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ABSTRACT 

Changes in the vol tammetr ic  response of polycrystal l ine p la t inum in the direct ion expected  for preferred oriented 
surface electrodes are achieved after applying a fast repetitive square wave potential signal covering the potential range of 
H- and O-electroadsorption/electrodesorption. The influence of the characteristics of the square wave potential signal on 
the voltammetric response of the modified platinum surfaces is systematically studied to establish the optimal conditions 
for obtaining surface structures with determined preferred orientations. 

Recent ly ,  it was found that  changes  in the vol tam- 
met r ic  response  of  polycrys ta l l ine  p la t inum e lec t rodes  
in the d i rec t ion  expec ted  for p re fe r red  or ien ted  surface 
e lec t rodes  can be ach ieved  by us ing a fast repe t i t ive  
square wave potential  signal (RSWPS) within the poten- 
tial range of  H- and O-e lec t roadsorp t ion /e lec t rodesorp-  
t ion in acid solut ion (1). Similar  resul ts  were  earl ier  ob- 
ta ined by applying a fast t r iangular  potential  signal to a 
polycrysta l l ine  p la t inum electrode in acid e lect rolyte  at 
room tempera ture  (2, 3). After applying the fast potential  
pe r tu rba t ion  the e lec t roae  surface modif icat ions  were  
vo l tammet r ica l ly  fol lowed at a low potent ia l  sweep rate 
in the H- and O-elec t roadsorpt ion/e lec t rodesorpt ion  po- 
tential  range by using an acid electrolyte. These changes 
in the e lec t rode  surface can also be seen th rough  SEM 
for a re la t ive ly  low magnif ica t ion  factor (4). The change 
f rom the init ial  po lycrys ta l l ine  p la t inum surface to the 
preferred oriented surface is independent  of the shape of 
the per iodic  potent ia l  per turba t ion ,  but  it is ex t r eme ly  
sens i t ive  to its f r equency  and potent ia l  l imits  (1, 2, 5). 
Thus, depending  on the preset  parameters  of the poten- 
tial per turbat ion ei ther the pla t inum (100) preferred ori- 
en ted  surface  or the p la t inum (111) prefer red  or ien ted  
surface are obtained (1-5). 

In the present  work the influence of the RSWPS char- 
acterist ics on the vol tammetr ic  response at low potential  
sweep rate  of  the resul t ing  p la t inum surfaces is 
sys temat ica l ly  s tud ied  to es tabl ish  the opt imal  condi-  
t ions for obtaining surface structures with a de termined 
preferred orientation. 

Experimental 
Runs  were  made  in 1M H2SO4 at 25~ with  commer-  

cial ly avai lable  polycrys ta l l ine  p la t inum wire shaped 
working electrodes of ca. 0.10 cm 2 geometr ic  area. Previ- 
ous to each e x p e r i m e n t  the work ing  e lec t rode  was 
e lectropol ished with ac (50 Hz; 10-15V) in a slightly acid 
(HC1) sa tura ted  CaC12 solution.  Later,  the e lec t rode  was 
repeatedly r insed with triply distilled water  and kept  in 
wa te r  for l h  before  use. The potent ia l  of the work ing  
e lec t rode  was measured  against  a RHE in the acid elec- 
t rolyte.  A large area p la t inum coun te re l ec t rode  (ca. 50 
cm 2) concen t r i ca l ly  su r round ing  the work ing  e lec t rode  
was used. The electrochemical  cell and the instrumenta-  
t ion have been described elsewhere (1, 5). The distort ion 
of  the RSWPS,  which  was due to the proper  r i se t ime of  
the e l ec t rochemica l  setup, was less than 5% at f requen-  
cies lower than 6 kHz. 

After  the pretreatment ,  the working electrode was sub- 
j ec ted  to the RSWPS be tween  lower  (E0 and upper  (E,) 
potential  l imits at a certain f requency (99 during a preset  
t ime (t). The duration of each potential  step, z~ and %, re- 
spectively,  was adjusted at convenience.  Most of the re- 
sults  r epor ted  in this paper  cor respond  to ~, = % excep t  
where  otherwise stated. After the RSWPS treatment,  vol- 
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t a m m o g r a m s  were  run e i ther  in the 0.05-0.60V or in the 
0.05-1.50V range at 0.1 V/s. 

Results 
Development of  the (100) preferred crystal orienta- 

t ion.--When an electropolished polycrystal l ine pla t inum 
electrode in 1M H2SO4 at 25~ is subjected to a constant  
ampl i tude  RSWPS at 4 kHz during 5 rain, the vol tammo- 
gram run afterwards at 0.1 V/s between 0.05 and 0.60V in 
the same electrolyte depends on the location of E, and Eu 
(Fig. 1) In any case, clear d i f ferences  are seen be tween  
the  v o l t a m m o g r a m s  run before and after  the RSWPS 
t rea tment .  Thus, for the par t icular  set of  pe r tu rba t ion  
condit ions indicated in Fig. 1, the heights of the weakly 
adsorbed H-adatom current  peaks decrease, those corre- 
spond ing  to the s t rongly adsorbed  H-ada tom current  
peaks s imul taneous ly  increase,  and a pair  of  revers ib le  
conjugated current  peaks located at ca. 0.34V is noticed. 
The greates t  vo l t ammet r i c  d i f ference  be tween  the 
t rea ted  p la t inum surface and the init ial  po lycrys ta l l ine  
p la t inum surface cor responds  to E, = 0.25V and E. = 
1.25V (Fig. lb), approach ing  the vo l t ammet r i c  response  
ass igned to the p la t inum (100) single crystal  surface 
(6-14). 

