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ABSTRACT 

S t a r t i n g  w i t h  equations f o r  t h e  s h i f t  o f  the  r e v e r s i b l e  redox 

p o t e n t i a l  o f  small metal  p a r t i c l e s  w i t h  size, the  e lect rochemical  

p rope r t i es  o f  these p a r t i c l e s  are  discussed. Approximate equations 

are g iven f o r  the  r e l a t i o n s h i p  between the  p a r t i c l e  s i z e  and the 

sur face charge, t he  p o t e n t i a l  o f  zero charge, t he  sur face po ten t i a l ,  

work f u n c t i o n  and q u a n t i t i e s  r e l a t e d  t o  t h i s  func t ion .  The i n f l uence  

o f  these p rope r t i es  on redox r e a c t  ions, e l e c t r o s o r p t i o n  and chemi- 

so rp t i on  are  discussed. The r e s u l t s  a re  used t o  exp la in  experimental  

observat ion i n  connection w i t h  t h e  s u r f  ace enhanced Raman e f f e c t  . 
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I. INTRODUCTION 

It is well known that small particles have properties quite 

different from the properties of the bulk materials.' Recently, it 

was found by ~en~lein' that small metal particles possess unusual 

catalytic properties in radiolysis and this was explained qualitatively 

by a shift in the redox potential. In a series of papers Henglein 

et a1 .' investigated the catalyzed reduction of several organic 
molecules, the catalysts being metal clusters of silver, gold and 

copper. Another series of experiments, demonstrating the unusual 

electrochemical properties of small metal particles, was carried out 

by ROSS.' He deposited platinum on graphite supports and tornpared 

the electrochemical properties of the electrodes with the known 

behavior of bulk platinum. 

A deviation from the electrochemical properties of the bulk 

material was also found for silver nuclei lo-'' formed as latent image 

in photographic layers.l0 This deviation was explained more quani- 

tatively by use of Kelvin's equation.ll'" Among the various 

theories explaining the surf ace-enhanced Raman scattering is the idea 

that the surface enhancement is caused by the unusual optical proper- 

ties of small metal particles. Results of experiments suggesting such 

a mechanism were carried out with solutions of colloidal gold and 

silver by Greighton, Blatchford and ~lbrecht.~ A similar experiment 
5 by Wetzerl and Gerischer mainly confirmed the earlier results. 

Explanations were given by Hexter and ~lbrecht~ and by Moskovits. 7 

The cluster explanation suggests that one has to look not only on the 



o p t i c a l  p rope r t i es  o f  t he  smal l  p a r t i c l e s ,  bu t  a lso  on t h e i r  e lec t ro -  

chemical behavior. Considering the  dev ia t ions  o f  t h e  general elec- 

t rochemis t ry  of these p a r t i c l e s  from t h a t  o f  t he  bulk,  one might  be 

able t o  understand t h e  e lect rochemical  procedures o f  a c t i v a t i o n  and 

d e a c t i v a t i o n  o f  e lec t rodes encountered i n  Raman studies.  

For these reasons, we have t r i e d  t o  f i n d  a  more general 

d e s c r i p t i o n  o f  t h e  e lect rochemical  p rope r t i es  o f  small metal  p a r t i c l e s .  

S t a r t i n g  w i t h  equations f o r  t h e  s h i f t  o f  t h e  r e v e r s i b l e  p o t e n t i a l  w i t h  

d ispers ion,  we w i l l  d iscuss var ious o ther  e lect rochemical  p rope r t i es  

such as surface charge, t he  p o t e n t i a l  o f  zero charge, t h e  sur face 

p o t e n t i a l ,  t he  work f u n c t i o n  and r e l a t e d  quan t i t i es .  The approximate 

r e l a t i o n s  between these funct ions and the  s i z e  w i l l  enable us t o  ex- 

p l a i n  the  e lect rochemical  behavior o f  dispersed metals i n  more d e t a i l .  

