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LIST OF SYMBOLS 
activity referenced to the bulk-phase equlibrium 
value 
reaction in reduction reaction 
concentration, mol/cm 3 
diffusivity, cm2/s 
F/RT, mol/V-eq 
Faraday's constant, 96,485 C/eq 
interelectrode gap in flow cell, cm 
current density normal to electrode, A/cm 2 
number  of electrons transferred, eq/mol 
product in reduction reaction 
universal gas constant, 8.314 J/mol-K 
absolute temperature, K 
average fluid velocity, cm/s 
electrode voltage, V 
distance along electrode, cm 
mole fraction in deposit 
distance normal to electrode, cm 

Greek 
cathodic transfer coefficient 
anodic transfer coefficient 

~c mass transfer boundary layer thickness, cm 
overpotential, V 
electrical potential, V 

Subscripts 
L limiting current density at zero surface concen- 

tration 
k species k 
o exchange current density 
tot total current 

Superscripts 
A reactant 
b bulk solution 
o equilibrium value 
P product 
s value at the electrode surface 
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In Situ STM Studies of Lead Electrodeposition on 
Graphite Substrate 

Marek Szklarczyk 1 and John O'M. Bockris* 

Surface Electrochemistry Laboratory, Texas A&M University, CoLlege Station, Texas 77843-3255 

ABSTRACT 

Scanning tunnel ing microscopy (STM) was applied in solution to study the lead electrodeposition on single-crystal 
graphite electrode. The amount  of deposited lead was varied from a few to a hundred monolayers. The atomic lattice of 
electrodeposited lead was observed and compared with that observed in air. The planes [111] and [100] of deposited lead 
crystallites were detected. The process of anodic dissolution of Pb deposit was studied by in situ STM also. During this 
process the changes of surface roughness were observed. 

Scanning tunnel ing microscopy (STM) has already be- 
come an important tool in surface science. Efforts have 
been made to apply this technique to electrochemistry 
since 1986 (1-6). 

STM can image reat space and give structural, electron- 
ic, and chemical properties of the solid-liquid interface on 
an atomic scale. Atomic resolution has been obtained in 

*Electrochemical Society Active Member. 
1 On leave from Department of Chemistry, Warsaw University, 

Zwirki i Wigury. 

UHV and air on different surfaces [metals and semicon- 
ductors (4)]. 

Similar resolution has been attained at the electrode/ 
electrolyte interface for highly oriented pyrolitic graphite 
(HOPG) electrodes (3). Structural features on the nano- 
meter scale in the electrochemical environment  have been 
found for single-crystal electrodes (7, 8) and polycrystal- 
line materials (9, 10). Recently, Wiechers et al. reported the 
observation of atomic height steps on Au in situ and the 
change of the STM picture upon chloride ions adsorption, 
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bu t  a tomic- level  crystal l ine lat t ice for meta ls  in contac t  
wi th  e lec t ro lyte  solut ion has not  been  repor ted  at this t ime 
(11). 

In  this paper,  we  repor t  i n  s i t u  observat ions  of  the 
a tomic  crystal l ine latt ice of  lead (12). 

Exper imenta l  
In  the  present  study, a Nanoscope  1, Digital  Instru-  

ments ,  Inc., California, was used. The  ins t rumen t  features  
a s ingle- tube piezoelectr ic  scanner  wi th  vert ical  tunne l ing  
tip. 

The  t ip was  m o u n t e d  in the  ho lder  p laced  on the  piezo- 
electr ic  crystal  wh ich  was held  in the  mic roscope  head. 
The  mic roscope  head  was p laced on three  adjus table  
screws (Fig. 1). Two of them,  hand driven,  were  coarse ad- 
j u s t m e n t  screws.  The  th i rd  one was dr iven  by s tepper  
mo to r  to control  the  fine ad jus tment  of  d is tance  be tween  
the  STM tip and the  electrode.  