For  a constant set of potential  per turbat ion conditions,  
the inf luence of Eu on the d e v e l o p m e n t  of  the (100) 
preferred orientat ion is de termined (Fig. 2). For  this pur- 
pose, the ratio of the strongly adsorbed H-electrodesorp- 
t ion cur ren t  peak he ight  (h2) to the weakly  adsorbed  
H-e lec t rodesorp t ion  cur ren t  peak he ight  (h,) is t aken  as 
an arbitrary measure of the degree of deve lopment  of the 
(100) preferred orientation. Thus, for 0.20V -< E, -< 0.40V, f 
= 4 kHz and t = 5 min, Eu must  be within the 1.10-1.40V 
range for p roduc ing  a surface s t ruc ture  whose  vol tam- 
mogram at 0.1 V/s approaches that  of the p la t inum (100) 
s ingle crystal  surface. At Eu values  e i ther  lower  than 
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Fig. 1. Voltammograms (third cycle) run at 0.1 V/s in 1M H2S04 at 
25~ ( ): (a) After 5 min RSWPS at 4 kHz between 0.30 and 
1.30V; (b) after 5 min RSWPS at 4 kHz between 0.25 and 1.25V; (c) 
after 5 min RSWPS at 4 kHz between 0.20 and 1.10V. (- - -) Untreated 
electropolished polycrystalline platinum electrode. 
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Fig. 2. Dependence of h#h~ on Eu for different El: ( 0 )  El = 0.20V; 
( 0 )  E1 = 0.30V; ( A )  El = 0.40V; f = 4 kHz; t = 5 min. 

1.10V or h igher  than 1.40V only small  changes  in the 
he ight  ratio of  the H-e lec t roadsorp t ion /e lec t rodesorp-  
tion current  peaks are observed. 

The eff iciency for the d e v e l o p m e n t  of the (100) 
pre fe r red  crystal  or ientat ion,  H(100), can be arbitrari ly 
expressed as follows 

(h2/hl)pos - (hJhl),c 
H(100) = [1] 

(h#h~),c 

where  pos and pc denote the preferred oriented surface 
and the polycrys ta l l ine  electrode,  respect ively .  For  
e lec t ropo l i shed  polycrys ta l l ine  p la t inum e lec t rodes  an 
average h=/h, ratio equal  to 0.7 is taken as reference value. 

On the other hand, for Eu = 1.20 or 1.40V, f = 4 kHz, and 
t = 5 rain, the useful El potential  range for obtaining the 
(100) prefer red  or ienta t ion is compr i sed  be tween  0 and 
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Fig. 3. Dependence of h:#h~ on El for different E.; ( �9  E. = 1.20V; 

( 0 )  E. = 1.40V; f = 4 kHz; t = 5 min. 
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Fig. 4. Voltommograms (third cycle) run at 0.1 V/s in IM  H2S04 at 
25~ after 5 min RSWPS (El = 0.25V; Eu = 1.25V) at different f. 
( ): (a) f = 0.5 kHz; (b) f = 3 kHz; (c) f = 12 kHz; (d) f = 20 
kHz. (- - -) Untreated electropolished polycrystalline electrode. 

0.40V (Fig. 3). At El values e i ther  h igher  than 0.40 or 
lower  than 0 V, the d e v e l o p m e n t  of  the (100) prefer red  
orientat ion is no longer observed. 

Unde r  cons tant  E~, E,, and t (El = 0.25V, E, = 1.25V, 
t = 5 min) the inf luence of the f r equency  on the 
vo l t ammet r i c  response  of the resul t ing  surfaces is also 
studied (Fig 4). The m ax im um  efficiency for developing 
surfaces with a (100) preferred orientation is found at 2-6 
kHz (Fig. 5). Fur thermore ,  the prefer red  or ienta t ion  oc- 
curs only beyond a threshold  f requency  close to ca. 0.5 
kHz. 

It is in te res t ing  to not ice  that  the opt imal  El and Eu 
va lues  are pract ical ly  i n d e p e n d e n t  of f for va lues  less 
than  8 kHz. At f larger than 8 kHz, the decrease  in the 
efficiency for developing the (100) preferred orienta- 
t ion is accompan ied  by the increase  in the sharpness  of 
the two main pairs of current  peaks related to the H-elec- 
t roadsorp t ion /e lec t rodesorp t ion  processes .  This sug- 
gests  that  a l though no prefer red  or ienta t ion  is practi-  
cally achieved at values of f as large as 20 kHz (Fig. 4), the 
r emarkab le  sharpness  of the cur ren t  peaks can be re- 
la ted to a decrease  in the he te rogene i ty  of the e lec t rode  
surface,  as recent ly  repor ted  for the case of  p la t in ized 
p la t inum e lec t rodes  in acid e lec t ro ly tes  (15). On the 
other  hand, as f increases beyond 8 kHz the RSWPS ap- 
proaches  a per iodic  signal of  t rapezoidal  shape. Hence,  
to optimize the deve lopment  of the (100) preferred orien- 
tation, for instance, a t f  = 20 kHz, it seems more realistic 
to set El and E~ approach ing  those co r respond ing  to a 
fast t r iangular  potential  signal, namely, E1 = 0.10V and Eu 
= 1.50V (3, 5). 

The inf luence of the duration,  t, of  the RSWPS treat- 
ment  on the h#hl ratio, for the optimal condit ions for de- 
ve lop ing  the (100) prefer red  or ientat ion,  is depic ted  in 
Fig. 6. The h#h~ ratio tends to a l imiting value for t larger 
than  60 min. In this case, after 4h of RSWPS t rea tment ,  
the vol tammetr ic  response at 0.1 V/s of the result ing sur- 
face (Fig. 7), is very  close to that  repor ted  for p la t inum 
(100) single crystal  surfaces in 0.5M H2SO4 (12, 13). Fur- 
thermore,  as has already been observed for the repet i t ive 
vo l t am m et r i c  response  of p la t inum (100) single crystal  
surfaces,  cover ing  the O-e lec t roadsorpt ion  potent ia l  
range (12, 13, 16), the p la t inum (100) prefer red  or ien ted  
surface also shows dur ing cycl ing be tween  0.05 and 
1.50V the decrease  in height  of  the main  revers ib le  cur- 
rent  peaks of H-electroadsorpt ion/electrodesorpt ion and 
the disappearance of the reversibil i ty of the minor  redox 
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Fig. 5. Dependence of h#h~ on f. El = 0.25V; E. = 1.25V; t = 5 rain 

