JOURNAL OF CATALYsIS 33, 202-209 (1974)

A Theory of Surface Enrichment in Ordered Alloys
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A very simple theory has been developed to explain experimental data on surface
enrichment in Pt:8n. The computed surface enrichment is in accord with experi-
mental findings. The theory predicts that in the Pt:Sn system enrichment occurs by
interchange of atoms of the element with the lower heat of sublimation from the
layer just below the surface with atoms of the other element in the surface. Argu-
ments are presented why an experiment performed on Au-Cu alloys should be cap-
able of verifying an assumption basic to the theory.

I. INTRODUCTION

In the past few years evidence has been
obtained indicating that the surface com-
position of a binary alloy can differ from
its bulk composition; this holds for both
disordered solid-solution alloys such as
Ag-Pd (1) and ordered alloys such as
Pt.Sn (2). The enrichment with one alloy
partner is believed to be essential to the
typical catalytic properties of alloy
surfaces.

The few data available seem to support
the rule that the surface becomes enriched
in the component having the lower sub-
limation energy. The theory outlined here
contains this as an essential result. The
basic assumption underlying it is that
strain or other size effects can be ignored.
Also presented are some arguments which
illustrate why an experiment performed on
Au;Cu or CuzAu alloys should be capable
of showing whether our theory is valid or
whether the strain effeets mentioned should
be taken into account as well.

The experimental evidence of surface
enrichment in Pt;Sn stems partly from
Auger spectroscopy. As this technique
scans not only the atoms of the surface
layer but also those at a few lower-lying
levels, it may give some idea of how the
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composition varies over these layers. This
is of interest, because surface titration
gives qualitatively the same results as
Auger spectroscopy (3), but quantitatively
it yields much higher values of surface
enrichment.

The very simple theory presented here
assumes only nearest-neighbour interac-
tions, an approximation commonly used in
order—disorder theories of alloys (4). The
approximations made are rather crude, but
we hope that this theory may at least
qualitatively explain the experimentally
found behaviour.

II. Basic FEATURES OF THE THEORY

If E,, and E., are the nearest-neighbour
bond energies of components 1 and 2 in
their pure metals, and E,; is the bond en-
ergy between the two components in the
alloy, then we can define an important
parameter for a binary alloy, viz.,

1
a=Ep— 5 (Eu + Ea). (1)

The E’s are negative quantities, so if
a < 0, alloy formation is an exothermic
process and there is a critical temperature
T. below which the alloy is ordered and
above which it is disordered. In the Pt,Sn
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alloy @ <0, T. can be roughly estimated
by means of the Bragg-Williams approxi-
mation (4):

kT, = 2X XsW, (2)

with
W = —za, (3)

where X, and Xp are the concentrations of
elements A and B, respectively, and z is
the number of nearest neighbours. If « > 0
the heat of formation is positive. Now
there is a eritical temperature below which
demixing occurs and above which the alloy
forms a solid solution. An example of such
an alloy is Cu-Ni. Surface enrichment in
this type of system has already been dealt
with extensively by Sachtler et al. (5).

Surface enrichment takes place if a
lowering of surface free energy is involved,
according to the rule of Gibbs (6). The
phenomena described here are most easily
explained by means of a one-dimensional
chain with equal concentrations of the ele-
ments. The statements are verified for the
three-dimensional system in a later section.

If the one-dimensional system is ordered,
ie., for T < T,, one finds surface enrich-
ment by component 2 to occur if:

%(En — E») < « 4)

Formula (4) shows that surface enrichment
oceurs in the component with the lower
heat of sublimation. This effect can, how-
ever, be counterbalanced if « is highly
negative. Formula (4) applies if one in-
verts two neighbouring atoms at the end of
the chain. If non-neighbouring atoms are
interchanged, the energy is increased by
~2«. Therefore the former process is
favoured. At T > T, that is if disordering
takes place, both processes become energet-
ically favourable. Surface enrichment now
always takes place in the component with
the lower heat of sublimation. Upon ne-
glecting the entropy of demixing, which
should be small if the system is disordered,
inversion is favoured over interchange of
non-nearest-neighbours by the Boltzmann
equilibrium constant 4e¢2¢%7. This is the
very factor that governs short-range order
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in the quasi-chemical approximation if
long-range order has disappeared (7). Its
effect should be appreciable if T' ~ T..

The consideration presented supposes
that 7T, is finite for a one-dimensional sys-
tem. If the system were truly one-dimen-
sional T. would equal zero. Howevcer, as
there are more than two neighbouring
atoms in three dimensions, we can assume
T, to be finite.