The  STM appara tus  was pro tec ted  against  acoustic,  me- 
chanical ,  and e lec t romagnet ic  v ibra t ion  by placing it in 
boxes  m a d e  of  a luminum,  lead, and copper.  All this was 
p laced  on a big cemen t  b lock  in a sand bed laid on the  top  
of  a table  floating on air. An inflated rubber  tire was p laced 
(Fig. 1) be tween  the  sand bed and air table. The  STM setup 
desc r ibed  a l lowed us to obtain  high-resolut ion images  
wh ich  are shown for the  H O P G  substrate  in Fig. 2a and b. 

The  e lec t rochemica l  cell  for the  three-e lec t rode  circui t  
(the STM tip was the  four th  g rounded  electrode) was made  
of  Delrin. Its th ickness  was ca.  5 m m  (Fig. 3). 

The  work ing  e lec t rode  was made  of  a 5 x 5 m m  H O P G  
crystal.  Before  each exper iment ,  the  e lec t rode  surface was 
r en ewed  by peel ing  off  the  top layers of  the crystal  by 
means  of  adhes ive  tape. 

The  counte re lec t rode  was m a d e  of  a p la t inum wire  
(99.99%) su r round ing  the  work ing  e lec t rode  (Fig. 3). A cal- 
omel  e lec t rode  was used  for reference.  (Potentials  re- 
por ted  in this paper  are recalcula ted to hydrogen  scale.) 

The  e lec t rochemica l  potent ia l  of  work ing  e lec t rode  was 
ad jus ted  by var ia t ion of  the  potent ia l  d i f ference be tween  
work ing  and counte re lec t rode  us ing a bat tery  powered  
vol tage  source.  

The  STM tips for the  s tudy carried in air were  m a d e  of  
t ungs t en  wire  (0.1 m m  diam). They were  sharpened  by 
e lec t rochemica l  e tch ing  in 1M KOH. The tips used  in solu- 
t ion were  purchased  f rom Longreach  Scientif ic  Resources .  
They  were  m a d e  of  p la t inum and covered  wi th  a glass 
layer  up to the  operat ional  tip. 

On the  basis of  an e lec t rochemica l  s tudy of  the  e lec t rode  
at the  end of  which  was the  tip, i.e., by de te rmina t ion  of  the  

Fig. 1. Schematic representation of STM setup: 1. copper cover, 2. 
lead cover, 3. aluminum cover, 4. microscope head, 5. piezo crystal 
tube, 6. STM tip holder, 7. STM tip, 8. electrochemical cell, 9. coarse 
adjustment screws, 10. fine adjustment screw, 11. microscope base, 12. 
aluminum base, 13. step-motor, 14. leg of microscope, 15. lead base, 
16. cement block, 17. sand bed, 18. air tube, 19. floated table, 20. air 
tube, and 21. floated table leg. 

Fig. 2. STM image of HOPG in air: (a, top) top view with drawn-in 
unit cell and benzine ring, grid dimension 4 x 4/~, (b, bottom) side 
view, grid dimension 3 x 3/~, and in Z (vertical) direction 2.5~. Vbia, = 
30 mY, iset point = 1.5 n/~. 

charge  for hydrogen  or oxygen  adsorpt ion  on pla t inum,  
the  real surface area was found to be  10 _4 cm 2. (Tunnel ing 
t ip was far smaller  of  course.) 

The  clarity of  the images  was related to the  magn i tude  of  
the  Faradaic  currents.  Clear images  were  observed  for 
e lec t rochemica l  currents  smal ler  than  10 pA, bu t  even  for 
iF up to 100 pA, some surface features  could  be  observed.  
The  10 pA currents  were  observed  for about  20% of the  
glass-covered tips. The  appl ied tunne l ing  bias vol tages  
(potential  difference be tween  tip and work ing  electrode) 
were  be tween  -100 and +100 mV. The images  were  re- 
corded  in cons tant  current  mode ,  i.e., the  d is tance  be- 
tween  the tip and sample  was var ied  dur ing  tunnel ing.  The  
s tud ied  set  po in t  currents  were  be tween  0.5 and 5 hA. The  

d hole for fine 

A k C ~ j ~ 1 1 ,  ~ '~  / A counter electrode 
X - -  t ~ / ~  } / /  working electrode ~ ~" reference electrode 

holes for coarse electrochemical 
adjustment screws " ~ . . . . ~ . ~  J compartment of cell 

. ~ ' ~ - ~  electrode 
counter electrode ~ ' ~  screw 

I electrical contact 

Fig. 3. Schematic representation of electrochemical cell for STM ap- 
paratus. 
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b e s t  r e su l t s  were  o b t a i n e d  for a b ias  vo l tage  a r o u n d  
- 5 0  m V  ( sample  nega t ive)  a n d  set  p o i n t  c u r r e n t  - 2  nA. A 
5441 s to rage  osci l loscope,  Tek t ron ix ,  was  u s e d  as a regis-  
t r a t i on  device.  