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 130.203.136.75Downloaded on 2016-09-15 to IP 

http://ecsdl.org/site/terms_use


Vol. 134, No. 5 

3.0 

-~ 2.5 

2.C 

I I 

PREFERRED ORIENTED PLATINUM SURFACES 

i I f  i 

1.5 I i ~ ff i 
0 30 60 90 24( 

t / m i n  
Fig. 6. Dependence of hJh, on t. El = 0.25V; E, = 1.25V; f = 4 kHz 

1167 

s y s t e m  a t  ca. 0 . 3 4 V  (F ig .  7). V a l u e s  o f  h2/hl, i n c l u d i n g  
d o u b l e  l a y e r  c h a r g i n g  c o r r e c t i o n ,  a n d  H ( 1 0 0 )  d e r i v e d  
f r o m  v o l t a m m o g r a m s  r u n  a t  l o w  p o t e n t i a l  s w e e p  r a t e  f o r  
d i f f e r e n t  t r e a t e d  p l a t i n u m  e l e c t r o d e s ,  i n c l u d i n g  t h o s e  
d e r i v e d  f o r  p l a t i n u m  (100) s i n g l e  c r y s t a l s  s u r f a c e s ,  a r e  a s -  
s e m b l e d  i n  T a b l e  I. 

A n a l y s i s  o f  t h e  s o l u t i o n  i n  c o n t a c t  w i t h  t h e  p l a t i n u m  
e l e c t r o d e  s u b j e c t e d  to  t h e  R S W P S  u n d e r  t h e  o p t i m a l  
c o n d i t i o n s  r e f e r r e d  t o  a b o v e  (17) s h o w s  t h a t  t h e  n e t  
a m o u n t  o f  d i s s o l v e d  i o n i c  p l a t i n u m  p e r  c y c l e  p e r  u n i t  
e l e c t r o d e  a r e a  i s  a b o u t  t h r e e  o r d e r s  o f  m a g n i t u d e  l o w e r  
t h a n  t h a t  r e p o r t e d  i n  t h e  l i t e r a t u r e  f o r  p o l y c r y s t a l l i n e  
p l a t i n u m  e l e c t r o d e s  c y c l e d  a t  0.04 V / s  b e t w e e n  0.40 a n d  
1 .50V (18). 

A t  c o n s t a n t  E~, Eu, f ,  a n d  t, t h e  d e v e l o p m e n t  o f  t h e  (100) 
p r e f e r r e d  o r i e n t a t i o n ~ d e p e n d s  o n  t h e  s y m m e t r y  o f  t h e  
R S W P S ,  i.e., o n  b o t h  T~ a n d  %. T h u s ,  fo r  E, = 0 .25V,  Eu = 
1.25V, f = 4 k H z ,  a n d  t = 5 m i n ,  t h e  m a x i m u m  e f f i c i e n c y  
o f  t h e  R S W P S  t r e a t m e n t  i s  r e a c h e d  a t  0.3 -< r = ~/T~ -< 3 
(F ig .  8). 

R u n s  m a d e  w i t h  a s i n u s o i d a l  p o t e n t i a l  s i g n a l  a t  E, a n d  
Eu v a l u e s  c l o s e  to  t h o s e  u s e d  i n  t h e  R S W P S  t r e a t m e n t  (E, 
= 0 . 2 0 V  a n d  Eu = 1.40 V) a n d  a t  d i f f e r e n t  f ,  p r o d u c e  
p r e f e r r e d  o r i e n t a t i o n  e f f e c t s  s i m i l a r  to  t h o s e  d e s c r i b e d  
f o r  t h e  R S W P S  t r e a t m e n t .  F o r  t h e  s i n u s o i d a l  p o t e n t i a l  
s i g n a l  t r e a t m e n t  b o t h  t h e  t h r e s h o l d  f r e q u e n c y  a n d  t h e  
o p t i m a l  f r e q u e n c y  r a n g e  a r e  s i m i l a r  to  t h o s e  a l r e a d y  
g i v e n  f o r  t h e  R S W P S  (Fig .  9). T h e s e  r e s u l t s  c o n f i r m  t h a t  
t h e  d e v e l o p m e n t  o f  t h e  p l a t i n u m  (100) p r e f e r r e d  o r i e n t e d  
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Fig. 7. Voltammograms run at 0.1 V/s in 1M H2S04 at 25~ after 4h 
RSWPS (El = 0.25V; Eu = i .25V; f = 4 kHz). ( ) Voltammogram 
(third cycle) run between 0.05 and 0.60V; (- �9 -) voltammogram ob- 
tained after 10 min cycling between 0.05 and 1.50V; (- - -) untreated 
electropolished polycrystalline platinum electrode. 

s u r f a c e  is  p r i m a r i l y  d e t e r m i n e d  b y  t h e  v a l u e s  o f  E,, Eu, 
a n d  f ,  w h e r e a s  t h e  a c t u a l  s h a p e  o f  p o t e n t i a l  p e r t u r b a -  
t i o n s  s i g n a l  h a s  a m i n o r  i n f l u e n c e .  

