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The surface composition of the binary alloys Pt0.g5, Cu0.05, 

PtO .49C~0 and Pto .05Cuo .g5 has been determined by x-ray photoelectron 

spectroscopy. Measurements were performed on pol ished polycrystall ine 

samples. After cleaning them, intensities of Cu2p photoelectron l i -  
3/ 2 

nes were measured and then converted to atom fractions at , the surface 

layer. The: surfaces of annealed Pto .gsCuo .o5 and PtO ,I+~CU~ -51 samp 1 es 

have been f'ound to be significantly enriched in Cu. The surfa~eofPt~.~5 

Cu sample exhi bi ted a smal 1 Pt segregation. These resul ts are in qua- 
O .95 

1 i tative agreement wi th current predictions based on regular so 1 u t i on 

theory . 

A composição de superfície das ligas binárias Pt0,95, C U ~ , ~ ~ ,  

Pt0,49CU0,51 
e Pt Cu foi determinada via espectroscopia de foto- 

0905 O995 
-eletrons, produzidos por raios x. As medidas foram executadas sobre a- 

mostras policristalinas polidas. Após sua limpeza, as intensidades das 

l inhas de fcoto-eletrons 2p do Cu foram medidas e em seguida conver- 
3/2 

tidas nas frações atÔmicas da camada superficial . As superf icies das a- 

mostras Pt Cu e Pt Cu recozidas mostraram-se significati- 
O 95 0,05 0,49 0,51 

vamente enriquecidas de Cu. A superf Ície da amostra Pt Cu exibiu 
0,05 0,95 

uma pequena segregação de Pt. Estes resultados estão em conformidade qua- 

l itativa com as previsões correntes baseadas na teoria da soluqão regu- 

lar (regula* sotution theory) . 

7 Permanent address: Departamento de Física UFRN. Campus Uni vers i tãrio, 

Na tal , RN, Cep 59000. 



1. INTRODUCTION 

The study o f  a l l o y  ca ta lys ts  i s  receiv ing increasing a t ten-  

t i o n  i n  the l i t e ra tu re l  due t o  t h e i r  s c i e n t i f i c  and technological impor- 

tance. A few years ago Kumer showed2 tha t  the a c t i v i t y  f o r  C0 o x i d a t i -  

on i s  h igher i n  platinum-cop-er (Pt-CU) a l l o y  ca ta lys ts  than i n  pure P t  

ca ta lys ts .  A proper i n te rp re ta t i on  o f  the c a t a l y t i c  propert ies o f a l l o y s  

requi res a knowledge o f  surface composi t i o n .  Recent studies3 o f  a num- 

ber o f  b inary  a1 l oy  surfaces using Auger Electron Spec t r o s c o p y  (AES) 

have shown tha t  the surface composition o f  a1 loys can be q u i t e  d i f f e r e n t  

from t h e i r  bu lk  composition. 

I n  AES, as i t  i s  d i f f i c u l t  t o  measure the d i s t r i b u t i o n  curve 

N(E) corresponding t o  a g iven Auger t r ans i t i on ,  the de r i va t i ve ,  namely 

&/a, i s  measured and the peak t o  peak amplitude o f  t h i s  s igna l  (i .e., 

o f  dN/dE) i s  assumed t o  be 1 i nea r l y  p ropor t iona l  t o  the concentration. 

However, i n  X-ray Photoelectron Spectroscopy (xPS) one can measure N(E) 

correspond i ng t o  the core leve1 under cons i de ra t  ion ( f o r  example, cu2p) 

acd knowing the area under the d i s t r i b u t i o n  curve and the dependence of 

e lec t ron  mean f ree  path o f  k i n e t i c  energy, one can evaluate the surface 

concentrat ion i n  a more d i r e c t  way (see sec t ion  3 below). Also un l i ke  

AES, i n  XPS one doesn't encounter the problem due t o  t h e c o n t r i b u t i o n t o  

the measured s ignal  f rom the back scat tered primary e lec t rons4.  Because 

o f  these reasons XPS i s  an a t t r a c t i v e  technique t o  study thesurfacecom- 

pos i t i on  i n  b inary  a l l oys .  I n  t h i s  paper we repor t  the resu l t s  on the 

surface composition o f  Pt-Cu a l l oys  as der ived fromour XPS measurements. 