The  so lu t ions  u sed  were  10 -3 Pb(C104)2 a n d  10 -2 NaC104 
a n d  were  p r e p a r e d  f rom Mil l ipore-Q water ,  no t  d e a e r a t e d  
d u r i n g  e x p e r i m e n t .  

Lead  depos i t i on  was ca r r ied  u n d e r  c o n s t a n t  c u r r e n t  or 
c o n s t a n t  po t en t i a l  cond i t ions ,  as i nd i ca t ed  be low for indi-  
v idua l  sys tems .  The  a m o u n t  of  depos i t ed  lead was  va r i ed  
f rom a s ingle  m o n o l a y e r  to  a few h u n d r e d  mono laye r s .  T h e  
t h i c k n e s s  of  lead depos i t s  was  ca lcu la ted  on  t he  bas is  of  
t h e  c h a r g e  u n d e r  a p e a k  for  t he  anod ic  d i s so lu t i on  of  lead 
(Fig. 4, d a s h e d  line). In  Fig. 4, t he  i-E d e p e n d e n c e  for t h e  
H O P G  e lec t rode  is s h o w n  (Fig. 4, solid line). 

T h e  p r e s e n c e  of  lead on  the  sur face  of  t he  e l ec t rode  af te r  
d e p o s i t i o n  was  con f i rmed  b y  E S C A - X P S  s tud ies  (Fig. 5). 
X P S  ana lys i s  was  car r ied  w i th  a Kra tos  X S A M  800 spec- 
t r o m e t e r  w i th  A1 K s  x-ray source.  The  p r e s s u r e  in  t h e  ana-  
lyzer  c h a m b e r  was  1 • 10-7/torr. Ini t ial ly,  a su rvey  s can  
was  r e c o r d e d  to iden t i fy  t he  e l e m e n t s  p r e s e n t  on  t h e  sur-  
face. S u b s e q u e n t l y ,  p e r t i n e n t  levels  were  t h e n  r e c o r d e d  
over  a n a r r o w  e n e r g y  range.  

The  or ig ina l  spec t ra  of  P b  4f levels  (Fig. 5a) we re  n e x t  
d e c o n v o l u t e d  (Fig. 5b). D e c o n v o l u t i o n  s h o w e d  two pairs  
of  P b  4f  peaks  139, 141 a n d  146 eV. The  a p p e a r a n c e  at  t h e  
p e a k s  at  141 a n d  146 eV is due  to lead in  a n  ox ide  form,  
p r o b a b l y  f o r m e d  d u r i n g  t r a n s p o r t  of t h e  s a m p l e s  af te r  
STM e x p e r i m e n t  to t he  X P S  c h a m b e r  in con tac t  w i t h  air. 

The  depos i t i on  of P b  on  g r a p h i t e  was  ca r r ied  ou t  w h e n  
the STM tip was placed in solution but in a nontunneling 
mode. After each experiment was carried out in situ the 
STM tip was again used for monitoring the HOPG lattice 
in air to check that no lead was deposited on it. None was 
observed, i.e., the graphite lattice was visible. The repro- 
ducibility of the images of electrodeposited lead was about 
5%. The dimensions reported in this paper are the average 
of measured values. The indicated errors are mean devia- 
tions from the average values. 

