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ABSTRACT 

The electron-transfer kinetics for three aquated metal ions with low self-exchange rates were examined on well-char- 
acterized carbon surfaces. All three ions exhibited slow kinetics on clean fractured glassy carbon (GC) and on the basal 
plane of highly ordered pyrolytic graphite (HOPG). The reactions appeared to be outer sphere and had rates approximately 
consistent with those predicted from the self-exchange rates. Electrochemical oxidation of either GC or HOPG greatly 
increased the electron-transfer rate constant to values significantly greater than predicted for outer-sphere reactions. The 
increase was greatest for Eu~+~/+2 and was eliminated if the surface was silanized. Surface oxides provide sites for inner- 
sphere catalysis of the aquated ions at carbon, perhaps involving a surface oxide structure similar to the common ligand 
acetoacetonate. 

Due principally to their widespread use in electrosynthe- 
sis and electroanalysis, carbon electrodes have been exam- 
ined extensively, with particular attention to factors affect- 
ing electrode kinetics and background currents. 14 Most 
previous studies have been dominated by characteristics of 
the carbon surface and by pretreatments which alter the 
structure and reactivity 0i the carbon electrode. Since car- 
bon has several forms and a rich surface chemistry, the task 
of relating surface structure and reactivity has been 
formidable. The results of these efforts have been discussed 
extensively, with particular attention to issues of surface 
microstructure, cleanliness, roughness, and oxidation. I'4-11 
In general, previous efforts have dealt with relatively few 
redox systems, particularly Fe(CN)~ 4/ 8, ascorbie acid, 
Ru(NH3)~ 2/+3, and several quinones. Of relevance to the cur- 
rent report are the observation that GC exhibits much 
higher heterogeneous-electron-transfer rate constants (k ~ 
than the basal plane of HOPG, 4'~2'~ and that thermal 8'~4 or 
laser ~2'13 activation or ultraclean polishing 5'9 greatly in- 
creases k ~ on GC. In addition, the observed kinetics for 
Fe(CN)~ 3/-4 and similar benchmark systems do not corre- 
late with surface oxidation provided the GC surface is ini- 
tially clean. ~'I~ A variety of arguments support the conclu- 
sion that activation of HOPG toward Fe(CN)~ 3/-4 is not 
related to oxides per se, but rather to lattice damage ac- 
companying their formation. 

When the discussion is broadened to a wider variety of 
redox systems, the picture becomes somewhat more com- 
plex and less thoroughly understood. Seven inorganic re- 
dox systems normally regarded as outer-sphere systems ex- 
hibited k o values I to 5 orders of magnitude lower on HOPG 
than on activated GC, 16 as expected from the Fe(CN)0 / 4 
results noted earlier. In addition, several quinone systems 
were very slow on HOPG, perhaps because of the lack of 
sites for proton transfer. ~ Several workers have noted that 
the observed k ~ for Fe +3/.2 increases when a polished GC 
surface is oxidized, ~~ sometimes by factors of more than 
100. Kovach et al. have reported large effects of electro- 
chemical pretreatment (ECP) on the behavior of several 
metal complexes as well as dopamine and ascorbate, due 
largely to discrimination of the oxidized surface for cations 
over anions. 19 Armstrong et al. have described the impor- 
tance of oxide sites to cytochrome charge transfer on car- 
bon, with binding of the cytochrome to a surface oxide 
greatly accelerating electron transfer. 2~ Cabaniss et al., ~ 
Kepley and Bard, 2~ and Nagaoka et aI. 23'24 also have at- 
tributed kinetic activation of electrochemically pretreated 
GC to surface oxides. These results imply that different 
redox systems are affected differently by carbon surface 
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variables, with some dependent on surface oxides and 
others not. 

The issue of relating carbon surface structure to elec- 
tron-transfer reactivity is important to the broader area of 
electrode kinetics. A large research effort has been invested 
in understanding the relationship between k o and homoge- 
neous-electron-transfer rates, particularly in the context 
of Marcus theory. 2544 To simplify the problem as much as 
possible, attempted correlations of k ~ and homogeneous 
rates used well-defined electrodes, particularly mercury. 
For outer-sphere redox systems after suitable work-term 
and double-layer corrections, k ~ tracks the square root of 
the homogeneous-self-exchange rate constant (koxc) as pre- 
dicted by Marcush theory. 31'34 The existence of an inner- 
sphere reaction pathway (such as a halide-bridging ligand 
on a platinum electrode)can greatly increase k ~ over that 
predicted from koxc. 35-37 While significant progress has been 
made toward understanding and predicting k o on well-de- 
fined metal electrodes, such progress for carbon electrodes 
has been frustrated by their complex surface. The long- 
term goal of our work in this area is to understand both 
electrode-surface and redox-system variables which con- 
trol k ~ on carbon. 