III. CrysTAL STRUCTURE OF Pt,;Sn

Pt;Sn has the AuCu; L12 structure (8),
with @ = 4.01 A. At the corners of the unit
cell (see Fig. 1) tin atoms are situated,
with platinum atoms at the centre of each
face. The shortest Pt—Sn distance is 2.81 A.
There are important differences between
the planes. The (111) plane is the most
densely packed; it contains three platinum
atoms for every tin atom, and hence has
a composition identical with that of the
bulk. Each atom has nine nearest neigh-
bours. In the (100) plane, however, there
are equal numbers of the two types of
atom and each has eight nearest neigh-
bours. In the (200) plane there are only
platinum atoms, each with eight nearest
neighbours. We shall consider only surface
enrichment of the (111) and (100) planes.
Whereas in most surfaces atoms of incom-
plete coordination are encountered not only

__________ - — —— 9

Fia. 1. The unit cell of Pt:Sn, a cube with
a=401A, (@) Sn atoms; () Pt atoms.



204

in the surface plane, (111) and (100) are
the only faces for which all atoms below
the plane are fully coordinated.

We shall assume that only nearest-
neighbour interactions are important and
that they are additive. We neglect all
changes in distance at the surface and as-
sume that strain and other size effects are
insignificant. The parameters ¢, = Epipt,
€y = Es"-sn, and €2 = E’s“_pt can be derived
from the pure metals and from the heat of
formation of Pt;Sn, respectively. Platinum
has a f.c.c. structure; a is 3.92 & and the
shortest Pt-Pt distance is 2.76 &, less than
in Pt;8n. The heat of sublimation of plati-
num is 563.2 kJ/g. at. (9), so a crude ap-
proximation of ¢, for PtsSn is

563.2
6

€ = kJ/g.at. = 93.9 kJ/g.at. (5)
For tin the situation is more dubious. In
Pt;Sn each tin atom has twelve nearest
neighbours, whereas in gray tin it has four
and in white tin six. The distances, how-
ever, between the tin atoms in Sn and Pt;Sn
do not differ much. The heat of sublimation
of tin is 280.0 kJ/g.at. (9), thus

€2 = 2%QkJ/g.at. = 46.7 kJ/g.at. (6)

The heat of formation of Pt;Sn is un-
known, but that of Pd;Sn, which has the
same structure as Pt;Sn, has been found
to be —58.6 kJ/g.at. (10). The formation
of Pd,Sn is accompanied by a large nega-
tive entropy change (—32.9 J/gat. de-
gree), which is mainly due to a decrease in
vibrational entropy. Employing these fig-
ures, we find:

«=— % (58.6 — T - 32.9 X 10-9) kJ/g.at.
(M

Since the free energy of formation of PtsSn
is not known and platinum and palladium
show only some small differences, we shall
use the above value for « in our calcu-
lations.

IV. Tag OrbDER-DiIsorDER PARAMETERS

There is a rich literature in order—dis-
order transitions (4, 7) in binary alloys
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and from it two parameters, S and o, ap-
pear to be very useful in describing the
phenomenon. The first is the long-range
order parameter S, whose value is put
equal to 1 for complete order and equal to
0 for complete disorder. For Pt,Sn this
parameter becomes zero at T.. If x de-
notes the chance of finding a platinum
atom in a platinum position in the com-
pletely ordered system it depends on S ac-
cording to

3.1

The second parameter, the short-range
parameter o, does not in general vanish at
the eritical temperature 7. Let pss denote
the correlation probability by which, in
the Bragg-Williams approximation, the ex-
pression for the number of AB pairs, n.s,
has to be multiplied in order to give the
exact expression. If S = 0, ¢ is given by

o = 3(pas — 1). 9)

The derivation can be found in the Ap-
pendix. It is seen that o vanishes in the
Bragg-Williams approximation, because
pag = 1. The reason why ¢ does not vanish
if S is zero is that o denotes the probability
that formation of the pair AB is favoured
over that of AA or BB. Introducing:

_ _(man)?
(nAA) (nsB)

we have the following relation between o
and K if S =0 (see Appendix):

[(¢ + 3)2 — 160]K = 4(¢ + 3)%. (11)

The parameter o has been plotted as a
function of K in Fig. 2. Tt is immediately
seen that o = 0, if K = 4. This is the value
of K in the Bragg-Williams approximation.
In the quasi-chemical approximation

K = 4o, (12)

As is illustrated by Fig. 2, if kT ~ — 2¢, o
becomes 0.36, so appreciably different from
zZero.

We will now present the energy expres-
sions required for computing the surface
energies. There are various expressions,
depending on the value of 8. Whether sur-
face enrichment is achieved by interchange

(10)
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Fic. 2. o as a function of K, if §=0.

with the atoms next to the surface or with
atoms from the bulk depends on the value
of .