Results 

In  Fig. 6a, t he  s t e p p e d  sur face  of  a n  H O P G  e lec t rode  in  
so lu t ion  is shown.  The  wide  - 9 0  n m  steps ,  3 a t o m s  in 
he igh t ,  are wel l  resolved.  Genera l ly ,  ou r  g r aph i t e  su r faces  
were  flat over  a few h u n d r e d  n a n o m e t e r s  a n d  i t  was  diffi- 
cu l t  to  f ind a s tep.  In  Fig. 6b a n d  c, h igh - r e so lu t i on  images  
of  a H O P G  s a m p l e  in situ are  shown.  In  Fig. 6b, a three-  
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Fig. 5. XPS spectrum of Pb-HOPG electrode: (a) Pb 4f level spectra, 
and (b) deconvolution of Pb 4f level spectra. 

d i m e n s i o n a l  p i c tu re  (til ted, i.e., a s ide view) is shown.  The  
m e a s u r e d  co r ruga t ion  (peak- to-val ley d i s tance)  is a b o u t  
1.0 -+ 0.2/~. In  Fig. 6c, t h e  top  v iew of the  s a m e  pa r t  of  the  
g r aph i t e  sur face  is shown.  This  e x p o s u r e  led to t h e  meas-  
u r e m e n t  of  i n t e r a t o mi c  d i s t ances  l i s ted  in Tab le  I. 

In  Fig. 7 an  STM of  lead islets  on  H O P G  t a k e n  in air  af ter  
ga lvanos t a t i c  depos i t i on  is shown.  T h e  d e p o s i t e d  a m o u n t  
of  P b  was  e q u i v a l e n t  to two  mono laye r s .  T h e  P b  depos i t s  
are r e p r e s e n t e d  by  w h i t e  spo ts  w h i c h  are v i s ib le  m a i n l y  in  
t h e  u p p e r  ha l f  of  t h e  p h o t o g r a p h .  In  the  b o t t o m  p a r t  of  t he  
i m a g e  t h e  h e x a g o n a l  c rys t a l log raph ic  p a t t e r n  of  g r a p h i t e  
is d i s t i ngu i shab le .  On t h e  bas is  of  th i s  p h o t o  the  coverage  
of t h e  e lec t rode  by  depos i t  can  be  e s t i m a t e d  as -0 .3 .  

In  Fig. 8, an  STM p ic tu re  t a k e n  in so lu t ion  shows  the  ap- 
p e a r a n c e  of  P b  d e p o s i t e d  po ten t ios t a t i ca l ly  at  -0 .24V.  The  
d e p o s i t e d  a m o u n t  c o r r e s p o n d s  to four  mono laye r s .  The  
v i s ib le  o rd e r ed  spher i ca l  d o m a i n s  h a v e  -20 /k  in  ba se  a n d  
are 2-3A high.  

F i g u r e  9 shows  the  STM p ic tu re  of a n  e l ec t rode  sur face  
af te r  t h e  ga lvanos ta t i c  depos i t i on  of  a b o u t  100 m o n o l a y e r s  

Fig. 4. The i-E dependence of HOPG electrode in ( -  - )  10 -2 NaCIO4 
and ( - - - )  10 -3 Pb(CIO4)2 + 10 -2 NaCIO4 solution. Sweep rate 
100 mV S -1. 

Fig. 6. STM images of HOPG electrode token in solution: (a) tilt 
view of big scan, grid dimension X �9 Y �9 Z = 348 x 348 x 10~, (b) tilt 
view, grid dimension, X �9 Y �9 Z = 6 x 6 x 5~, and (c) top view, grid di- 
mension, X - Y = 8 x 8~. V6ios = - 5 0  mV, is = 1 nA. 
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Table I. The interatomic dimensions of studied surfaces ~ 

Fig. No. Bond b Environmental Distance c 

2a C--C Air 2.3 • 0.2 
6c C--C 10 2 NaC104 2.3 -+ 0.3 

l la  C--C Air 2.4 -+ 0.2 
1 lb C--C 10 .3 Pb(C104)2 + 10 _2 NaC104 2.4 • 0.2 
l lc  Pb--Pb 10 3 Pb(C104)2 + 10 2 NaC104 3.6 • 0.3 
l ld  Pb--Pb Air 3.1 -+ 0.4 
12 Pb--Pb Air 3.5 • 0.1 

Distances were measured on the basis of manufacturer STM 
calibration (X = 20/~-/V, Y = 18 P~V, Z = 20 A/V). The average 
values are given independently of the axis of image. 

b C--C distance is the distance measured between two carbon 
atoms having neighbors directly below in the next lower layer. 

r Pb--Pb distances are given without calibration on graphite. 

o f  Pb.  The s loping hill is abou t  100A he igh t  and the  angles  
to the  hor izonta l  -100  ~ The P b  depos i t  was t h e n  partial ly 
anodical ly  d i sso lved  at about  0 V. The roughnes s  after this  
p r o c e d u r e  was  found  to be 10-15A (Fig. 10). 