Although polished GC is the most widely studied GC 
surface, its oxide coverage is variable, typically 7 to 15 
atom percent (a/o), 1 and the involvement of oxide catalyzed 
routes in electron transfer is difficult to assess. Our ap- 
proach here is to start with better defined carbon surfaces 
with very low oxide coverage. Basal plane HOPG is one 
example of a well-defined carbon surface with near zero 
surface oxides, provided it is prepared properly. We have 
reported also that the freshly exposed surface of GC is quite 
reactive for several redox systems. 12 Although it is rougher 
than polished GC, 38,39 it is initially free of oxides or polish- 
ing debris, and should closely approximate a pristine GC 
surface. The current report concerns the behavior of 
aquated Fe +a/§ Eu §247 and V +3j+2 on HOPG and fractured 
GC before and after electrochemical oxidation of the car- 
bon surface. In addition to the fact that HOPG and frac- 
tured GC provide less complex and better defined carbon 
surfaces than more conventional electrodes, the aquated 
redox systems exhibit unusual kinetic behavior which per- 
mits useful conclusions about electron-transfer mechan- 
isms at carbon electrodes. The primary advantage of the 
current approach is the low initial surface oxide concentra- 
tion on HOPG and fractured GC. 

Experimental 
Electrode preparat ion . - -Glassy  carbon (GC-20) elec- 

trodes were prepared from GC-20 plate as described previ- 
ously. 12'39 Polished GC electrodes were prepared by initial 
sanding of the epoxy (Eccobond) mounted GC with SiC 
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Fig. 1. Voltammetry at frac- 
tured GC; (A) 1 mM Fe(CN)~ -/4 
in 1MKCI, AEp = 58 mV; (B) 5 mM 
Fe 2+/~ in 0.2M HCIO4, AEp = 181 
mV; (C) 5 mM Eu 3§247 in 0.2M 
HCIO4, AE~ = 503 mV; and (D) 3 
mM V ~§247 in 0.2M HCIO~, hEp = 
304 mV; ~ = 0.2 V/s, voltam- 
mograms were all background- 
subtracted. Arrows indicate ini- 
tial scan direction. 
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grinding paper, then polishing with successive i, 0.3, and 
0.05 ~m alumina slurries on Microcloth polishing cloth 
(Buehler). Polished electrodes were sonicated in NANO- 
pure water (Barnstead) for approximately 5 min before 
placement in the electrochemical cell. During transfer, ex- 
posure of the electrode surface to air was reduced by keep- 
ing the surface wet. Fractured surfaces were created by 
first filing away the embedding epoxy and exposing a short 
length of GC post. The fractured surface was created in situ 
by breaking this postflush with the epoxy surface. 4~ The 
exposed GC surface remaining embedded in the epoxy 
served as the electrode surface. For both polished and frac- 
tured electrodes the exposed GC surface area was 0.003 to 
0.008 cm 2. Voltammetry was performed immediately 
(within 5 s) of fracturing. 

Laser activation of HOPG and polished GC electrodes 
was performed with a Nd:YAG laser (Quantel) operating at 
1064 nm with 9 ns pulses. ~2'~3 To average spatial variations 
of the laser, three successive pulses were applied to the 
electrode. Power densities were 25 MW/cm z for GC sur- 
faces and 50 MW/cm 2 for HOPG surfaces. For both HOPG 
and GC, laser activation was performed in .IM H2SO4. Elec- 
trochemical pretreatment procedures were all performed 
by cycling from 0 to 2.2 V vs. Ag/AgCI at 0.2 V/s. For HOPG 
electrodes, this procedure was performed in 0. IM H2SO4 for 
20 cycles. For GC electrodes, this procedure was performed 
in IM H2SQ for i to 13 cycles, as discussed later. Generally, 
1 to 5 cycles were necessary to observe full activation on 
GC. 

