membrane alloy
determines the rate of H-atom permeation, the surface composition
determines the rate of H, dissociation. Therefore, the design of a
successful separation membrane requires that surface composition
be characterized and segregation phenomena be understood. In our
previous study of segregation in a clean, polycrystalline CugsPdg 7
alloy, we observed that, when the top-surface, near-surface and bulk
are in thermodynamic equilibrium, the top-surface of the alloy is
enriched in Cu over a broad range of temperatures [1]. The extent of Cu
segregation can be described within the framework of the Langmuir-
McLean formulation of the Gibbs isotherm. We also observed that
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adsorption of S onto the Cug3Pdg; surface suppresses segregation of Cu
to the alloy's top-surface [2].

Cug3Pdy 7 is only one of an infinite number of compositions of CuPd
binary alloys. Comprehensive understanding of segregation in an alloy
requires its study across the continuum of composition space. Unfor-
tunately, characterization of segregation - or any alloy property —
across a broad, continuous composition space can be prohibitively
time-consuming when studied using a series of single composition
samples. As a consequence, few experimental studies of surface segre-
gation across broad regions of composition space have been reported
[3,39,40]. We have extended our study of surface segregation to all
of Cu,Pd; _, composition space using a high-throughput approach
based on the use of Composition Spread Alloy Film (CSAF) sample
libraries [41]. As illustrated in Fig. 1, CSAFs are thin films with contin-
uously variable lateral composition gradients deposited such that
every composition of a binary or ternary alloy appears on a compact
(~1 cm?) substrate. When coupled with spatially resolved methods
for measuring their composition, structure and functional properties,
CSAFs allow rapid characterization of the composition-structure-
property relationships that form the basis for rational design of alloys
for applications such as H, separation.

In our previous high-throughput study of surface segregation on a
clean Cu,Pd; _ , CSAF, we observed that Cu preferentially segregates
to the top-surface of the alloy at all bulk compositions in the range
x=0.05 to 0.95 and temperatures in the range T=300-900 K [41].
We used a Langmuir-McLean analysis to extract AHgeg and AS,.g, the
enthalpy and entropy of Cu segregation to the alloy top-surface, as
functions of bulk composition, x, and showed that Cu segregation is
exothermic (AH;,,<0) over all x [41]. The values of AHseg and ASeg
at x~0.3 on the CSAF matched those that we measured for the single
composition Cug3Pdg; alloy sample, providing validation of the high
throughput approach for characterization of segregation phenomena.

In this work, we use a CuyPd; _ y CSAF alloy library to assess the
influence of adsorbed sulfur on segregation across Cu,Pd; _ x composi-
tion space. We show that adsorption of sulfur induces segregation
reversal, a reduction of the extent of Cu segregation, at all bulk compo-
sitions and that, in contrast to the clean alloy in which Cu segregation is
exothermic, Cu segregation in the presence of adsorbed S is driven by
entropy.

2. Materials and methods

We have described our preparation and characterization of Cu,Pd; _
CSAFs previously [41,42]. Briefly, experiments were carried out in an
ultrahigh vacuum chamber with a base pressure of 2x 10~ '° Torr. The
chamber is equipped with a monochromated X-ray source (for spatially

A
Cu,Pd,., [ x=0.95
CSAF \
Cu line source
/ Pd line source
substrate

x=0.05

Fig. 1. A) CSAFs are prepared by locating pure component line sources (normal to the
plane of the figure) close to, but offset from the centerline of, the substrate. B) A
CuyPd,; _, CSAF contains all compositions (from x=0.05 to 0.95 in this work) on
the surface of a compact (12 mm diameter) substrate. Spatially resolved analysis of
composition and properties at specific locations on the CSAF (represented by white
circles) allows rapid construction of composition-property relationships.

resolved X-ray photoemission spectroscopy, XPS), a He ™" ion gun (for
spatially resolved low energy ion scattering spectroscopy, LEISS), and a
sputter gun for substrate cleaning. The CSAF deposition substrate, a
12 mm diameter Mo(110) single crystal (Monocrystals Company), was
mounted on a UHV manipulator, in thermal contact with a liquid nitro-
gen reservoir and with leads for resistive heating to allow temperature
control between 80 and 1400 K. After the Mo substrate was mounted
in the chamber, carbon was removed from its surface by heating in an
0, background. The substrate surface was prepared for deposition by
cycles of Ar™ sputtering at 300 K and annealing at 1300 K to reduce
other surface impurities to <15 at.%, as measured using XPS.