The s m o o t h i n g  of  the  depos i t  surface dur ing  d isso lu t ion  
was  ut i l ized in an e x p e r i m e n t  in w h i c h  the  aim was  to ob- 
tain an image  of  lead a toms in contac t  wi th  solution.  In  
Fig. l l a -d ,  four  p ic tures  t aken  in the  same e x p e r i m e n t  are 
shown.  At  the  beginning ,  the  lat t ice of  H O P G  elec t rode  in 
air was  mon i to r ed  (Fig. l la) .  Then,  the  solut ion (10 -3 
Pb(C104)2 + 10 2 NaC104) was  a d d e d  and  the  image  of an 
e lec t rode  u n d e r  . open-ci rcui t  condi t ions  was taken  
(Fig. l lb ) .  Thereaf ter ,  a th ick  layer  of  lead was potent io-  
stat ical ly depos i t ed  at -0.36V. Next ,  part  of  the  P b  depos i t  
was  r e m o v e d  by e lec t rochemica l  d isso lu t ion  to electropol-  
ish the  surface  of the  deposi t .  The final t h i ckness  of the  Pb  
layer  c o r r e s p o n d e d  to 80 monolayers .  The STM image  for 
th is  e lec t rode  was taken  at -0 .2V and  it is s h o w n  in 
Fig. l l c .  The in te ra tomic  d i s tances  are l is ted in Table I. In  
t he  n e x t  s tep  of  the  expe r imen t ,  the  solut ion was  r e m o v e d  
f rom the  cell, the  e lec t rode  carefully w a s h e d  wi th  water ,  
and  t h e n  dried.  The STM image  for P b  depos i t  in air is 
s h o w n  in Fig. l l d .  In the  last s tep  the  10 -2 NaC104 solut ion 
was  a d d e d  and  the  P b  layer was oxidized to measu re  the  
a m o u n t  of lead p re sen t  on the  surface. After  r emov in g  the  
solut ion,  it was  w a s h e d  and dr ied and  an image  of the  elec- 
t rode  was regis tered.  It was found  to be  the  same as pre- 
s en t ed  in Fig. l l a .  

F igure  12 is an STM image  of  a Pb  depos i t  t aken  12h 
after  the  depos i t  was made.  The n e w  tip, a t u n g s t e n  one, 
was  used  to obta in  this image (for d imens ions ,  see Table I). 

Discussion 
In  app ly ing  i n  s i t u  STM techn iques ,  one  m u s t  recall  cer- 

ta in r e q u i r e m e n t s  of  the  technique .  They are: (i) The 
d u m p i n g  of  as m u c h  acoustic,  e lec t romagnet ic ,  and  me-  
chanica l  v ibra t ion  as possible .  (ii) Main tenance  of  a con- 
s tan t  t e m p e r a t u r e  because  of the  danger  of  the rmal  drift  

Fig. 8. STM image of an electrode registered in solution after depo- 
sition of four monolayers of Pb. Grid dimension, X . Y .  Z = 
12 • 12 • 5~. Vbi~ = - 5 0 m V ,  i~ = 2 nA. 

effects.  Thus,  the  average the rma l  e x p a n s i o n  coeff icient  
for d i f fe rent  mater ia ls  is of  the  order  of 10 ~ m K  -1 (13) so 
tha t  t he rma l  stabil i ty of  the  STM se tup  is one  of  the  m o s t  
i m p o r t a n t  r equ i remen t s .  In our e x p e r i m e n t s  we  make  an 
a t t e m p t  to at tain the rmal  stabil i ty of  the  sys t em by  placing 
a foam layer on a copper  box  (Fig. 1). (iii) Dimin i sh ing  the  
faradaic cur ren t  f lowing t h ro u g h  the  STM tip, neces sa ry  to 
obta in  a clear and s table  STM image  due  to t unne l i ng  cur- 
r en t  and  no t  in f luenced  by an e lec t rochemica l  faradaic one  
tha t  could  make  carrying out an STM e x p e r i m e n t  impos-  
sible. 