HOPG was obtained from Arthur Moore at Union Car- 
bide and was cleaved with adhesive tape before use. Since 
laser activation and ECP required an electrochemical cell, 
the inverted drop cell and validation procedure reported 
previously ~6'4~ were not employed. The term validation is 
used here to [efer to HOPG basal plane surfaces which were 
verified to have high AEp for Fe(CN)~ 3j-4 (AEp > 700 mY) as 
an indication of low defect density. ~6 

The procedure for surface modification with organosi- 
lanes was similar to literature techniques. 2~ A fractured 
GC surface was electrochemically pretreated with one cy- 
cle under the conditions stated above. The electrode was 
rinsed and a Kimwipe used to wick off residual water be- 
fore placing the electrode in neat chlorotrimethylsilane for 
5 h. The chlorotrimethylsilane liquid was kept under argon 
before and during the derivatization procedure. Upon re- 
moval from the chlorotrimethylsilane, the electrode was 
washed once or twice with methanol for 30 min. Voltamme- 
try was performed after the first and second methanol 

washes. The electrode then was placed in saturated KOH/ 
methanol solution for I h to remove the silane, after which 
final voltammetric measurements were performed. To en- 
sure that the changes in the observed voltammetry were 
due to derivatization of surface oxides, a control experi- 
ment was performed in which tetramethylsilane was used 
instead of chlorotrimethylsilane but  otherwise identical 
conditions were employed. The tetramethylsilane is not 
labile toward substitution, and surface oxides are unaf-  
fected. 

Electrochemical measurements.--Cyclic voltammetry 
was performed at 0.2 V/s as described previously, 3~ with an 
analog tr iangular  waveform and a laboratory computer. 
For GC and HOPG experiments, the electrochemical cell 
was constructed of Teflon and was equipped with a quartz 
window through which the electrode could be laser irradi- 
ated. The three-electrode cell was completed with a Bioan- 
alytical Systems Ag/AgC1 (3M NaC1) reference electrode 
and a plat inum wire auxiliary electrode. Electrode areas 
for HOPG were defined by an o-ring and were approxi- 
mately 0.02 cm 2. 

Rate constants for GC were calculated by the method of 
Nicholson, 43 assuming c~ = 0.5; k ~ values for HOPG were 
obtained through comparison of experimental voltamme- 
try to simulations involving a potential-dependent a.44 The 
rate constants were calculated with literature values for 
diffusion coefficients: Fe2a~, DR = 9 • 10 -8 cm2/s (0.1M 
HC1Q); 45'~6 Eu~, Do = 7.9 • 10 -6 cm2/s (pH 0.3, 1M NaCIQ/  
HC1Q); 47 V:~, Do = 5.2 • 10 6 cm2/s (1M HC1Q). 48 In all 
cases, it was assumed that DR = Do for the rate-constant 
calculations. 

Reagents.--Fe~+q and Eu:~ solutions were prepared 
at 5 mM concentrations for GC experiments and at 
10 mM concentrations for HOPG experiments from 
Fe(NH4)~(SQ)~. 6H20 (J.T. Baker, Inc.) and Eu(NQ)3 �9 
(H20)5 (Aldrich). V~ solutions were prepared at 3 to 5 mM 
concentrations for GC and HOPG experiments from VC13 
(Aldrich). Supporting electrolyte solutions were prepared 
with 70% HC104 (GFS Chemicals) at a concentration of 
0.2M unless specified otherwise. HC104 was used as the 
supporting electrolyte due to its weak interaction with 
aquated metal ions? 749'~~ Electrochemical pretreatment 
and laser activation procedures were performed in H2SO4 
(Mallinckrodt). All solutions were prepared with NANOp- 
ure water and were degassed with argon or nitrogen prior 
to use. C1SiMe3 and SiMe4 were obtained from Aldrich, and 
C1SiMe3 was distilled before use. 
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Table I. AEp (mV) values at GC and HOPG electrodes under different pretreatment conditions, a 
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Polished GC/ 
laser activated Fractured 

Polished GC (3 • at 25 MW/cm~) ~ GC Frac/ECP ~ GC HOPG 

+3/+2 258 -+ 39 ~ [5] ~ 263 [2] 186 -+ 19 [9] 93 -+ 11 [6] 1062 -+ 225 [9] 
E u  a 428 _+ 27 [7] >531 [3] 509 _+ 42 [8] 70 -+ 4 [4] 936 -+ 168 [5] 
V:~/~ 441 + 72 [6] 314 -+ 13 [4] 95 -+ 9 [4] >835 [4] 

HOPG/ECP d 

162 -+ 22 [4] 
193 -+ 18 [3] 
372 -+ 6 [3] 

v = 0.2 V/s. 
b Laser activation performed in 1.0M H2SO4. 

ECP procedure for GC consisted of cycling from 0 to 2.2 V at 0.2 V/s for 3 to 5 cycles. 
d ECP procedure same as GC, but  20 cycles. 