S E M  p a t t e r n s  o f  t h e  p l a t i n u m  (100) p r e f e r r e d  o r i e n t e d  
s u r f a c e  r e s u l t i n g  a f t e r  a p p l y i n g  t h e  R S W P S  u n d e r  t h e  
o p t i m a l  c o n d i t i o n s  a r e  d e p i c t e d  i n  F ig .  10, t o g e t h e r  w i t h  
t h e  p a t t e r n  o f  t h e  s t a r t i n g  e l e c t r o p o l i s h e d  p o l y c r y s t a l -  

Table I. Values of h2/h, and H( IO0)  for different platinum electrodes 

Electrolyte 
Electrode (H2SO4) Potential  per turbat ion h2/hl H(100) Reference 

Pt(100) pos  (1) 1.0M 3rd cycle in the  H-ada tom and  dl 2.2 2.1 This work 
charging region at 0.1 V/s 

Pt(100) pos  (2) 1.0M 3rd cycle in the  H-ada tom and' dl 2.7 2.9 This work  
charging region at 0.1 V/s 

Pt(100) pos (3) 1.0M 10th cycle in the  H-adatom and dl 4.7 4.2 (5) 
charging region at 0.1 V/s 

Pt(100) scs 0.05M One cycle in the  H-adatom region 4.0 - -  (7) 
at 0.05 V/s 

Pt(100) scs 0.5M 3rd cycle in t he  H-ada tom and  dl 3.4 - -  (9) 
charging region at 0.05 V/s 

Pt(100) scs 0.5M A few cycles  in the  O-ada tom re- 1.9 (9) 
gion at 0.05 V/s 

Pt(100) scs 0.5M One cycle in the  O-adatom region 2.4 - -  (11) 
at 0.05 V/s 

Pt(100) scs 1.0M More t h a n  5 cycles  in the  O-ad- 3.1 - -  (8) 
a tom region at 0.01 V/s 

Pt(100) scs 0.5M One cycle in the  H-adatom and dl 6.9 - -  (12) 
charging  region at 0.05 V/s 

Pt(100) scs 0.5M One cycle in the  O-adatom region 5.1 - -  (12) 
at 0.05 V/s 

Pt(100) scs 0.5M 6 cycles in the  O-adatom region at 3.6 - -  (12) 
0.05 V/s 

Pt(100) scs 0.5M Cycle in the  H-ada tom and dl 5.4 - -  (13) 
charging  region at 0.05 V/s 

Pt(100) scs 0.005M Less  t h a n  15 cycles  in the  O-ad- 2.7 - -  (14) 
a tom reg ion  , t h en  second  or 
th i rd  cycle in H-ada tom and  dl 
charging  region at 0.05 V/s 

pos: preferred oriented surface, scs: single crystal surface. (1) RSWPS (E~ = 0.25V; Eu = 1.25V; f = 4 kHz; t = 5 min). (2) RSWPS (E, = 
0.25V; Eu = 1.25V; f = 4 kHz; t = 4h). (3) Repeti t ive t r iangular  potential  scann ing  (E, = 0.002V; Eu = 1.50V; f = 4.7 kHz; t = 12h). 
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Fig. 8. Dependence of h2/h, on r at constant f; E~ = 0 .25V;  E, = 
1.25V; f = 4 kHz, t = 5 min. 

l ine pla t inum electrode. The comparison of the different 
pla t inum surfaces shows that the RSWPS t rea tment  de- 
velops a net faceting at each surface grain. 

Development of the (111) preferred crystal orien- 
tation.--At constant  f a n d  t, the useful ranges of E~ and Eu 
for producing surface structures with the (111) preferred 
orientat ion are narrower than those described in the sec- 
t ion above,  that  is, 0.50V -< E, <- 0.70V and 1.30V _< Eu 
-<1.40V. Thus, after applying the RSWPS with E~ = 0.70V, 
Eu = 1.40V, f = 2 kHz, and t = 5 min to a polycrystal l ine 
p la t inum electrode,  the v o l t a m m o g r a m  of the resul t ing  
surface run at 0.1 V/s between 0.05 and 0.60V (Fig. 11) ap- 
proaches  that  of a p la t inum (111) single crystal  surface 
after it has been cycled a few t imes th rough  the 
O-e lec t roadsorp t ion  region at a re la t ive ly  low potent ia l  
sweep rate, e.g., 0.1 V/s (8-11, 13, 14, 16, 19, 20) and is also 
s imilar  to that  di rect ly  resul t ing from a p la t inum (111) 
single crystal surface cleaned in UHV (argon and oxygen 
ionic b o m b a r d m e n t  at 750 eV and 500~ and character-  
ized by LEED and AES (21). After one potential  cycle in 
the  O-e lec t roadsorp t ion  potent ia l  range, the vol- 
t ammogram of the pla t inum (111) preferred oriented s u r -  

E 2"51 ' ' ' ' 
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Fig. 9. Dependence of h.Jhl on f. Sinusoidal potential signal (Et = 
0.20V; Eu = 1.40V; t = 5 rain). 

face remains  unal tered,  a l though after 10 rain cycl ing a 
change in the height  ratio of the smaller current  peaks lo- 
cated between 0.20 and 0.30V is observed (Fig. 11). 

The  degree  of vo l t ammet r i c  change  associa ted with  
the  (111) prefer red  or ienta t ion is arbi t rar i ly  given in 
t e rms  of  the hl/h~ ratio as der ived from the vo l t ammo-  
gram run at 0.1 V/s without  entering the O-electroadsorp- 
t ion potent ia l  range. The average hJh2 ratio for 
electropolished polycrystall ine pla t inum is 1.4. Thus, the 
greates t  hJh2 ratio is found in the 2.0-3.5 kHz f requency  
range (Fig. 12). Likewise, the hl/h~ ratio decreases appre- 
ciably at f values lower than 0.5 kHz. Values of the hi~h2 
ratio for different electrodes are given in Table II. In this 
case, the defini t ion of the efficiency, H(111), in te rms  of 
an equat ion comparable  to [1], is avoided because of the 
uncertainty in assigning a definite relationship between 
the re la t ive  current  peak height  and the (111) prefer red  
orientat ion development .  