11. THE REDOX POTENTIAL OF METAL CLUSTERS 

What i s  the  redox-potent ia l  o f  meta ls  i n  a  dispersed s t a t e ?  It 

was recognized t h a t  i t  i s  d i f f e r e n t  f rom the  bulk  metal and f o r  t he  

spec ia l  case o f  a  s i n g l e  s i l v e r  atom i n  e q u i l i b r i u m  w i t h  s i l v e r  ions 

2 Henglein ca l cu la ted  the  dramatic value o f  -1.8 V f o r  t he  standard 

p o t e n t i a l ,  which has t o  be compared w i t h  t h e  standard p o t e n t i a l  o f  bu lk  

s i l v e r  o f  +0.799 V vs the  NHE. 

I n  the  attempt t o  de r i ve  t h e  equat ion f o r  the  p o t e n t i a l  o f  

c l u s t e r s  o f  more then j u s t  one atom, we cons t ruc t  an e lect rochemical  

c e l l  c o n s i s t i n g  o f  two h a l f  c e l l s .  One conta ins  a  metal i n  i t s  bu lk  



state, Meba the other in the dispersed state, Med The cell 

reaction is described by the following equations 

The overall electrode reaction is the transference of one mole bulk 

metal into the dispersed form. The voltage of this electrochemical 

cell can be calculated from the free energy of the dispersion process 

One way to find aGD is to look for the change of free energy 

associated with the change in surface area. In a first approximation 

one can consider a small particle of a sphere of radius r .  The change 

of free energy with surface area A it is given by 

dG = y dA 

where y is the surface tension. We substitute 



where vM is the molar volume, n the number of moles. Integrating 

between n = 0 and n = 1, we get the free surface energy of one mole of 

particles of radius r. The free surface energy of the bulk can be 

neglected and we obtain 

This is an analogous expression to the Kelvin equation. 

If, in addition, we take the crystallography of the particles into 

account, we have to apply Wulf's law, substituting y by yi/ri. For 

crystallites in their crystallographic equilibrium yi/ri should be 

constant. So while Eq. (7) is not changed in principle, separation 

into y and r would give mean values y and r. For growing nuclei, of 

course, the condition of equilibrium will rarely be satisfied and in 

general we have to expect nonequilibrium values of Y and r. But in 

all these cases Eq. (7) wi 1 1  be a good approximation as long as the 

size of the particles is not less than 100 atoms, equal to 

approximately 10a of radius. 

For a long period of time, Eq. (7) was considered as too simple a 

model to be applied for the sophisticated photographic process. But 



recently the validity of Eq. (7) was demonstrated for silver clusters 

deposited on bromide layers. 11,12 

Inserting Eq. (7) into Eq. (6) we obtain the following relation- 

ship for the potential difference ArD: 

Thus, the deviation of the redox potential of small metal particles 

from the redox potential of the bulk is proportional to the ratio y/z 

and to the reciprocal radius llr. 

Some values of y obtained for a number of metals mainly by the 

zero-creep method are listed in Table I. These values refer to vacuum 

and will be different in an electrolyte, depending on the properties 

of the double layer. One can therefore use only approximate values 

for ylr in calculations of ArD. The result of one such calculation 

is shown in Figs. la and lb. The data show that the shift of the 

redox potential is significant for particles with radius as large as 

l00A. 

While Eq. (8) will describe the potential shift for particle sizes 

above 10a with sufficient accuracy it becomes inaccurate for the 

interesting small particles consisting of only a few atoms (Fig. 2). 

A more general way to obtain dGD is therefore described using the 

following circular process (Fig. 2). In vacuum A G ~  must be equal to 

the value of the sum of the free energy of sublimation nGSub, of the 

free energy associated with the clustering of single metal atoms 



aGCl and i n  a so lu t i on ,  w i t h  the  energy o f  the  i n t e r a c t i o n  o f  the  

sur face atoms w i t h  the  solvent  molecules A G ~ ~ ~ ~ .  Thus, one obta ins 

Th is  equat ion a1 lows one t o  ob ta in  dGD from quantum chemical f i r s t  

p r i n c i p l e  ca l cu la t i ons ,  t a k i n g  aGSub from experiments and neg lec t i ng  

"sol v  . Calcu la t ions  f o r  t he  c l u s t e r i n g  energy have r e c e n t l y  been 

c a r r i e d  out f o r  Ag clusters,8a f o r  Cu c l u s t e r s  1698b and others. 8 b 

These c a l c u l a t i o n s  show an o s c i l l a t i n g  behavior o f  the  energy w i t h  the  

number o f  atoms. The p o s s i b i l i t y  t o  t e s t  t h i s  r e s u l t  w i t h  e lec t ro -  

chemical methods i s  a great chal lenge f o r  t h i s  d i s c i p l i n e .  