Cu,Pd; _ 4 CSAFs were deposited across the surface of the substrate
using an offset filament CSAF deposition tool of our own design that
we have described in detail elsewhere [41,42]. Briefly, evaporative
line sources for each of the two pure components are positioned offset
from the centerline of the substrate to create flux gradients across the
substrate surface. As illustrated in Fig. 1, the pure component line
sources are positioned parallel to one another, but on opposite sides
of the substrate, to create a one-dimensional binary composition
gradient across the substrate surface. The flux distribution across the
substrate from each line source is controlled by its temperature and
the source-substrate geometry [41,42]. Cu and Pd deposition rates
across the substrate were calibrated by measuring XPS signal intensi-
ties at several substrate locations as functions of time and over a range
of source temperatures. The results were used to determine the source
temperatures required to give equal deposition rates for each compo-
nent at the center of the substrate and the deposition times needed to
achieve the target CSAF thickness. The bulk composition, x, of the CSAF
was calculated at each point on the substrate from the local deposition
rates of the two components

_ T'cuPcu (] )
TcuPcu + TpdPrd

where r is the deposition rate of the pure component and p is its molar
density. A film thickness of ~100 nm was chosen to avoid dewetting
from the substrate upon annealing at temperatures through 900 K
[41].

XPS measurements were made using a collimated X-ray source
(elliptical spot with a 600 um minor axis along the direction of the
composition gradient) to characterize the near-surface composition
of the CSAF. All XPS experiments were performed at room tempera-
ture at which local composition is stable over the time-scale of the
measurement. The Pd 3ds,, and Cu 2p;,, photoemission intensities
(Ipq and I¢y), calibrated against signals from pure component thin
films (Ic, and Ipy), were used to make quantitative estimates of
0 &, the Cu atom fraction in the near surface region (~7 atomic
layers):

ns ICU/IOCOU (2)

T (Ie/18) + (Tpa/T5g)

LEISS experiments using a He™ ion beam with ~800 um spot
diameter and Eq=750 eV were performed to measure %P, the top-
surface (the topmost atomic layer) composition of the CSAF. Quantitative
estimates of the top-surface composition were made by comparing the
intensities of Cu (at E/Eyg~0.89) and Pd (at E/E;~0.93) scattering features
to those measured on pure component films.

Annealed CSAFs were exposed to H,S at 300 K by backfilling the UHV
chamber to 10~ 8 Torr with H,S (Matheson, 99.995%) for controlled
time intervals. Exposures are expressed in units of Langmuir (L);
1L=10"%Torr-sec. After exposure, adsorbed H,S was decomposed to
atomic S, with liberation of H,, by heating to 400 K [2].
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3. Results
3.1. S adsorption onto the CuyPd; _, CSAF

The H,S exposure conditions required to saturate the CSAF with
adsorbed S were determined by exposing pure Pd and Cu films to
increasing amounts of H,S. Pure component films were formed by
deposition of Pd or Cu onto the Mo(110) substrate until the XPS
signal of the Mo substrate was no longer detectable. Our previous
work with S deposition from H,S onto a bulk polycrystalline
Cug3Pdg 7 alloy demonstrated that thermally induced decomposition
of adsorbed H,S is complete by 400 K [2]. Therefore, the pure metal
films were exposed to increasing amounts of H,S at 300 K and then
annealed at 400 K to decompose the H,S. Fig. 2 shows the S 2p XPS
signals as functions of H,S exposure for the pure Pd and Cu films.
The S 2p XPS signals saturate after exposures of 0.5 L on the Pd film
and 1L on the Cu film. Therefore, an H,S exposure of 2 L was used
to ensure saturation coverage of S on the Cu,Pd; _ » CSAF. The abso-
lute S photoemission signal at saturation coverage differs for the
two pure component films; the signal from S on Cu is about 86% of
the S on Pd signal (570 versus 660 cps). We will address this observa-
tion in the Discussion section.

3.2. S content of the S/Cu,Pd; _, CSAF surface

Fig. 3 displays the S 2p XPS signal as a function of bulk alloy com-
position, x, measured at 300 K after annealing the S/Cu,Pd; _ x CSAF
for 20 min at temperatures in the range 300-800 K. Two primary
trends are apparent. First, at bulk compositions through x~0.85 the
S photoemission signal does not vary significantly with x. At higher
values of x (the Cu-rich region of the CSAF) the S signal falls significantly.
At 300 K, for example, the S 2p photoemission signal at the highest value
of x is ~77% of the S 2p signal at the lowest value of x. This result is con-
sistent with results from the pure component saturation experiments
described in Section 3.1, in which the S 2p photoemission signal from
the S saturated Cu film was ~86% of that measured on the S saturated
Pd film.