The vol tammetr ic  response at 0.1 V/s of pla t inum (111) 
preferred oriented surfaces changes with the duration, t, 
of  the  RSWPS under  the opt imal  condi t ions.  Thus,  dif- 

Fig. 10. SEM patterns (Scale 10 ~m). (a) Initial electropolished poly- 
crystalline platinum electrode; (b, c) platinum surfaces after 4h RSWPS 
(E~ = 0.25V,  Eu = 1.25V, f = 4 kHz). 

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 130.203.136.75Downloaded on 2016-09-15 to IP 

http://ecsdl.org/site/terms_use


Vol. 134, No. 5 

40 l 

r 

0 -  

- 2 0  

-40 
L l L____I  

0 02 0.4 0.6 
E/V 

Fig. 11. Voltammograms run at O. 1 Ws in 1M H2S04 at 25~ after 5 
min RSWPS (El = 0.70V; Eu = i .40V;  f = 2 kHz). ( ) Voltammo- 
gram (third cycle) run between 0.05 and 0.60V; (- " -) voltammogram 
obtained after 10 min cycling between 0 .05  and 1.50V; ( - - - )  
untreated electropolished polycrystalline platinum electrode. 

f e r e n t  hi~h2 vs. t p lo t s  a re  o b t a i n e d  d e p e n d i n g  on  w h e t h e r  
t h e  r e p e t i t i v e  t r i a n g u l a r  p o t e n t i a l  s w e e p  ( R T P S )  a t  0.1 
V/s is r e s t r i c t e d  to t h e  0.05-0.60V range ,  or is e x t e n d e d  u p  
to t h e  O - e l e c t r o a d s o r p t i o n  p o t e n t i a l  r a n g e  (Fig.  13). I n  
t h e  f o r m e r  case ,  t h e  hJh2 r a t i o  i n c r e a s e s  i n i t i a l l y  w i t h  t, 
g o e s  t h r o u g h  a m a x i m u m  at  a b o u t  15s, a n d  t h e n  de-  
c r e a s e s  to  a t i m e  i n d e p e n d e n t  v a l u e .  T h e  v o l t a m m e t r i c  
s w e e p  u p  to  1.50V d e c r e a s e s  t h e  h#h2 r a t i o  in  t h e  d i r ec -  
t i o n  of  t h e  v o l t a m m e t r i c  r e s p o n s e  of  t h e  in i t i a l  po lyc rys -  
t a l l i n e  p l a t i n u m  e l e c t r o d e ,  a c c o r d i n g  to t h e  d u r a t i o n  o f  
t h e  R T P S .  I n  t h i s  case ,  t h e  g r e a t e s t  i n f l u e n c e  o f  t h e  
R T P S  at  low p o t e n t i a l  s w e e p  r a t e  on  t h e  hJh2 r a t io  is no-  
t i c e d  for  t h e  r e s u l t i n g  s u r f a c e s  a f t e r  R S W P S  t r e a t m e n t s  
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Fig. 12. Dependence of hi~h2 on f; El = 0.70V; E~ = 1.40V; t = 5 
- -  mln. 

of  s m a l l  d u r a t i o n .  Th i s  s u g g e s t s  t h a t  t h e  s h o r t e r  t h e  du-  
r a t i o n  of  t h e  R S W P S ,  t h e  g r e a t e r  t h e  u n s t a b i l i t y  of  t h e  
m o d i f i e d  p l a t i n u m  s u r f a c e .  O n  t h e  o t h e r  h a n d ,  t h o s e  
e l e c t r o d e s  p r e p a r e d  w i t h  a R S W P S  t r e a t m e n t  l a s t i n g  
m o r e  t h a n  3 min ,  st i l l  e x h i b i t  a r e l a t i ve ly  l a rge  hi~h2 rat io,  
a n d  a good  s t a b i l i t y  to t h e  R T P S  a t  0.1 V/s c o v e r i n g  t h e  
O - e l e c t r o a d s o r p t i o n  p o t e n t i a l  r ange .  I n  t h i s  r e s p e c t ,  t h e  
s t a b i l i t y  of  t h e  p l a t i n u m  (111) p r e f e r r e d  o r i e n t e d  s u r f a c e  
e l e c t r o d e s  a p p e a r s  g r e a t e r  t h a n  t h a t  r e p o r t e d  for  p la t i -  
n u m  (111) s ing le  c rys t a l  e l e c t r o d e s  (9-11, 13, 16, 20, 21). 

T h e  a m o u n t  o f  s o l u b l e  i o n i c  p l a t i n u m  f o u n d  a f t e r  t h e  
R P W S  t r e a t m e n t  for  t h e  o p t i m a l  c o n d i t i o n s  fo r  d e v e l -  
o p i n g  t h e  (111) p r e f e r r e d  o r i e n t a t i o n  is s l i g h t l y  g r e a t e r  
(ca. f o u r  t i m e s )  t h a n  t h a t  r e p o r t e d  in  t h e  s e c t i o n  a b o v e  
(17). 

T h e  d e v e l o p m e n t  o f  t h e  (111) p r e f e r r e d  o r i e n t a t i o n  de-  
p e n d s  also o n  t h e  s y m m e t r y  of  t h e  R S W P S .  T h u s ,  for  t h e  
o p t i m a l  c o n d i t i o n s ,  t h e  m a x i m u m  h,/h~ ra t io  is f o u n d  for  
r v a l u e s  b e t w e e n  0.5 a n d  2.0 (Fig. 14). Aga in ,  t h e  g r e a t e s t  
v o l t a m m e t r i c  c h a n g e  is a s s o c i a t e d  w i t h  t h e  s y m m e t r i c  
R S W P S  s ignal .  