The vibra t ional  p ro tec t ion  desc r ibed  in the  E x p e r i m e n -  
tal sec t ion  gave stable sys tems.  In  Fig. 2a and  b and l l a  im- 
ages of  H O P G  taken  in air, and  in Fig. 6 and  l l b  taken  in 
solut ion,  are shown.  The obse rved  in te ra tomic  and 1.4 _+ 
0.2 b e t w e e n  nonequ iva l en t  a toms  (Fig. 2a, in benz ine  ring) 
and  its cor rugat ion  (0.8-1.5A d e p e n d e n t  on bias voltage) fit 
the  expe r imen ta l ly  de t ec t ed  values  ob ta ined  in v a c u u m  
(14-20). 

The STM image  in Fig. 7 shows  lead islet  depos i t s  (white 
spots)  ove r imposed  on H O P G  lattice. In this  case P b  had  
b e e n  depos i t ed  in galvanosta t ic  mode .  A resolu t ion  of  the  
P b  latt ice depos i t  was  no t  obta ined,  p robab ly  owing  to the  
r o u g h n e s s  of  the  deposi t .  

The  g rowth  of a Pb  depos i t  u n d e r  po ten t ios ta t ic  condi-  
t ions  is s h o w n  in Fig. 8. The p h o t o g r a p h  was t aken  dur ing  
deposi t ion .  The he igh t  of the  hi l locks is a round  2-3A bu t  
the  w id th  is surpr is ingly  large, 10-20A. 

We have  obse rved  the  ref lect ion of lat t ice angles  on lead 
depos i t s  ca. 100 monolayers  th ick  (Fig. 9 and  10). The ob- 
se rved  angles  are 110 ~ (Fig. 8) and  60 ~ (Fig. 9). The hills in 
the  P b  depos i t s  s h o w n  in Fig. 9 and  10 are vis ible  on the  
lead layer  and  not  direct ly on the  graphi te  surface because  
of  the  large a m o u n t  of  depos i t ed  lead. 

Fig. 7. STM image detected in air of Pb islets over lattice of HOPG 
surface. Grid dimension, X ' Y  = 1 8 •  18,~, Vb,os = -~50mV, 
i s -  2nA. 

Fig. 9. STM image (in solution) of thick Pb deposit. Grid dimension 
X . Y - Z =  19 • 19 • 90~.Vbios=32mV, i s = 2 n A .  
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Fig. 10. STM image (in solution) of thick Pb deposit after its partial 
dissolution. Grid dimension X �9 Y -  Z = 19 x 19 x 10~. Vb~o~ = 
32 mV, i~ = 2 nA. 

The pol ishing effect of dissolut ion can be seen by a com- 
par ison of  the  he ight  of the Pb hills be tween  images  shown 
in Fig. 9 and 10. The  height  of the e lec t ropol ished h u m p s  
in Fig. 10 is ten  t imes  smaller  than those  before  polishing. 
This  e lec t ropol ishing effect was used to prepare  smooth  
surface of the  Pb  deposi t  in order  to moni to r  lead a tomic 
lattice. The  photographs  shown in Fig. l l a - d  were  taken  
under the same tunneling condition and with the same tip. 
It is clear that images in Fig. llc and d differ from images 
shown in Fig. lib and a taken before Pb deposition, re- 
spectively. The interatomic distances in Fig. llc and d and 
in Fig. lla and b, are 3.6A and 3.1/~, and 2.4A and 2.4/~, re- 
spectively. 
The Pb-Pb distances cited in literature depend on the 

type of contact between lead atoms and vary from 3.0A 
(21), to 3.5A (13, 22), 3.6A (23), 3.8A (24), and 3.9A (24). 