The second trend observed in Fig. 3 is that, upon annealing at 700
and 800 K, the S signal decreases at all values of x. In our previous
study of S/Cug3Pdg7, we observed that S does not desorb from the
alloy surface during heating to 900 K [2]; therefore, it is unlikely
that the decreases in S photoemission that we report here are a result
of S desorption. Instead, upon annealing at 700 and 800 K, S diffuses
into the near-surface of the CSAF.
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Fig. 2. S 2p XPS signal as a function of H,S exposure for pure Pd and Cu films. Exposures
were performed at 300 K, followed by heating to 400 K to induce H,S decomposition.
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Fig. 3. S 2p XPS signal as a function of anneal temperature and bulk Cu composition of the
S-exposed Cu,Pd; _, CSAF. The S signal on the Pd-rich side (low x) is greater than on the
Cu-rich (high x) side. Upon annealing, the S signal decreases at all bulk compositions.

3.3. Cu and Pd contents of the CSAF surface

A 100 nm thick Cu,Pd; _, CSAF was prepared by co-depositing
opposing Cu and Pd gradients onto the Mo(110) substrate at 300 K.
We previously showed that the near-surface compositions (from
XPS) of clean, 100 nm Cu,Pd, _ y CSAFs are stable after annealing for
15 min at 700 K or above [41]; in this work, the as-deposited film
was equilibrated by annealing at 900 K for 20 min. The near-surface
composition, 6¢;, of the clean, equilibrated film was measured at
300 K at several locations (bulk compositions, x) on the CSAF surface
while its top-surface (LEISS) composition, 6%P, was measured at
900 K. Values of 685 and 6P for the clean (before H,S exposure) surface
are plotted versus bulk composition as open, black squares in Fig. 4. The
near-surface composition shown in Fig. 4A is approximately equal to the
bulk composition over the entire bulk composition range, but with
slight Cu depletion (Pd enrichment), especially at high bulk Cu compo-
sition. The top-surface is, on the other hand, enriched in Cu at all bulk
compositions (Fig. 4B); the degree of Cu enrichment is especially high
at mid-range bulk compositions. As an example of typical segregation
patterns on the clean Cu,Pd; _, CSAF surface, at x=0.52, 6¢;=0.49
and 08P =0.74. Our observation of top-surface Cu enrichment at the
expense of near-surface Cu content matches results that we reported
for a single-composition, polycrystalline Cug3Pdg7 [1]. Within experi-
mental uncertainty, the segregation patterns shown here for the clean
CSAF are the same as those reported in our prior study of segregation
at the surface of a clean Cu,Pd, _, CSAF [41].

The clean, equilibrated Cu,Pd; _, CSAF was then exposed to 2 L
of H,S at 300 K; H,S was subsequently decomposed at 400 K to
generate the saturation coverage of adsorbed S. The S-treated
CSAF was then cooled to 300 K where XPS was used to determine
0¢5. The CSAF was then annealed for 20 min at 500, 700 and 900 K.
After annealing at each temperature, 6¢; was measured at 300 K
using XPS. Fig. 4A shows that the presence of adsorbed S induces
slight depletion of Cu (Pd enrichment) in the near-surface; for
example, at x=0.52 S adsorption followed by annealing at 300 K
reduces 0¢ from 0.49 to 0.45. As the S/Cu,Pd; _, CSAF is annealed
at higher temperatures, the extent of Cu depletion decreases; after
annealing at 900 K, the near-surface composition is nearly the same
as it was on the clean, equilibrated Cu,Pd; _, CSAF. The magni-
tudes of the changes in the near-surface Cu composition are
roughly equivalent to the uncertainty of the XPS composition mea-
surements; however, the trends are reproducible across replicate
experiments.
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Fig. 4. A) Near-surface and B) top-surface compositions of a 100 nm thick Cu,Pd;
CSAF exposed to H,S. The near-surface compositions were measured using XPS at
300 K after annealing the film at the indicated temperature for 20 min; the top-surface
compositions were measured using LEISS at the indicated temperature, but after first
annealing at 900 K. The surface compositions of the clean Cu,Pd; _ , CSAF after annealing
at 900 K are shown as open black squares.