2. EXPERIMENTAL 

X-ray photoemission measurements were ca r r i ed  out  using a Mc- 

Pherson ESCA 36 photoelectron spectrometer and ARKa rad ia t i on .  I n  addi- 

t i o n  t o  the turbomolecular pumping s ta t i on ,  t h i s  system was p r o v i d e d  

w i  t h  a hel ium cryopanel i n  the sample chamber. Thus, w i  t h  the cryopump 

operating, the pressure i n  the sample chamber dur ing the measurements  

was 1 .O x t o r r  o r  less.  In s i t u  sample cleaning by sput te r ing  was 

achieved using an argon ion  gun. The sample could be annealed a t  h igh 



temperatures by r e s i s t i v e l  y heat ing the tantalum f o i  l (0 -001 inch th i ck )  

on t o  which the sample was spot welded. 

The a1 loys used i n t h i s  s tudy (PtO , 9 5 C ~ 0  ,05, P t O  , 4 9 C ~ 0  and 

Pto.05Cuo.95) were prepared by mel t ing  the const i tuents  i n  an arc f u r -  

nace5 under argon atmosphere. The ingots obtained a f t e r  mel  t i n g  were 

p l a s t i c a l  l y  deformed, homogenized by anneal ing a t  h igh temperatures ( a t  

T - 0.8 TmP, where T i s  the so l  idus temperature o f  the a l l o y )  and then 
mp 

r o l  led  i n t o  t h i n  f o i  1s (except P t  Cu ) o f  thickness 0.2 mrn. The 
0.49 0.51 

nominal bu lk  compositions o f  the samples as quoted here were determined 

from e lec t ron  microprole analysis o f  the homogenized a l l o y  sample.These 

f o i l s  were then annealedin a f l ow  o f  gaseous (90% N2/10% H?) mixture a t  

900'~ f o r  48 hours t o  remove any residual  impur i t ies  such as s u l f u r  and 

oxygen. Samples from these f o i l d  were pol ished t o  a m i r ro r  f i n i s h  and 

then mounted i n  the ESCA spectrometer. As the PtO ,49Cu0 ,51 a 1 1 o y  was 

b r i t t l e ,  a t h i n  d i sk  o f  1.05  mn thickness was cu t  from the homogenized 

ingot, pol ished t o  a m i r ro r  f i n i s h  and then attached t o  the sample ma- 

nipulador f o r  ESCA analysis.  

3. RESULT'S 

Figure number 1 shows i n  (a) the ESCA spectrum i n  the b ind ing 

energy (B. IC. )  range o f  O t o  1000 eV from the P t o  . 4 9 C ~ 0  .51 a1 loy  a f t e r  

anneal ing e t  700'~ f o r  30 minutes. The corresponding spectra from pure 

Cu and P t  istandards are a l so  shown i n  the same f i gu re ,  (b) and (c) . I n  

f i g u r e  2 iij shown the ESCA spectra i n  the B.E. range o f  O t o  1000 eV o f  

(a) P t  Cu and (b) P t  Cu a l loys ,  obtained a f t e r  annealing 
0.95 0.05 0 .05  0.95 

a t  700°C f o r  30 minutes, I n  the a1 loy  spectra one can i d e n t i f y  a1 1 the 

photoelectiron 1 ines cha rac te r i s t i c  o f  Cu and P t  . Detai led  analys i s  of 

Cu(2p) and Pt(4p, 4d and 4 f )  1 ines indicates tha t  the Cu 1 ines a r e s h i f -  

ted by about 0.6 eV i n  Pto.95Cu0,05, 0.4 eV i n  P t 0 . 4 9 C ~ 0 m 5 ~  and 0.0 eV 

i n  Pt0,05 Cu0.95 compared t o  pure Cu, wh l le  P t  l i nes  show no not ice-  

able energy s h i f t .  The o r i g i n  o f  these s h i f t s  i s  discussed elsewhere6. 