V. Tue ExErcY EXPRESSIONS

The simplest way of evaluating the sur-
face energy as a function of temperature is
to assume that S does not change on the
formation of a surface. This, of course, is
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¥(110) = y(220)

_ 6[(_45132 + 637)(1 - 3612 + 622]

= prm—— b

24/2

The y’s show the correct dependence upon
plane. The surface energy equals the sur-
face free energy if we neglect the differ-
ences in entropy between the atoms at the
surface and those in the bulk. At complete
order x = 1, and at complete disorder x =
34, so we see that the surface energy de-
creases with increasing disorder. We may,
therefore, expect a rapid change if T ~ T..
Numerical values of the y’s derived from
our choice of parameters are presented in
Table 1.

If we allow for interchanges between
atoms from the surface with bulk atoms,
the following energies have to be added to
Eq. (13) per exchange of a surface atom.
AE(111) = 115(en — e)

Pt—S8n

(13¢)

_ Qy R 2 4
not correct because the cnergy of the sur- ) +( 1/9 + 082 — 562%a,  (14a)
face atoms is different from that of the A{g(l;tl) = — 115(en — ex)
bulk atoms, but it will only enhance the oRQ

» —103 4+ 268 — 168z%)e, (14b
effects to be discussed here. The surface + (‘) + v 682%)a,  (14b)
energies, vy, are thus: Aﬁ(}glo) = 2en — en)

J(11) = 3[(—422 + 62)a — 3es + €] + (=6 4+ 32z — 322%)«a, (15a)
\/3?2 ’ Aggg?) = “2(611 It 622)
(13a) + (—98 + 256 — 160x%)e, (15b)
v(100) = v(200)
tes th -
 4(—42% + 6x)a — Bas + €] 5 Al}?’t(igl}) denotes the energy needed to re
- 202 > (13b) place a platinum atom at the (111) surface
TABLE 1
CarLcuraTip SurrFack ENEreies (J/m? &00°K)»
'Yexu.“ 'Yexp.m
Y Y100 Y110 (M.P.) (1310°C)
Pt 3.5 4.0 4.3 1.8 2.3
Pt:Sn 3.1 3.6 3.7
=1
Pt:Sn 3.1-0.05 3.6-0.06 3.7-0.06
(8 =0)
AuCu; 2.5 2.8 3.0
AuzCu 2.3 2.6 2.8
Au 2.2 2.5 2.8 1.2
Cu 2.5 2.9 3.0 1.3

s Parameters of the Au-Cu alloys: ean =
3.81 &; ravsea = —1.3kJ/g.at., Gauca = 3.95
a have been computed with the aid of Végard’s rule.

—63.1kJ/g.at., are = 4.07&; o =
A; acuan = —2.3 kl/g.at., acuae = 3.71 A. The values of

—56.8 kd/g.at., acu =
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by a tin atom. The other AE’s have an
analogous meaning. xpressions (14) and
(15) have been evaluated by interchanging
adjacent platinum and tin atoms. For in-
terchanges other than those between next
neighbours we have to add —2« to all ex-
pressions. For values of x =41, the expres-
sions for energy change in (200) and (100)
planes have been averaged over the con-
tribution of the eomplementary plane. Tt is
seen that the energy changes decrease if x
decreases.

VI. SURFACE-ENRICHMENT PROBABILITIES

The degree of surface enrichment can he
derived by subtracting from the change in
energy the change in entropy of mixing
and by minimizing this expression {11).
This 1s basically the procedure we follow.
There is, however, an essential difference
between the entropy expression we use and
the one found in the theory of surface ten-
sion of liquids (71). This is because in our
treatment the entropy of the surface is not
independent of the entropy in the layer
next to it. We consider surface enrichment
to take place by interchange between near-
est neighbours, a concept which in the case
of liquids makes no sense. We have already
noted that the extra energy needed to inter-
change non-nearest neighbours is —2a per
surface atom exchanged. This is precisely
the energy that governs short-range order
[Eq. (12)]. So, as long as short-range order
is appreciable, the interchange between
non-nearest neighbours is negligible. It is
within this approximation that our results
are valid. As the entropy gain is much
larger when interchange between mnon-
nearest neighbour pairs becomes important
our results present a lower limit if short-
range order is much less than one.

If r, and r, are the overall relative con-
centrations of tin and platinum, respec-
tively, then the entropy of mixing as a
function of S for the (111) plane is

(raN)!