S E M  p a t t e r n s  of  p l a t i n u m  (11 I) p r e f e r r e d  o r i e n t e d  sur-  
faces  r e s u l t i n g  a f t e r  a p p l y i n g  t h e  R S W P S  t r e a t m e n t  un-  
d e r  t h e  o p t i m a l  c o n d i t i o n s  a re  d e p i c t e d  in  Fig.  15. I n  t h i s  
case ,  a c h a r a c t e r i s t i c  f a c e t i n g  is a lso  d e v e l o p e d ,  a l t h o u g h  
t h e  c o r r e s p o n d i n g  p i c t u r e s  at  t h e  l a r g e s t  m a g n i f i c a t i o n s  
a r e  m o r e  d i f f u s e  t h a n  t h o s e  s h o w n  for  p l a t i n u m  (100) 
p r e f e r r e d  o r i e n t e d  s u r f a c e s  p r o b a b l y  b e c a u s e  o f  t h e  

Table II. Values of hi~h2 for different platinum electrodes 

Electrode Electrolyte Potential perturbation h~/h2 Reference 

P t ( l l l )  pos (1) 1.0M H2SO~ 3rd cycle in the H-adatom and dl 2.0 This work 
charging region at 0.1 V/s 

Pt( l l  1) pos (2) 1.0M H2SO4 3rd cycle in the H-adatom and dl 1.8 This work 
charging region at 0.1 Ws 

P t ( l l l )  pos (3) 1.0M H2SO4 3rd cycle in the H-adatom and dl 2.0 (5) 
charging region at 0.1 V/s 

Pt(111) scs 0.5M H2SO4 One cycle in the O-adatom region 1.4 (20) 
at 0.05 V/s 

P t ( l l  1) scs (4) 1.0M H2SO~ One cycle between 0.05 and 1.55V 1.4 (21) 
at 0.1 V/s after Ar- and O-ionic 
bombardment 

P t ( l l l )  scs (5) 1.0M H2SO~ 8 cycles in the O-adatom region at 3.0 (21) 
0.1 V/s 

P t ( l l  1) scs 0.5M H2SO~ One cycle in the O-adatom region 3.0 (11) 
at 0.05 V/s 

P t ( l l l )  scs 1.0M H~SO4 More than 5 cycles in the O-ad- 2.8 (8) 
atom region at 0.01 V/s 

Pt( l l  1) scs 0.1M HClO4 10 cycles in the O-adatom region 2.9 (10) 
at 0.1 V/s 

pos: preferred oriented surface, scs: single crystal surface. (1) RSWPS (E, = 0.70V; Eu = 1.40V; f = 2.8 kHz; t = 40s). (2) RSWPS (EL = 
0.70V; Eu = 1.40V; f = 2.8 kHz; t = 5 rain). (3) Repetitive triangular potential scanning (E~ = 0.42V; E, = 1.10V; f = 7.4 kHz; t = 12h). (4) "Initial 
state." (5) "Standard state." 
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Fig. 13. Dependence of hl/h2 on t, E~ = 0.70V; Eu = 1.40V; f = 2.8 
kHz. ( 0 )  Data derived from voltammograms (third cycle) run at 0.1 V/s 
between 0.05 and 0.60V; (O)  Data derived from voltammograms (first 
cycle) run at 0.1 V/s between 0.05 and 1.50V; (A) Data derived from 
voltommograms obtained at 0.1 V/s after 10 min cycling between 0.05 
and 1.50V. 

shorter  durat ion t ime of the RSWPS. The latter was usu- 
ally selected in the region where the hi~h2 ratio attains a 
t ime independent  value (Fig. 14). 

Discussion 
The prefer red  or iented p la t inum surfaces can be ob- 

tained by applying fast periodic potential  perturbat ions 
to polycrystal l ine plat inum electrodes between potential  
l imits  associated with the underpotent ia l  decomposi t ion  
of water (1-5). Present  results establish that for preset El 
and Eu, the d e v e l o p m e n t  of  prefer red  or ienta t ions  de- 
pends on the f requency of the potential  per turbat ion in- 
dependent ly  of the actual shape of the periodic potential  
per turba t ion .  This means  that  only the first ha rmonics  

1.8 
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I I I 

1.4 j , I 
0 1 2 3 

Fig. 14. Dependence of hi~h2 on r at a constant f; E1 = 0.70V; Eu = 
1.40V; f = 2.0 kHz; t = 5 min. 

are main ly  respons ib le  for p romot ing  the prefer red  ori- 
entat ion (22). Despite this conclusion, data obtained with 
the RSWPS appears more reliable for defining the actual 
potent ia l  l imits  associated with the phenomenon .  The 
overal l  process  involves  at least  two consor t ia l  stages, 
one which  p romotes  the a tom rea r r angemen t  th rough  
the occur rence  of surface processes,  and another  one 
which  assists the pene t ra t ion  in depth  of the a tom rear- 
rangement.  

The first stage is directly related to the characterist ics 
of  the fast periodic potential  perturbation.  Thus, for con- 
s tant  E~, f, and t, there  is a lower th reshold  Eu value  lo- 
cated at ca. 1.10V to develop a p la t inum (100) prefer red  
or ien ted  surface. This means  that  Eu should at tain the 
O-e lec t roadsorp t ion  potent ia l  range for weaken ing  the 
P t -P t  bonds  for fur ther  p roduc ing  the p la t inum surface 