I 1  I . SMALL METAL CLUSTERS ON SURFACES 

Metal c l u s t e r s  formed on surfaces can have two dimensional shape. 

I n  t h i s  case, instead o f  t a k i n g  y,  t he  boundary f r e e  energy has t o  be 

used.lo917 Then the  d i f f e r e n t i a l  f r e e  energy change i s  given by the 

equat ion 

where 1 i s  t he  boundary length o f  t he  two dimensional c l u s t e r s .  If we 

assume d i scs  as the  approximate form o f  t he  two dimensional nuc le i ,  d l  

i s  r e l a t e d  t o  dn, the d i f f e r e n t i a l  o f  the mole number, by the  r e l a t i o n  



Here, AM i s  t he  molar area o f  t h e  c l u s t e r  forming atoms and r i s  the  

mean rad ius  o f  t h e  d iscs.  S u b s t i t u t i n g  Eqs. (11) and (10) and i n t e -  

g r a t i n g  f o r  one mole g ives  one the  change o f  f r e e  energy f o r  t he  trans- 

fo rmat ion  o f  one mole o f  c l u s t e r s  i n t o  bu lk  metal, 

where r i s  now t h e  r a d i u s  o f  t he  c l u s t e r  d i sc  on the  surface. 

The energy s w i l l  depend cons iderab ly  on the  s t r u c t u r e  o f  the  

sur face o f  t h e  support ing ma te r ia l .  

I V .  THE CHARGE OF THE PARTICLES AND THE POTENTIAL OF ZERO CHARGE 

I n  t h i s  chapter we w i l l  d iscuss the  behavior o f  t h e  surface charge 

i n  the  d ispers ion  process. The f r e e  energy o f  the  c e l l  r eac t i on  

Meb Med was ca l cu la ted  w i thou t  any cons idera t ion  f o r  t he  charge. 

Therefore, changes i n  t h e  charge can on l y  occur i n  a  way t h a t  does not 

i n f l uence  A G ~ .  We w i l l  d iscuss t h e  i n f l uence  o f  t h i s  argument by 

c a r r y i n g  out  t he  c i r c u l a r  process i l l u s t r a t e d  i n  F ig .  3. 

F i r s t  we have t o  discharge the  bu lk  metal. The work t o  discharge 

a  compact sphere o f  one mole o f  metal  atoms ( rad ius  R) i s  g iven by the 

equat ion 



-1 -1 where e0 = 8.859 x 10-l4 (coul  V c  , the  d i e l e c t r i c  *constant  

o f  t he  vacuum i n  the  S I  system). A f te r  d ispers ion  i n t o  p a r t i c l e s  of 

rad ius  r o f  t he  now uncharged bulk  metal we have t o  recharge these 

p a r t i c l e s .  The work f o r  t h i s  process i s  

It f o l l o w s  (F ig.  3) t h a t  

The values f o r  AG are equal if 

3 Extending Eq. (14) by 3MI4rR s = 1 and rear rang ing  we ob ta in  a  condi- 

t i o n  f o r  the change of the  charge dur ing the d ispers ion  process, 



T h i s  r e l a t i o n  shows t h a t  t h e  sur face charge d e n s i t y  has t o  be constant ,  

w h i l e  t h e  ne t  charge o f  t h e  p a r t i c l e s  decreases w i t h  p a r t i c l e  s ize :  

While t h e  d ispersed metal  has t h e  same surface charge d e n s i t y  as 

t h e  bu l k  meta l  t h e  e q u i l i b r i u m  redox p o t e n t i a l  i s  much more negat ive.  