VAN SANTEN AND SACHTLER

Here z, is the change in the percentage
composition of those atoms which have the
lower concentration (prior to echanging
plane). The factor of 3 originates from the
three possibilities of enrichment in the other
plane. NV is the number of surface atoms.
If S =1, we have the following equation
for surface enrichment:

aa

= —ABIKT (
Vg e (17)
If S=0, we find for surface enrichment
probability:

3.4 4
24t T _ g sk,

}i‘rn

(18)
The corresponding equations for (100} and
(200) planes are

xﬂ
!5"/2 — Ta

and Eq. (18} if S = 0.

— Qp—ABNT

ifS=1

(19)

VII. Resvrrs AND Discussion

Table 1 lists the calculated surface en-
ergies of the (111), (100), and (110) faces
of Pt, Pt,8n, AuCu;, Au,Cu, Au, and Cu.
We find that the computed values of y are
higher than those measured. This is partly
due to the fact that the measured values
refer to the liquid metals. We believe that
the basic reason for the diserepancy which
remains is the neglect of the delocalized
nature of the electrons in a metal. Prelimi-
nary results of quantum mechanical cal-
culations (16) lead to values more in agree-
ment with the experimental data for the
energies involved, while the qualitative
features of the model are not changed.
The values for AuCu, and Au,Cu are in-
cluded because they show an interesting
phenomenon.

We see that |eau|>ecu| (9) but find that
Yeu > Yaucu; > Yau,cu > yau. S0 the surface
energy in these systems is not determined
by a difference in sublimation energy, but

—kT In {8“

[(ra — @) (ra + MS)NI{re(ra(l — 8) + z.8) + roz.} V]!

(7’bN> !

X ol (ra T 70 + SGa = 20) I NTIra(ra = 2)(1 = S>N]!} (16)
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by the difference in atomic radii. The
density in the surface decreases from
copper to gold. If our theory is valid and
if enrichment occurs in the Au;Cu or the
CusAu systems, then we expect the enrich-
ment to be in copper. However, the large
difference in radi can make strain cffects
important and these should favour enrich-
ment of gold atoms. So an experiment per-
formed on this system should be capable
of indicating whether or not the theory
presented is valid.

The Aus;Cu and CuzAu systems are also
of interest for a different rcason. The T,
of AuyCu is approximately 210°C and that
of CuzAu 390°C (8). Effects due to a
difference in ordering of the sample should
therefore be present and experimentally
measurable,

Table 2 lists the numerical values of the
energy 1Involved in interchanging two
atoms in the outer layers; the values are
derived from formulae (14) and (15). The
table clearly shows the difference in
energy between an ordered (S = 1) and
a disordered (S = 0) system. Substitution
of these values into Eqgs. (17), (18), and
(19) vields the surface enrichment. The
equations for x, are

(111) plane:

(100-200) plane:
e—AE/kT
=1 F Qe 3ENT

N §=1) (20c)
Of course, if AE > 0, we find an increase
in concentration change of the surface with
inereasing temperature. Table 3 gives the
values of T' for which half of the atoms
with lowest concentration have inter-
changed and AE > 0.

Table 4 lists the values of z, computed
for the interchanges with AE < 0. For
Pt;Sn they are computed at 7 = 800°K,
and for Au,Cu and CusAu at T = 500°K
in order to compare our predictions with
experiment. We find that the surface is
enriched with the element having the lower
heat of sublimation and that this enrich-
ment is quite pronounced. In the (100)
direction, there is no change in surface
enrichment between the ordered and the
disordercd system. In both cases all the
tin atoms in the layer next to the surface
layer are replaced by platinum atoms.
Therefore, surface enrichment is predicted
to be 50% in the (200) plane in the
ordered system and 25% in the (200) and
(100) planes in the disordered systems.
The overall enrichment along the (100)
direction both in the ordered and the dis-
ordered system is therefore 25%.

1 3eAENT (S=1) (200 In the most densely packed plane, the
T =17 + 3¢ ABIRT - “va (111) plane, no surface enrichment occurs
both planes: at very low temperature for Pt,Sn. At
P ) 872°K, however, we find an enrichment of
3 e AEKT R 12.5%, as is seen in Table 3. For a dis-
Ta = 7 I T o —ART (S = 0) (2 .b) . ) ) .
41 4 3edERT ordered erystal we have at this tempera-
TABLE 2
Surrice-EnricumenT Excrairs (77 = 800°K)e
PtSn CuzAu Au;Cu
kJ/g.at. Pt — Sn Sn — Pt Cu — Au Au— Cu Cu — Au Au— Cu
AE(111)
S=1 +8.0 +99.2 +24.4 —-2.5 +14.1 —0.04
S=0 —72.4 +29.6 +4.0 —10.5 +8.7 —10.0
AE(100)
S=1 —25.2 +110.3 +25.5 —12.1 +15.2 —4.5
S=0 —89.4 +46.6 +12.5 —21.7 +11.4 —12.5