Fig. 15. SEM patterns [Scales 1 ~m (a) and 10 I~m (b, c). (a) Initial 
electropolished polycrystalline platinum electrode; (b, c) platinum sur- 
faces after 5 rain RSWPS (El = 0.70V; Eu = 1.40V; f = 2.8 kHz). 
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atom rear rangement .  However ,  at Eu values  h igher  than 
1.40-1.50V, that  is, at potent ia ls  suff icient ly pos i t ive  to 
form irreversible O-surface species (23, 24), the efficiency 
for developing the preferred orientat ion declines signifi- 
cantly,  ind ica t ing  that  the s t rong O-e lec t roadsorp t ion  
h inders  the surface res t ruc tu r ing  process.  Likewise ,  to 
deve lop  the (111) prefer red  or ienta t ion  the Eu va lue  
should also be located in the O-e]ectroadsorption poten- 
tial range, although, in this case, the useful Eu range is re- 
stricted to 1.30-1.40V. Fur thermore ,  for the deve lopment  
of ei ther the (100) or the (111) preferred orientat ion the E, 
va lues  should  lie in the potent ia l  range where  O-Pt 
bonds  are broken.  Therefore ,  very  act ive e lec t rosorbed  
oxygen containing species promot ing the disruption and 
the rear rangement  of the surface structure, play a funda- 
menta l  role in the deve lopment  of preferred orientations. 
This is consis tent  with the fact that  there is a f requency 
th resho ld  for p roduc ing  prefer red  or ien ted  p la t inum 
surfaces,  which  is ca. 0.5 kHz. The rec iprocal  of this 
figure was associated with the half-life t ime of  adsorbed 
OH species  on p la t inum produced  in the early stages of 
underpo ten t ia l  e lect ro-oxidat ion of water  (25, 26). Thus, 
the  anodic  processes  which  ini t iate  the surface rear- 
rangement  are 

H20 + Pt  = [Pt(OH)]* + H + + e [2a] 

[Pt(OH)]* = [Pt(O)]* + H + + e [2b] 

React ions [2a] and [2b] involve two successive reactions 
leading to the format ion  of adsorbed  nons tab i l ized  
O-conta in ing  species.  These  react ions  should  occur  
p re fe ren t ia l ly  at those sites which  involve  the smal les t  
overvoltage,  that is, at the most  reactive sites of the poly- 
crys ta l l ine  surface (steps, kinks,  etc). The surface rear- 
r a n g e m e n t  occur r ing  dur ing the O-e lec t rodesorp t ion  
half-cycle is associated with reactions such as 

[Pt(O)]* + H + + e = [Pt(OH)]* [3a] 

[Pt(OH)]* + H + + e = Pt* + H20 [3b] 

where  the freshly fo rmed  Pt* a tom occupies ,  in princi-  
ple, a new equ i l ib r ium posi t ion in the meta l  lattice, ac- 
cording to 

Pt* --> Pt(lattice) [4] 

The reaccommodat ion  reaction [4] depends on the num- 
ber of  degrees of  f reedom of Pt* atoms on the metal  sur- 
face. Hence, the first layers of metal  atoms under  the fast 
periodic potential  per turbat ion behave as a dynamic sur- 
face s t ruc ture  where  the meta l  a toms move  on the elec- 
t rode  surface,  f rom init ial  metas tab le  pos i t ions  at the 
polycrystal l ine metal  towards a certain equi l ibr ium con- 
figuration.  Fur the rmore ,  the p resence  of  H-adatoms in- 
t e rac t ing  with  the meta l  lat t ice p romotes  the format ion  
of  the lower  dense  meta l  surface s t ructure .  This is the 
case for developing the (100) preferred orientat ion which 
requi res  an E1 value  located in the H-adatom electro- 
adsorp t ion /e l ec t rodesorp t ion  potent ia l  range. Con- 
versely, surface structures where the (111) preferred ori- 
en ta t ion  prevai ls  imply  no H-e lec t roadsorp t ion /  
e lec t rodesorpt ion during the RSWPS. 

The dependence  of the efficiency of preferred oriented 
surface deve lopment  on both the f requency and the sym- 
met ry  of the RSWPS indicates that  ei ther aging reactions 
y ie ld ing i r revers ible  e lec t roadsorbed O-containing spe- 
cies or s t rong ion-meta l  and so lvent -meta l  in teract ions ,  
h inder  the d e v e l o p m e n t  of  surface s t ructures  with a 
prefer red  orientat ion.  Therefore,  the opt imal  f requency  
and symmet ry  condi t ions  of  the RSWPS resul t  f rom a 
compromise  be tween the rates of  reactions [2a] and [2b] 
coupled  to the aging react ion of  the O-e lec t roadsorbed  
species  and the rates of  react ions  [3a], [3b], and [4] cou- 
pled to the different adsorpt ion processes on bare plati- 
num. 

The second stage of the preferred oriented surface de- 
v e l o p m e n t  process,  which  occurs  in paral le l  wi th  the  

first one a l ready discussed,  concerns  the pene t ra t ion  in 
dep th  of the r ea r r angemen t  of meta l  atoms. The occur- 
rence  of  this stage is cons is ten t  with recent  resul ts  ob- 
ta ined with  polycrys ta l l ine  p la t inum e lec t rodes  sub- 
j ec ted  to fast potent ia l  per turba t ions  (17) which  show 
that  the amoun t  of  d issolved p la t inum per  cycle under  
the optimal  condit ions for developing preferred oriented 
surfaces is 102-103 t imes lower than that produced per cy- 
cle under  potent ia l  cycl ing at 0.04 V/s be tween  0.40 and 
1.50V (18). This suggests  that  a local e lec t rod i sso lu t ion  
and electrodeposition of platinum contribute to the pene- 
tration of the rearrangement effect. The mechanism of the 
second stage is similar, in principle, to that  earlier pro- 
posed by other authors to explain the roughening of plati- 
num electrodes by cyclic potential programs (27, 28). 