For the present purpose we concentrate only on the i n tens i t y  o f  Cu2p 
3/2 

photoelectron l i n e  from the a l l o y s .  
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F i g . 1  - ESCA s p e c t r a  f r o m  (a )  P t  0 .49C~0  s u r f a c e  anneaied a t  7 0 0 ' ~  f o r  

30 minutes,  (b) pu re  Cu and ( c )  pu re  P t .  

1000 750 500 250 O - BINDING ENERGY ( e V )  

F i g .  2 - ESCA s p e c t r a  f r om (a)  P t0 .95C~ , ) . 05  and (b)  P t 0 . 0 5 C u o . ~ ~  ~ u r f a -  

ces annealed a t  7 0 0 ~ ~  f o r  30 m inu tes .  
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The photoelectron ( o f  k i n e t i c  energy E ~ )  s igna l  s t r e n g t h  o f  

component A from a homogeneous b inary  a1 loy  Ax Bl-x can be w r i t t e n  as7 

where Jo i s  the x-ray f l u x ,  P i s  the photoexc i ta t ion  p robab i l i t y ,  xA A 
i s  concentrat ion o f  component A, X(El) i s  the mean f r e e  path o f  e lec-  

trons w i t h  k i n e t i c  energy E l  and D ( E ~ )  i s  the f r a c t i o n  o f  t h e s e  elec-  

trons detected a t  the analyser. I f  ISt i s  the corresponding photoelec- 

t r on  s igns l  st rength from component A i n  the pure s ta te ,  then the con- 

cent ra t ion  o f  A i n  the a l l o y  i s  

assuming J o ,  X(EI), P(E~)  and D ( E ~ )  a re  the same f o r  component A i n  the 

a l l o y  and i n  the pure s ta te .  I f  the atomic volume dens i t ies  pa o f  the 

a l l o y  and pSt of component A i n  the pure s ta te  are d i f f e r e n t ,  then Eq. 

(2) becomes 

Thus from the are under a given photoelectron l i n e  o f  component A i n  

the a l l o y  and tha t  from component A i n  the pure s ta te  one can evaluate 

the atornic f r a c t i o n  o f  A i n  the a l l o y  using Eq. ( 3 ) .  

However, i f  the concentration o f  component A i n  the a l l o y  va- 

r i e s  w i t h  d istance f rom -the  surface, ~ q . ( 3 )  would be modif iedB t o  

where da cind dSt are the i n te r l aye r  spacing o f  the a1 l oy  and o f  pure A 

respect ively,  9 i s  the angle between the sample surface and a n a l y s e r  
n n 

ax is  (45O i n  our case), and pa and p are the atomic densi t i e s  o f  the S t  
n- th  layer i n  the a l l o y  and i n  pure A respect ive ly .  Assuming tha t  on ly  

the surface layer compois i t ion i s  d i f f e r e n t  from the uni form bu lk  value 



n .  below, we have xl, x2 = x3 = ... = xn = xb. We a l s o  assume t h a t  p 1s 

i ndependent o f  n. Under these assumptions Eq. ( 4 )  reduces t o  

To eva lua te  the  su r face  composi t ion from t h i s  express ion one needs t o  

know the  i n t e r l a y e r  spacing and the  l a y e r  atomic d e n s i t i e s  i n  t h e  a l l o y  

and i n  pure A .  Since we have used a p o l y c r y s t a l l i n e  f o i l ,  we take  da = 

= %t = 2.0 8 and the r a t i o  o f  the  l a y e r  atomic d e n s i t i e s  equal t o  the  

square o f  the r a t i o  o f  the  l a t t i c e  parameter o f  pure A t o  t h a t  o f  t h e  

a l l o y .  Thus we have 

where a and a a r e  the  l a t t i c e  parameter o f  component A i n  pure s t a t e  
St a 

and t h a t  o f  the a l l o y ,  r e s p e c t i v e l y .  