T h i s  has t h e  consequence t h a t  t h e  p o t e n t i a l  of ze ro  charge has t o  be 

s h i f t e d  by t he  same amount as t he  redox p o t e n t i a l ,  

E - E pzc,d pzc,b = '"D ' (17 

which i s  a d i f f e r e n t  express ion o f  t h e  e q u a l i t y  AG = o G D e  

D,q 

V. THE SURFACE POTENTIAL 

Wi th  t h e  p r o p e r t i e s  so f a r  de r i ved  we can look a t  more s p e c i f i c  

p r o p e r t i e s  o f  t he  double l a y e r  o f  t h e  smal l  p a r t i c l e s .  The p o t e n t i a l  

across t h e  double l a y e r  i s  separated i n t o  two c o n t r i b u t i o n s .  The 

surface p o t e n t i a l  X: and t h e  V o l t a  p o t e n t i a l  9. The Vo l t a  p o t e n t i a l  i s  

determi  ned by  t h e  charge on t h e  sur face  and was a l ready  discussed i n  

t h e  f o rego ing  chapter .  

The sur face  p o t e n t i a l  x represen ts  t h e  d i p o l e  s t r u c t u r e  o f  t h e  

sur face,  and i s  ma in l y  dependent on t h e  d i p o l e  d e n s i t y  N.v', 

The d i p o l e  l a y e r  between t h e  metal  atoms and the  e l e c t r o l y t e  w i l l  i n  

genera l  be a  c l o s e l y  packed l a y e r  o f  s o l v e n t  molecules and t h e i r  

images i n  t h e  meta l .  It i s  p o s t u l a t e d  t h a t  t h i s  l a y e r  i s ,  as a  f i r s t  



approximation, independent of the  p a r t i c l e  s ize .  To i 1 l u s t r a t e  t h i s  

reasoning we w i l l  form t h e  r a t i o  between t h e  number o f  metal atoms 

NM ( su r face  area per atom AM) and t h e  number o f  d ipo le  molecules 

ND ( su r face  area per molecule A D )  The r a t i o  i s  g iven by 

As r increases, t h i s  r a t i o  very  soon becomes approximately constant.  For 

c l u s t e r s  r - > 10R t h e  d i p o l e  dens i t y  N = A;' w i l l  be approximately 

constant,  regard less o f  t he  s i z e  o f  the  p a r t i c l e s .  Thus X w i  11 become 

independent on r. It fo l l ows ,  

V I .  THE WORK FUNCTION AND THE CHEMICAL POTENTIAL OF ELECTRONS ------- 
Changes o f  t h e  p o t e n t i a l  o f  zero charge can, accord ing t o  the  

l i t e r a t u r e , 1 4  be r e l a t e d  t o  changes i n  the  work f unc t i on .  We can 

w r i t e  f o r  the  d i f f e rences  between dispersed and bu lk  metal  

Wd - wb = F ( E p ~ ~ , d  - E P Z C , ~ )  (21 

It f o l l o w s  us ing Eq. (10) 

Wd - Wb = F A C ~  < 0 . 



The work f u n c t i o n  i s  def ined by t he  equat ion  W = -kt + F . The p i s  

t h e  chemical p o t e n t i a l  of t h e  e l ec t rons .  Accord ing t o  t he  foregoing 

chap te r  xd - Xb = 0  ( a t  l e a s t  f o r  p a r t i c l e s  above a  l i m i t i n g  r a d i u s  

o f  c a  10a). Wi th  Eq. (25 )  we o b t a i n  

The chemical p o t e n t i a l  o f  e l e c t r o n s  i n  d ispersed meta ls  i s  h i ghe r  than 

i n  t h e  bu l k  meta l .  

The chemical p o t e n t i a l  o f  e l e c t r o n s  i n  a  metal  i s  a l so  r e l a t e d  t o  

t h e  concept o f  e l e c t r o n e g a t i v i  ty. We can deduce f rom Eq. (23)  t h a t  

t h e  e l e c t r o n e g a t i v i t y  i s  increased w i t h  decreas ing p a r t i c l e  s ize .  