In this respect  it is in teres t ing  to not ice  that  work ing  
under  a constant  potential  ampl i tude  and time, there is a 
deve lopment  of surface roughness together  with the pre- 
ferred orientat ion effect as has been reported earlier for 
fast repet i t ive tr iangular  potential  cycling (3). The devel- 
opment  of roughness is part icularly remarkable  for (111) 
pre fe r red  or ien ted  surfaces as, in this case, the Eu va lue  
should  be more  posi t ive  than that  r equ i red  for devel- 
oping the (100) preferred orientation. The relative contri- 
but ions of  roughening  and preferred or ienta t ion effects 
depend on the f requency of  the periodic potential  pertur- 
bation. Thus, at f l o w e r  than 2 kHz, the former occurs si- 
mul taneously  with the latter, but when f exceeds  2 kHz, 
then  there  is pract ica l ly  no increase  in surface rough- 
ness. The opt imal  f range for deve lop ing  the p la t inum 
(111) prefer red  or ienta t ion is compr i sed  be tween  2 and 
3.5 kHz, but  f o r f g r e a t e r  than 3.5 kHz the preferred orien- 
tation effect decreases again. On the 6ther hand, for the 
op t imal  El and Eu values  to develop the (100) pre fe r red  
or ientat ion,  an apprec iab le  roughness  is only p roduced  
at f va lues  lower  than 0.05 kHz. The greates t  eff iciency 
for developing the preferred orientat ion effect is accom- 
plished in the 2-6 kHz range with a negligible increase in 
the electrode roughness.  Nevertheless,  at f values larger 
than 8 kHz, as the RSWPS is apprec iab ly  dis tor ted,  the 
preferred orientat ion effect decreases. In this case, a de- 
crease in the surface he te rogene i ty  is observed  as it is 
ref lected th rough  the sha rpen ing  of the main  H-adatom 
e lec t roadsorp t ion /e l ec t rodesorp t ion  cur ren t  peaks and 
the d i sappearance  of the anodic  i n t e rmed ia t e  cur ren t  
peak in the vo l tammogram at 0.1 V/s. 

As was pointed out in previous work (5, 15), the effect 
of  fast per iodic  potent ia l  pe r tu rba t ions  on the surface 
modif icat ion resembles  those induced  in single crystals 
by e i ther  b o m b a r d m e n t  with high energy  par t ic les  (21, 
29) or thermal  t reatment  (21, 30, 31) or O-adsorption from 
the gas-phase (30, 32) yielding restructur ing and eventu- 
ally faceting.  In these  cases, the s tabi l izat ion process  of  
the pe r tu rbed  surface impl ies  an energy  diss ipat ion ef- 
fect  invo lv ing  short  and large range a tom rearrange-  
ments .  The former  is associated pr inc ipa l ly  wi th  filling 
of  holes in the metal  s t ructure induced by the mobil i ty  of 
the metastable  atoms produced by the per turbat ion and 
to mutua l  annihi la t ion  of  dis locat ions.  The large range 
energy  diss ipat ion effect  is associa ted with  the facet ing 
of  the surface and implies a transfer of  m o m e n t u m  from 
the mobi le  atom to the metal  a tom network (15, 33). The 
metas tab le  meta l  a toms stabil ize in the meta l  lat t ice 
when  its translation energy turns into the vibrat ional  lat- 
t ice energy  cor respond ing  to the equ i l ib r ium metal  
structure.  
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The Effect of an Impinging Fluid Jet on Mass Transfer and Current 
Distribution in a Circular Through-Hole 

Richard C. Alkire* and Jeh-Beck Ju** 

Department of Chemical Engineering, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801 

ABSTRACT 

The effect of a single circular impinging fluid jet on hydrodynamic flow and mass transfer in a single through-hole cen- 
tered at the stagnation point was investigated. Both submerged and unsubmerged jets were studied. Sectioned electrodes 
were used for direct experimental measurement of local rates of mass transfer and of hydrodynamic shear stress within in- 
dividual through-holes. The ferricyanide system was used to obtain convective mass transfer rates upon controlled varia- 
tion of jet Reynolds number,  nozzle-to-workpiece distance, through-hole diameter, and aspect ratio. Data were used to es- 
tablish mass-transfer correlations for both submerged and unsubmerged systems. It was found that the fluid flow in the 
through-hole corresponded to the hydrodynamic entrance region. A mathematical model of the current and potential dis- 
t r ibution was used to identify dimensionless conditions for achieving uniform deposits and for insuring adequate convec- 
tion rates. 

In  appl icat ions  where electrodeposi ts  of un i form 
thickness  are required over a surface of complex geome- 
try, there usual ly  exists an upper  l imit  of p la t ing rate 
above which the desired uniformity is not obtained. De- 
posit uniformity depends upon  the current  and potential  
field dis tr ibut ion within the cell. For high speed plating, 
there is usual ly  a m i n i m u m  flow rate needed  to avoid 
powdery  of " b u r n e d "  deposits.  Convect ive mass trans- 
port phenomena  determine the cathodic l imit ing current  
densi ty,  or m a x i m u m  deposi t ion rate. Mathematical  
models based on mass transfer and potential  field princi- 
ples thus find use in predic t ing  and scaling operat ing 
condit ions to achieve both uniform and high speed per- 
formance.  In  the present  study, the effect of imping ing  
jet  flow on the cur ren t  and potent ia l  d i s t r ibu t ion  in a 
single through-hole was investigated (1). 

*Electrochemical Society Life Member. 
**Electrochemical Society Active Member. 

Kessler and Alkire (2, 3) investigated electrodeposit ion 
in through-holes and developed procedures for estimat- 
ing flow velocities needed for adequate agitation during 
deposition. Their results were based on an idealized con- 
f igurat ion of mass t ransfer  in a tubu la r  electrode, the 
fundamenta ls  of which had previously been investigated 
by Alkire and Mirarefi (4, 5). More recently, Haak and co- 
workers (6) investigated the effect of air sparging and si- 
nusoidal  board motion on mass transfer in the through- 
holes; they also suggested various novel  agi tat ion 
systems for improving the mass t ransport  inc luding the 
p u m p i n g  of electrolyte th rough nozzles directed at the 
board. Son in  (7) invest igated the configurat ion con- 
sisting of mult iple unsubmerged  jets impinging  on a cir- 
cuit board which hung vertically dur ing deposition. 

I mp i ng i ng  jet  systems are widely used to enhance  
rates of heat  and mass t ransfer  in appl icat ions  such as 
annea l ing  of metal  and plastics,  cooling of tu rb ine  
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