Fig. 4B shows the top-surface compositions (from LEISS) of the
S/CuyPd; _ x CSAF, measured after the 900 K anneal, at temperatures
in the range 300 to 900 K as functions of x. Our choice to perform
LEISS experiments on the S/Cu,Pd; _ y, CSAF after first annealing the
sample at the highest temperature used for LEISS (900 K) ensures
that the S coverage remained constant during the measurements of
0P at lower temperatures. Measured top-surface compositions are re-
versible: at every bulk composition and temperature, the measured
composition is the same whether approached from high or low
temperatures. At all temperatures and all bulk compositions, the top-
surface is enriched in Cu, i.e. &P > x. However, as shown in Fig. 5, &P
at the S/CuyPd; _ surface is always less than at the clean Cu,Pd; _
surface at the same bulk composition and temperature. In other
words, the presence of adsorbed S reduces the extent of Cu segregation
to the top surface, providing clear evidence of adsorption induced seg-
regation reversal. As S/Cu,Pd; _ , is heated from 300 through 900 K, 6&P
increases and approaches that of the clean, sample equilibrated at
900 K. This behavior differs from that of a clean Cu,Pd; _, CSAF sur-
face, for which 08P exhibits a reversible maximum at 700 K [41]. The
fact that Cu segregation increases monotonically with temperature
on the S/Cu,Pd; _, CSAF is suggestive of an entropically driven segre-
gation process [5]; we will return to this point in the Discussion
section.
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Fig. 5. Comparison of the top-surface Cu compositions of S/Cu,Pd, _ y and clean Cu,Pd; _,.
At all bulk compositions and temperatures, the top-surface Cu content of S/Cu,Pd; _ is
lower than that of clean Cu,Pd; _,, illustrating that adsorbed S induces a Cu segregation
reversal.

4. Discussion
4.1. Segregation in S/Cug3Pdy ; and S/Cu,Pd; _, CSAF at x =0.3

The top-surface layer of the S/Cu,Pd; _, CSAF, while enriched in
Cu, clearly contains both Pd and Cu atoms (Fig. 4B). In our earlier
work with polycrystalline Cug3Pdg 7, we observed that the S-treated
surface contained only Pd and S atoms—Cu was notably absent [2].
The difference between the results of the experiment on polycrystalline
Cup3Pdp7 and the ones reported here arises from differences in surface
preparation prior to H,S exposure. In the current work, a thoroughly
annealed (at 900 K) Cu,Pd, _, CSAF, with its top-surface enriched in
Cu, was exposed to H,S. In the original work with Cug3Pdg 7, H,S was
exposed to a surface prepared by Ar* sputtering but with no subse-
quent annealing.

To confirm the effect of surface preparation on segregation patterns
at S-modified Cu,Pd; _, surfaces, we exposed the CugysPdy; sample
used in the previous study to H,S using the same procedure we used
for the Cu,Pd, _ x CSAF. The Cug3Pdo 7 sample was annealed at 900 K be-
fore H,S exposure and then annealed again at 900 K before making
LEISS measurements at temperatures in the range 300-900 K. The
top-surface Cu composition of the S/Cug3Pdy 7 alloy is plotted as a func-
tion of temperature in Fig. 6 (black squares). The values of 6& on
S/CugsPdp; are in excellent agreement with those at x ~0.3 on the
S/Cu,Pd; _ , CSAF (red circles, replotted from Fig. 4B), providing another
demonstration of the appropriateness of the CSAF platform for the
study of surface segregation. Furthermore, these results confirm that
sputtering does indeed change the nature of H,S' interaction with the
alloy surface and its impact on segregation. The high defect density
and low surface Cu concentration of the sputtered surface (sputtering
preferentially removes Cu atoms) likely change its interaction with
H,S. This interesting observation, which is beyond the scope of this
paper, is deserving of continued investigation.