V I .  CONCLUSIONS FOR THE ELECTROCHEMICAL - BEHAVIOR 

The r e s u l t  o f  t h e  fo rego ing  d i scuss ion  cans be summarized i n  t h ree  

p o i n t s  which, as we have t r i e d  t o  show, have one common o r i g i n :  Metal  

atoms i n  a smal l  a r r a y  a re  i n  e n e r g e t i c a l l y  l ess  f avo rab le  p o s i t i o n s  

compared t o  bu l k  p o s i t i o n s .  

a)  Cathodic s h i f t  o f  t h e  e q u i l i b r i u m  p o t e n t i a l :  Th i s  p o i n t  

determines t h e  e q u i l i b r i u m  p r o p e r t i e s  as w e l l  as t he  a b i l  i ty f o r  

r e d u c t i o n  o r  ox i da t i on .  The r e s u l t s  by  ~ a n ~ l e i n ~  can be expla ined 

q u a l i t a t i v e l y  by these p r o p e r t i e s .  The exper iments w i t h  s i l v e r  

c l u s t e r s  on s i l v e r  bromide o f  Mal inowski  e t  a1 ., 11,12 gave quant i -  

t a t i v e  evidence f o r  t he  p r e d i c t i o n  t h a t  a  p a r t i c l e  i n  a  spec ia l  redox 

environment w i l l  grow o r  decrease i n  s i z e  depending on t he  e q u i l i b r i u m  

c o n d i t i o n .  The s t a b i l i z a t i o n  o f  t he  l a t e n t  image i n  photographic  



l a y e r s  w i t h  a  p a r t i c l e  s i z e  between 4  and 40 s i l v e r  atomsi5 i s  an- 

o ther  example. 

b )  Cathodic s h i f t  o f  t h e  p o t e n t i a l  o f  ze ro  charge epzc. 

E l e c t r o s o r p t i o n  on a  sur face depends on t h e  p o s i t i o n  o f  t he  p o t e n t i a l  

w i t h  r ega rd  t o  t h e  p o t e n t i a l  o f  ze ro  charge rpZc. Because o f  t he  

s h i f t  o f  t h i s  p o t e n t i a l  f o r  smal l  p a r t i c l e s  we expect  a  change i n  t he  

e l e c t r o s o r p t i o n  p r o p e r t i e s .  An exper imenta l  c o n f i r m a t i o n  f o r  t h i s  

p r e d i c t i o n  i s  g iven by  t h e  exper imenta l  r e s u l t s  by  ROSS.' A 

ca thod i c  s h i f t  o f  -150 mV was measured f o r  t he  f o rma t i on  o f  t he  ox ide  

e l e c t r o s o r p t i o n  l a y e r  on graphi te-suppor ted p l a t i num c l u s t e r s  i f  

compared t o  b u l k  p la t inum. The p a r t i c l e  s i z e  was approx imate ly  20a. 

The s h i f t  would p r e d i c t  a  r a t i o  y l z  between 1500 and 2000 e r g  cm-' 

i n  agreement w i t h  the  va lues f o r  the  energy o f  p l a t i num i n  Table I. 

c )  The decrease o f  t h e  work f u n c t i o n  W .  The decrease o f  t h e  

work f u n c t i o n  can be considered as a  reduced e l e c t r o n  a f f i n i t y  o f  

smal l  p a r t i c l e s .  Wi th  regard  t o  t h e  e l e c t r o n  donor p r o p e r t i e s  o f  

meta ls  t h i s  means a  s t ronger  a b i l i t y  t o  form charge t r a n s f e r  

complexes. I n  a  p r e l i m i n a r y  search we have n o t  been ab le  t o  f i n d  

examples f o r  t h i s  p r o p e r t y  which exp l  i c i t e l y  demonstrate t h e  

dependence on p a r t i c l e  s ize.  Otherwise, t h e  complex f o rma t i on  between 

s i l v e r  and p y r i d i n e  and i t s  importance f o r  t he  sur face  enhanced Raman 

spect roscopy may become an example, i f  one accepts t he  c l u s t e r  

exp lana t i on  f o r  t h i s  phenomenon. 