For the Pt-Cu system, the k i n e t i c  o f  C U Z ~ ~ , ~  pho toe lec t ron  i s  

about 550 eV ( u s i n g A t K c  r a d i a t i o n ) .  FromPenn's t a b l e 9  w e e v a l u a t e  h 

corresponding t o  t h i s  energy t o  be 7 .5  8 and 8.2 8 i n  pure Cu a n d  P t ,  

r e s p e c t i v e l y .  As t h i s  v a r i a t i o n  i n  X between pure Cu and P t  i s  r a t h e r  

smal 1 ,  we take X t o  be 8.0  8 i n  a l l  ou r  c a l c u l a t i o n s .  Thus Eq.  (5 )  f o r  

Pt-Cu system under our  exper imenta l  c o n d i t i o n s  becornes. 

The l e f t  hand s i d e  i n  the  above equa t ion  i s  an exper imenta l l y  measured 

q u a n t i t y  and i n  the  r i g h t  hand ç i d e  xl i s  the  o n l y  unknown andhence can 

e a s i l y  be eva lua ted ,  

4. IMPURiTY PROBLEM 

The above mentioned a n a l y s i s  i s  v a l i d  o n l y  when t h e r e  a r e  no 

adsorbed i m p u r i t i e s  such as carbon, oxygen, e tc . ,  on the  su r face .  The 



presence o f  such impur i t ies  would reduce the i n tens i  t y  o f  the p h o t o -  

e lec t ron  l i n e  exponent ia l l y lO.  As a l l  our ESCA measurements were ca r r i ed  

out  under inoderate vacuum ( - 1 0 ~ ~  t o r r )  condi t ions ,  some adsorbed impu- 

r i t i e s ,  mainly C and 0, were always present. Hence the fo l l ow ing  expe -  

riment was ca r r i ed  out  t o  cor rec t  f o r  the impur i ty  e f f e c t s  on the mea- 

sured photoelectron l i n e  i n t e n s i t i e s .  A f t e r  c leaning pure Cu (argon ion  

sput te r ing  fo l lowed by annealing t o  7 0 0 ~ ~  and quenching t o  room tempe- 

rature)  , i t s  ESCA spectrum i n  the BE range o f  O t o  1000 eV was recorded 

repeatedly a t  d i f f e r e n t  i n te rva l s  o f  time, thereby l e t t i n g  the (adsor- 

bed) impuri t i e s  accumulate on the surface. The Cu2p 1 ine i n tens i  t y  
3/2 

(measured by the are under the 2p l ine) and the counts corresponding 
3/2 

t o  the peak maximum of carbon (1s and oxygen (1s) 1 ines (these were the 

on ly  impur i t ies  observed) were evaluated f o r  each o f  the pure Cu spec- 

t r a .  Then the counts o f  ~ ( 1 s )  and O(1s) were added tak ing  i n t o  conside- 

r a t i o n  t h e i r  photoelectron cross-sect ionsl1 t o  g ive  a s i ng le  i m p u r i  t y  

count f o r  each o f  the pure Cu spectra. Figure 3 shows a p l o t  o f  the log 

C U ~ P ~ , ~  i ntensi t y  versus impuri t y  counts. The experimental data f a l  l on 

a s t r a i g h t  l i n e  as one would expect. Knowing the impur i ty  counts from 

the a l  loy  spectrum, t h  i s c a l  i b r a  t i o n  c u r v e  was used t o  e v a l u a t e  

100 200 3 0 0  4 0 0  

IMPURITY CONCENTRATION (counts /sec 

F i g . 3  - \ l a r i a t i o n  o f  the area under the spec t ra l  l i n e  2p312 i n  pure Cu 

as a f u n c t i o n  o f  impur i t y  content .  