4.2. S-uptake by the Cu,Pd; _, CSAF

Using electron backscatter diffraction, we previously showed that
annealing CuyPd; _x CSAFs prepared on Mo(110) at 800 K results in
formation of local bulk structures consistent with the CuPd phase
diagram [41,43]. In regions with purely FCC order (x<0.51 and
x>0.68), we observed that grains are oriented such that they expose
predominantly the (111) plane of the FCC lattice. At 900 K, the bulk
CuPd phase diagram displays FCC order at all compositions [43];
thus, it is reasonable to assume that the CSAFs studied in this work
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Fig. 6. Top-surface composition of S/Cug3oPdo7o as a function of temperature (black
squares). The clean Cug3oPdg 7o alloy was annealed at 900 K, then exposed to 2 L H,S
at 300 K and finally annealed at 400 K to induce H,S decomposition. The surface com-
position was measured at temperature using LEISS. Top-surface compositions mea-
sured on a comparably prepared S/Cu,Pd;_, CSAF at x~0.3 (red circles, from
Fig. 4(b)) are shown for comparison.

present primarily FCC(111) facets at all bulk compositions, x. Because
the lattice parameter of Cu (0.361 nm) is smaller than that of Pd
(0.389 nm), the areal density of S atoms for any given S-overlayer
configuration would be higher on a Cu(111) surface than on a
Pd(111) surface, with a correspondingly higher raw S photoemission
signal. Clearly, this is not the case in the present work; the S 2p pho-
toemission signals from S-saturated pure Cu film (Fig. 2) and from the
Cu-rich end of the Cu,Pd; _ , CSAF (Fig. 3) are both significantly lower
than the S 2p signals from the S-saturated pure Pd film and the Pd-rich
end of the Cu,Pd; _ x CSAF.

The composition dependence of S-uptake may reflect differences in
the local ordering of S atoms on Cu,Pd; _,(111) facets. While we have
not collected direct evidence for formation of ordered S-overlayers on
the surfaces of the samples described here, studies of S-modified
Pd(111) (including our own [44,45]) and Cu(111) single crystal surfaces
provide context for our results. At 300 K, exposure of Pd(111) to H,S or

S, typically results in the formation of a Pd(111 )-(\/§ x \/§) R30-S (here-

in “v/3”) structure [44-49]. In the /3 configuration, S atoms are bound in
three-fold hollow surface sites without subsurface occupancy. At temper-

atures above 400 K, a complex Pd(lll)—(\ﬁ X ﬁ) R19-S (herein “v/7")

overlayer forms [44-46,48,49]. In the /7 structure, S atoms reside at both
top-surface and subsurface locations [44,45]; the +/7 structure is some-
times viewed as an early stage of penetration of surface S atoms into
the Pd bulk. Cu(111) displays a different behavior upon room tempera-
ture exposure to H,S: the v/7 S overlayer forms directly, without the

appearancez of a /3 structure [50-52].

It is plausible that different S-overlayers form at different locations
(i.e., bulk compositions, x) on the CSAF surface. Some of the S atoms
deposited by H,S decomposition onto the Cu-rich side of the CSAF
and the pure Cu film may reside at subsurface locations, as they do
in Cu(111)-v/7; S atoms deposited by H,S decomposition onto the
pure Pd film and on the CSAF at x<0.85 may reside exclusively at
the top-layer, as they do on Pd(111)-+/3. The difference between
the two overlayer structures is important because subsurface S
atoms, such as those in the +/7 structure, contribute significantly
less to the total S 2p photoemission signal than S atoms at the top-
surface. Thus, in this scenario, S 2p photoemission is expected to be
lower at Cu-rich compositions, which is precisely the pattern that

we observe in both the single component films (Fig. 2) and the
CSAF (Fig. 3).

Upon post-deposition annealing at elevated temperatures, both
top-surface and subsurface S atoms diffuse from their initial locations
into the interior of the CSAF, resulting in a reduction of S 2p photo-
emission intensity at all bulk compositions across the CSAF, as
shown in Fig. 3.

4.3. Estimation of AHseg and ASgeq

The thermodynamics of surface segregation can be characterized by
the Langmuir-McLean formulation of the Gibbs isotherm: [4,5,53,54]

top bulk _
bcy _ Xcu X < AGseg>

G
Gt&p X <_ Gseg)
= €exp 3
(1_02?) (1—x) RT 3)
BtCOLF _ X exp <_AHseg + Asseg ) )
<1 _Gt&p> (1—x) RT R

The thermodynamic parameters AGses, AHseg, and ASg, are the
free energy, enthalpy and entropy of Cu segregation to the top-
surface of the alloy. We previously used the Langmuir-McLean
equation to extract AH,,, and AS,,, for segregation of Cu to the top-
most layer of a clean Cu,Pd; _, CSAF as functions of bulk composi-
tion, x. As noted earlier, the enthalpies and entropies of segregation on
the clean CSAF at x=0.3 compared well with those from CugsPdg7
[41].