V I I .  THE ELECTROCHEMICAL PROPERTIES OF SMALL METAL - PARTICLES 

AND THE SURFACE - ENHANCED RAMON EFFECT 

In t h e  obse rva t i on  o f  t h e  so c a l l e d  sur face  enhanced Raman e f f e c t  

(SERS) some o f  t h e  most fundamental exper imenta l  r e s u l t s  have no t  y e t  

found  reasonable exp lana t ions .  Th i s  i nc l udes  t he  f o l l o w i n g  p o i n t s  

- Why i s  t h e  o x i d a t i o n  r e d u c t i o n  c y c l e  so impor tant .  

- Why does s i l v e r  d e p o s i t i o n  a t  moderate ca thod ic  p o t e n t i a l s  

r e s u l t  i n  no enhancement b u t  d e p o s i t i o n  a t  h i g h  ca thod ic  

po ten t ia ls18  does. 

- Why does t h e  enhancement e f f e c t  i r r e v e r s i b l y  disappear a f t e r  

t he  p o l a r i z a t i o n  i s  increased above a  l i m i t i n g  ca thod ic  

p o t e n t i a l .  19 

The answers t o  these quest ions may be found by cons ide r i ng  the  

ou t s tand ing  e lec t rochemica l  p r o p e r t i e s  o f  m i c r o p a r t i c l e s  e s p e c i a l l y  

15 o f  sma l l es t  s i z e  (e.g., 4-40a f o r  Ag ) The exp lana t ions  descr ibed 

a r e  a  f u r t h e r  support  f o r  t h e  idea t h a t  these p a r t i c l e s  a re  a l s o  

respons ib l e  f o r  t h e  o p t i c a l  process o f  enhancement. 6,7 

- The fo rma t i on  o f  c l u s t e r s  and m i c r o c r y s t a l l y t e s  on sur faces 

i n  metal  depos i t i on  i s  favored ( e s p e c i a l l y  f o r  s i l v e r )  by 

r a t h e r  crude e lec t rochemica l  c o n d i t i o n s  w i t h  regard  t o  the  

e l ec t rode  p o t e n t i a l  as w e l l  as w i t h  regard  t o  d i f f u s i o n  

1  i m i t a t i o n s .  Specia l  depos i t  i on  forms (whisker ,  powder 

d e p o s i t i o n )  a re  obta ined under ve ry  s imi  l a r  c o n d i t i o n s  as 

necessary t o  a c t i v a t e  an e l ec t rode  f o r  enhanced Raman 

s c a t t e r i n g .  
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Table I. Values o f  su r f ace  energy, valence s ta te ,  molar  volume 
and b u l k  e q u i l i b r i u m  p o t e n t i a l s  f o r  some common 
e l e c t r o d e  m a t e r i  a1 s. 

' 2 5 " ~  
1 1 

Y T v~ B 
3  

Metal  e r g  cm-2 " C  3  e r g  cme2 z2)  cm mole-' v 

1 )  Ca lcu la ted  w i t h  -av/aT = 0.5 e r g  cm-2 ~ r a d - 1 .  
2)  Lowest valence s t a t e  
3 )  For t h e  lowes t  valence s t a t e .  



FIGURE CAPTIONS 

Fig. 1. Cathodic sh i f t  of the reversible redox potential of a metal 

electrode with decreasing part ic le  radius ( a f t e r  Eq. ( 7 ) ) ,  

for  three selected values of surface energy a )  for par t ic le  

s ize up to  250a, b )  for  very small par t ic le  size.  

Fig. 2. Circular process to  re la te  the free energy for dispersion 

A G ~  to  the calculated free energy of c luster  formation 

A G ~ l *  ACrsub9 AGsolv free energy of sublimination and 

solvat ion, respectively. 

Fig. 3 .  Circular process to  find the conditions for the behavior of 

the surface charge during the dispersion process. 