5. SURFACE CONCENTRATION 

F i g u r e  4 shows t y p i c a l  Cu2p spec t ra  f rom (a) pure C ~ I  and 
3/2 

(b) Pto.9gCU0.05 
t o  i 1 l u s t r a t e  how the  areas (I ) ment ioned above a r e  

Cu 
rneasured. The r e s u l  t s  o f  o u r  c a l c u l a t i o n s  us ing  Eqs. (21, (3)  and (6) 

f o r  the th ree  a l l o y s  s t u d i e d  a r e  l i s t e d  i n  t a b l e  1 .As can be seen, w h i l e  

i n  the  d i l u t e  Pt-Cu a l l o y  the re  i s  a smal l  P t  segregation, i n  t h e  o t h e r  

two (Pt  o.95 CuO . O S  and P t o  . 4 9 C ~ 0  ) CU segregates t o  the  f r e e  su r face  

column 3, t a b l e  1) .  These r e s u l  t s  a r e  d iscussed i n  the  con tex t  of c u r r -  

e n t  t h e o r i e s  on sur face  segrega t ion  i n  the  nex t  s e c t i o n .  

9926 - 
ia1 pure Cu 

3340 - 
1 
I 

8168 - 

939 935 931 927 923 

BINDING ENERGY ( e  V )  

F i g  .4 - Typ ica l  Ct12p~,~ spec t ra  (a) from pure Cu and (b) from P t O  . g 5  

Cu o . o s  , i l l u s t r a t i n g  the measurement o f  the c i t e d  area.  



Table 1 
- 

Nominal bulk . Experiment Theory 

compos i t ion 

o f  Cu (%) 
1 

95 9 3 t i  9 4 ' 1  91 3 92 + 2 

Coluirins 1 and 2 correspond t o  composi t i o n  determi ned f rom 

Cu2p l i n e  using equations 2 and 3 respect ive ly .  Column 3 
3/2 

i s  the surface composition determined from equation 6 and 

column 4 l i s t s  theore t ica l  surface composition f o r  a (100) 

or ien ted a l l o y  surface. 

6. SURFACE SEGREGATION - THEORY AND EXPERIMENT 

Theoretical calculat ions12 using regular  so lu t i on  model have 

been proven t o  be q u i t e  successful i n  p red i c t i ng  the surface segregat- 

ion  behavior o f  a number o f  b inary a l l oys .  The basic parameters used i n  

these c a l c u l a ~ i o n s  are: ( i )  the surface energies o f  pure metals o A  and 

ag; ( i i )  t l ie heat o f  mixing, A m  ; and ( i i i )  the so lu te  s t r a i n  energy. 

I n  t h i s  theore t ica l  approach ( i  .e., regular  so lu t i on  model) i t can be 

shown tha t  the surface energy term would ind ica te  t ha t  t h e  component 

L t h  Zower surface energy t o  segregate t o  the free surface, w h  i l e t h e  

s t r a i n  energy con t r i bu t i on  would aZi~ays favor the sozute t o  segregate 

t o  the f r e s  surface. 

However, i n  an equiatomic a l l o y  AB, as the l a t t  i c e  c a n  n o t  

i d e n t i f y  a solute,  the s t r a i n  energy con t r i bu t i on  t o  the t o t a l  heat of 

segrega t i011 woul d be zero. 

I n  the case o f  the Pt-Cu system, as Cu has lower surfaceener- 

gy (aCu = 1700 ergs/cm2 and apt = 2340 ergs/cm2)13, the surface energy 



term above would p r e d i c t  Cu t o  segregate i n  a l l  Pt-Cu a l l o y s .  T h e s t r a i n  

energy term alone, on the  o t h e r  hand, would f a v o r  Cu and P t  t o  segrega- 

t e  t o  t h e  su r face  i n  d í  l u t e  Cu-Pt and i n  d i  l u t e  Pt-Cu a l  l oys  r e s p e c t  i - 
v e l  y. 