Images  shown in Fig. 11c and d cannot  represen t  infor- 
ma t ion  f rom a graphi te  lat t ice because  the  a m o u n t  of  de- 
posi ted  Pb  was big enough  to fully cover  the H O P G  sub- 
strate and its th ickness  is a round 300A; so the  STM 
moni to r ing  of  a support ,  i.e., graphi te  surface, is impossi-  
ble. Correspondingly ,  the  observed  in te ra tomic  dis tances  
are bigger  than those  expec ted  (and obta ined here) for 
graphi te  (cf. Table  I). One could  argue that  the presen ted  
photographs  (Fig. l l c  and d) are the images  of  the  plati- 
n u m  tip. The  in te ra tomic  dis tance for Pt -Pt  is expec ted  to 
be 2.75A (13), bu t  de tec ted  dis tances  range be tween  3.1 and 
3.7A. 

In  Fig. 12 a fur ther  image  o f a  Pb deposi t  is presented.  In 
this case, the surface of the depos i t  was prepared  as in an 
expe r imen t  leading to the  images recorded  and presen ted  
in Fig. l l a -d ,  but  then  the solut ion was r emoved  and the 
e lec t rode  washed  and dried. We al lowed a t ime  of  12h to el- 
lapse. A new tungs ten  tip was appl ied to scan the  surface. 
The  measured  in tera tomic  dis tance  is _+ 3.6A. The angles 
measu red  be tween  rows of  a toms were  50 ~ and 130 ~ , in 
compar i son  wi th  the  expec ted  angle for a hexagona l  plane 
(111) of  60 ~ and 120 ~ Again the  W-W intera tomic  dis tance 
was only 2.74• (13). 

In  the  present  discussion,  a tomic dis tances  and angles 
have  been  considered.  Such a use neglects  ques t ions  of  the  
crystal  plane being observed.  The deposi ts  m a d e  are un- 
doubted ly  polycrystal l ine,  i.e., different  crystal l ine faces 
are exposed.  The  ratio be tween  different  faces depends  on 
the  condi t ion  of e lectrodeposi t ion,  because  the  rate of  
growth  of specific faces differs one f rom the o ther  (25). Ac- 
cord ing  to this mechan i sm,  the  surface of  the  depos i t  
should  be bounded  with  edge boundaries .  In  fact, in some 
cases the surface of the  depos i t  would  be expec ted  to be 
b o u n d e d  by grain boundary  faces parallel to the substra te  
(26). Addit ional ly,  it seems that  the appl icat ion of  the  elec- 
t ropol ishing procedure  increases the degree of crystallo- 
graphical ly  un i fo rm surface, probably  because  of  the  dif- 
fering stabili ty of  the  var ious crystal faces. These  reasons,  
toge ther  with" the  fact that  the  scanning area is small, 

Fig. 11. The images of graphite surface detected in (a, top left) air and (b, top right) solution; the images of lead deposited on graphite surface 
detected in (c, bottom left) solution and (d, bottom right) air. Grid dimension X �9 Y = 9 x 94.  Vbios = - 3 0  mV, is = 1.5 nA. 
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Fig. 12. The image of lead deposited on HOPG registered in air. Grid 
dimension X �9 Y = 4 • 4A. 

72 x 72A (Fig. 11c and d) or 32 • 32/~ (Fig. 12), explains the 
fact that we observed the well-ordered lead lattice instead 
of random-oriented Pb atoms. 

Thus, for the image presented in Fig. l lc ,  an angle of 
90 ~ -+ 5 ~ and distances 3.6 --- 0.3 are detected and this would 
mean that the observed plane is [100] which is in agree- 
ment  with the view that preferred orientation axes for the 
lead electrodeposits is [100] (27, 28). 

The image shown in Fig. 12 has the appearance of a hex- 
agonal [111] face which supports Finch and Layton's view 
(29) on the lateral-type growth of fcc metals under  low cur- 
rent density conditions (deposition at -0.26V, i.e., small 
overvoltage). There is a clear difference between the im- 
ages presented in Fig. l l c  and Fig. 12. The first one was 
taken directly after preparation of the surface, while the 
second one was taken after 10h. Hence, a t ime-dependent 
surface reconstruction may be responsible for this differ- 
ence or it may be because a different crystallite was moni- 
tored. 
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