We performed a Langmuir-McLean analysis of the temperature
dependent top-surface Cu compositions shown in Fig. 4B to estimate
AHeq and ASg, for the S/Cu,Pd; — surface. As for the clean Cu,Pd; —
CSAF, we fit the Langmuir-McLean equation to surface composition
data obtained at 700 K and above, where the bulk, near-surface and
top-surface compositions are in thermodynamic equilibrium [41].
Values of AH,g and TAS,.s (at T= 800 K) for both the clean (reproduced
from [41]) and S covered surface are plotted in Fig. 7 as functions of bulk
Cu composition. The most significant difference between the clean and
S-covered Cu,Pd, _ , surfaces is that Cu segregation to the clean surface
is exothermic (AH,<0) for all values of x, while Cu segregation to the
S/Cu,Pd; _ surface is endothermic (AHseg>0). This difference can be
explained in terms of the energetics of surface sulfide formation [7-9].
The enthalpies of formation of bulk CuS and PdS are —53.1 and
— 75 kJ/mol, respectively [55]. Enthalpies of S adsorption onto metal
surfaces correlate with bulk heats of bulk sulfide formation [56,57],
thus we expect adsorption of S onto Pd to be energetically favored
over adsorption onto Cu. Formation of energetically favored Pd-S
bonds at the CSAF surface counterbalances, at least in part, the enthalpic
driver for Cu segregation to the top-surface.

In spite of being endothermic, Cu segregation to the S/Cu,Pd; _
top-surface occurs - but, as shown in Fig. 5, to a lesser extent than
for the clean Cu,Pd; _ surface - because of entropy changes that
favor segregation. For S/Cu,Pd; _, TAS;., is significantly larger than
it is for clean CuyPd; _,. In fact, TAS,, is large enough to overcome
the positive value of AHse and result in a net free energy decrease
for Cu segregation to the S/Cu,Pd; _, surface over all x. A complete
atomic-level description of the processes that contribute to entropy
changes that occur upon segregation to the S/Cu,Pd; _, surface is
beyond the scope of this study. However, we make two observations
that frame the issue. First, the standard entropies of formation of CuS
and PdS are 1.2 and —23.7 J/mol K (calculated from properties tabu-
lated in [55]), allowing us to rule out formation of Pd- S bonds as the
driver of the large entropy increase that accompanies segregation.
Second, in the absence of an explanation based on chemical bond
formation, we note that the entropy increase may reflect local
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Fig. 7. AH,e, and TAS,, (at 800 K) as functions of bulk composition for A) clean Cu,Pd; _ »
and B) S/CuyPd; — y CSAFs. Cu segregation to the top-surface is exothermic for the clean
Cu,Pd; _ CSAF, but endothermic for S/CuyPd; _ . For the clean Cu,Pd; _ , CSAF, enthalpic
and entropic effects both contribute to Cu segregation; entropy drives segregation in the
S/Cu,Pd; _ case.

disordering of the surface - perhaps disruption of S-overlayers - that
occurs as Cu atoms segregate to the top-surface [5]. Clearly this is an
interesting subject that is worthy of additional investigation.

Fig. 7 also shows that, as functions of x, both AHses and ASg, for
S/Cu,Pd; _ exhibit clear discontinuities near x~0.8. This is nearly
the same composition at which a discontinuity in S-photoemission
intensity from S/CuyPd; _x was observed (Fig. 3). The discontinuities
in the thermodynamic parameters are likely another reflection of
changes in the structure of the sulfide overlayers that occur with
composition.

5. Conclusions

A high throughput methodology, based on the use of CSAF alloy
libraries, was applied to the study of segregation to the surface of
Cu,Pd; _ , alloys for x from 0.05 to 0.95 and in the presence of adsorbed
sulfur. Significantly, the results of segregation measurements per-
formed on the Cu,Pd; _, CSAF at x~0.3 match those made for a bulk,
polycrystalline CugsPdg; alloy, demonstrating the utility of the CSAF
platform for characterization of segregation phenomena. Cu segregates
to the surface of the Cu,Pd; _ , alloy in the presence of adsorbed sulfur,
but to a lesser extent than it does in the case of a clean Cu,Pd; _ , alloy
surface: S induces segregation reversal. Cu segregation, which is
exothermic for the clean surface, becomes endothermic in the presence
of adsorbed sulfur; formation of thermodynamically favored Pd-S

bonds at the alloy surface counterbalances the enthalpic driving force
for Cu segregation. In the presence of sulfur, Cu segregation is driven
by entropy changes.
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