We have computed the  composi t ion p r o f i l e s f o r  t h e  Pt-Cu a l l o y s  

i n  the v i c i n i  t y  o f  a  (100) su r face  by a  p r e v i o u s l y  developed Monte Car- 

l o  technique14, t a k i  ng i n t o  c o n s i d e r a t i o n  bo th  su r face  and s o l u t e  s t r a i n  

energy c o n t r i b u t i o n s .  I n  these c a l c u l a t i o n s  the s t r a i n  energy c o n t r i b u -  

t i o n  t o  the t o t a l  heat  o f  segrega t ion  was eva lua ted  us ing  the  express i -  

on15 

where K and GB a r e  t h e  b u l k  modulus o f  e l a s t i c i t y  and the  shear modu- 
A 

l u s  o f  e l a s t i c í t y  o f  the  s o l u t e  and the  s o l v e n t ,  r e s p e c t i v e 1 y ; r  and r A B 
a r e  the atomic r a d i i  o f  the  s o l u t e  and the  so lven t ,  r e s p e c t i v e l y .  I t  i s  

t o  be noted t h a t  the above express ion i s  s t r i c l y  v a l i d  o n l y  f o r  very d i -  

l u t e  s o l u t i o n s  and a p p l i c a t i o n  o f  t h i s  t o  concentrated a l l o y s  s u c h  as 

5% Cu i n  P t  o r  5% P t  í n  Cu would g i v e  the  upper bound on t h e  magnitude 

o f  s t r a i n  energy c o n t r i b u t i o n .  The parameters used i n  our  M o n t e  C a r  10 

c a l c u l a t i o n  a r e  taken f rom the  l i t e r a t u r e 1 6  and a r e  l i s t e d  i n  t a b l e s  2 

and 3.  I n  f i g u r e  5 we show a  t y p i c a l  composi t ion p r o f i l e  f o r  the  Pt0.q5 

C U ~ . ~ ~  a l l o y  a t  1 0 0 0 ~ ~ .  The sur face  composi t ion evaluatedfrorn such p ro-  

f i l e s  f o r  the d i f f e r e n t  a l l o y s  a r e  t a b u l a t e d  i n  column 4 o f  t a b l e  l .  

LAYER NUMBER 

F i g .  5 - The dependence of Cu concentration on l a y e r  number i n  a P t o  9 5  

Cuo a l loy a t  1 0 0 0 ~ ~ ,  as derived from a Monte Carlo calculation. 
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Table 2.  Pararneters used i n  Monte Carlo ca l cu la t i on  

K G u X 
Element 

(XI om6kg/cm2) (XI ~ - ~ k ~ / c m ~ )  (ergs/cm2) (8) 

Table 3 

Heat o f  segregation 

A1 loy "H, 
due t o  Resul tan t  

surface s t r a i n  
(cal s/rnole) energy energy (ca l  s/mole) 

As can be seen from tab le  1 there  i s  f a i r l y  good agreement 

between experiment (column 4) and theory. The e r ro rs  shown i n t a b  1 e 1 

(columns 1-3) correspond t o  uncer ta in t ies  i n  the measured areas as i n  

f i g u r e  4. While the theory co r rec t l y  p red i c t s  the segregation component, 

quantitative compar i sons are d i  f f i cu l  t because (1) the experi ments were 

done on p c ~ l y c r y s t a l l i n e  samples wh i le  the theory corresponds t o  (100) 

or ien ted a l l o y  surface and (2) the approximations involvedin evaluat ing 

the surface composition t h e o r e t i c a l l y  as we l l  as from the experimental 

data (see sec t ion  3) . 

7. CONCLIJSIONS 

The f e a s i b i l i t y  o f  using ESCA f o r  quant i tat ' ive surface compo- 

s i t i o n  analysis has been demonstrated f o r  Pt-Cu system and t h i s  can be 

eas i l y  ext'ended t o  other multicornponent a l l oys .  Our resu l t s  on thesur -  



face segrega t ion  behavior  i n  Pt-Cu a l l o y s  a re  i n  q u a l i t a t i v e  agreement 
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