2 AE, ,, denotes the energy needed to replace an z atom at the surface by a y atom from a layer below
it.



208

VAN SANTEN AND SACHTLER

TABLE 3
TugE VaLUks oF T ror WHICH 7, Is HaLF oF ITs MaxiMuM VALUE
Pt:Sn CuzAu AuCu
K° Pt — Sn Sn — Pt Cu— Au Au—Cu Cu—Au Au—Cu

77

i) s =1 872 10,000 2,662 — 1,539 —

111)8s =20 — 3,237 443 — 954 —
T

(100) S =1 — 12,055 2,785 — 1,662 —

(100)S =90 — 5,006 1,370 — 1,242 —

ture an enrichment by 25%. So the be-
haviour of the (111) plane is different from
that of the (100) and (200) planes.

In Cu;Au and AusCu there is also less
enrichment in the (111) plane for both
ordered and disordered systems, but the
differences are smaller. In the ordered sys-
tem we find 21% and 18%, respectively,
and in the disordered system 25% in both
cases.

VIII. ConcLusiON

On the basis of our theory we predict
that in systems with a negative heat of
formation surface enrichment takes place
such that atoms with the higher heat of
sublimation on the surface interchange
with atoms with the lower heat of sub-
limation in the layer just below the sur-
face. This goes for both ordered and dis-
ordered systems as long as kT < |2qa].

The theory presented does not hold if
ET > |2q|, because then a different expres-

mented in the literature (71, 12) and a
recent application of them to disordered
alloys i1s given by Ollis (13).

We predict that surface enrichment in
the (111) plane is in general less than in
the (100) plane, a result also reported by
Ollis (13). In practice we find only a small
difference for the ordered system. Surface
enrichment in the ordered (111) surfaces
is less than in the disordered ones. So the
best check on our theory is an experiment
performed on the (111) surface of a single
crystal. A sharp increase in surface enrich-
ment should then be observed at the criti-
cal temperature. In polycrystalline matter
this increase will depend on the contribu-
tion of (111) planes relative to that of the
other planes.

APPENDIX

The Short-Range Parameter o

In the Bragg-Williams approximation
the expressions for na., ngp, and nap are

sion for the entropy of mixing has to be 1 , ,
used. The pertinent theories are well docu- Mar =35 eNra*(1 — 8%, (Ala)
TABLE 4
VALUES OF z, FOR E < Q¢
PtsSn CuzAu Au;Cu
Pt—Sn Sn— Pt Cu— Au Au-— Cu Cu— Au Au-— Cu
xﬂ
1)y s =1 — — — 0.21 — 0.18
ains8 =0 0.25 — — 0.25 — 0.25
Ta
(200) S =1 0.50 — — 0.50 — 0.50
(100) S = 0 0.25 — — 0.25 — 0.25

« The notation * — y means that an z atom at the surface is replaced by a y atom from the layer below it.
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Npp = 12]\[(7‘132 —_ 7‘,&82),

5 (Alb)

I

nap = 52N @rars + 20089, (Al
where z is the number of nearest neigh-
bours, rx the percentage of sites A, rg the
percentage of sites B and N the total
number of sites, with

ra < Tg.

(A2)

In order to make the above expressions
exact we multiply the expression for ng,,
Ngp, and 7Nap DY Paa, Pes, and pas, respec-
tively. The functions p deseribe the corre-
lation between the probabilities of finding
particles A and B next to one another.
Using the relations

<

It

(A3a)

1
Ny = — Naa + 5 Nan

and

(A3b)

nyg =

w o

1
npp + 5 NAB,

we can express pas and psp in pag and find

Naa = lZN[TA — ralrs 4 raSH)pasl, (Ada)

2
ézmrﬁ — ra(rs + raS9pay), (Adb)

Ny =
Nap = 2N7a(rn + 7aS?)par (Ade)
These relations enable us to express the

equilibrium constant K defined in Eq. (10)
in Par and S:

K =

209

o =" (pan — 1). (A8)
A

Putting 75 equal to 34 and 7, equal to 14

we find Eq. (9) of the main text:

o = 3(pas — 1). (A9)

Solving Eq. (A9) for pag, using the values
of r5 and 7., and substituting this into
(A6) we obtain Eq. (11):

[(¢ + 3)? — 160]K = 4(c + 3)%. (Al0)

The parameter ¢ has been plotted as func-
tion of K in Fig. 2.
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