Standard deviation. 
Number of trials. 

Results 
The f i rs t  issue to cons ide r  is the  k ine t i c  b e h a v i o r  of 

F o+3/+2 ~11+3/+2 a n d  v §247 ~q , __~q , _~q on  c a r b o n  sur faces  w h i c h  are  as 
wel l  c h a r a c t e r i z e d  as c u r r e n t l y  possible .  W h e n  cons ide r ing  
the  v o l t a m m o g r a m s  of Fig. 1 to 3, a v i sua l  i n d i c a t i o n  of 
i nc r ea sed  e l e c t r o n - t r a n s f e r  r a t e  is a decrease  in  AEp, w h i c h  
is t h e n  re f l ec ted  in the  k o resul ts .  F igu re  1 shows  v o l t a m -  
m o g r a m s  for  the  a q u a t e d  sys tems  a n d  Fe(CN)~ 3/-4 on  a GC 
sur face  i m m e d i a t e l y  a f t e r  exposu re  to t he  so lu t ion  by  f r ac -  
tu r ing .  I t  is c lear  t h a t  the  a q u a t e d  ions  are k ine t i ca l ly  
s lower  t h a n  Fe(CN)63/-4 on  f r a c t u r e d  GC. As i n d i c a t e d  in  
Table  I, l a se r  a c t i v a t i o n  of a po l i shed  GC sur face  ha s  l i t t le  
effect  on  Fe:~/+2 a n d  +s/+2 �9 Euaq k m e h c s ,  in  c o n t r a s t  to the  large  
inc rease  in r a t e  obse rved  for  Fe(CN)~ 3/-4. 1.i3 F igure  2 shows 
v o l t a m m o g r a m s  o b t a i n e d  on  HOPG,  w i t h  al l  four  r e d o x  
sys tems e x h i b i t i n g  m u c h  l a rge r  AEp va lues  t h a n  on  GC. 
A l t h o u g h  the  use  of a c o n v e n t i o n a l  cell  p r e v e n t e d  v a l i d a -  
t ion  of t he  H O P G  surfaces ,  TM t he  AEp va lues  l i s ted  in  Table  I 
were  r e p r o d u c i b l y  high,  exceed ing  800 mV for  t he  a q u a t e d  
ions. Thus  the  b e h a v i o r  of ~§247 ~,,~+2/§ a n d  V~/+2 on  e i t h e r  ~ a q  ~ - - - - a q  , 

fractured GC or basal plane HOPG is consistent with slow 
electron-transfer kinetics. 

Figure 3A and B shows the dramatic effect of one ECP 
cycle on the voltammetry of Fe §247 and Eu §247 on GC. After 
even this minimal treatment, AEp for Eu §247 decreased from 
440 mV for the fractured surface to 76 mV (Table I). Fe +3j§ 
and V §247 also exhibited major decreases in AEp on ECP. 
Figure 4 shows the effects of successive ECP cycles on AEp, 

w i t h  the  g rea t e s t  changes  occur r ing  in  the  f i r s t  few cycles. 
A qua l i t a t i ve ly  s imi l a r  effect  was  obse rved  for  HOPG,  a l -  
t h o u g h  a l a rge r  n u m b e r  of ECP cycles was  r equ i r ed  (20 v s .  

1 to 3). The  v o l t a m m e t r y  for  Fe  +3j+2 a n d  E u  +3j§ on  H O P G  
before  a n d  a f t e r  ECP  is s h o w n  in  Fig. 3C a n d  D, a n d  t he  
resu l t s  are  l i s t ed  in  Table  I. 

To tes t  w h e t h e r  t he  k ine t i c  effects of ECP are  m e d i a t e d  
b y  sur face  oxides,  the  sur face  was  s i l an ized  w i t h  C1SiMe3. 
The  u n r e a c t i v e  SiMe4 ac ted  as a control .  The  effects of 
s i l an i za t i on  on  Eu  +3/+2 v o l t a m m e t r y  are  s h o w n  in Table  II, 
w i t h  en t r i e s  A to E r e p r e s e n t i n g  successive t r e a t m e n t s ,  
s t a r t i ng  w i t h  f r a c t u r e d  GC. C1SiMe3 comple te ly  nega te s  t he  
effects of E C P - i n d u c e d  a c t i v a t i o n  on  E u  *3j+2 k ine t i c s  (en t ry  
C), wh i l e  hydro lys i s  of the  s i l an ized  sur face  w i t h  ba se  re-  
s tores  mos t  of the  r eac t iv i ty  of the  ECP sur face  (en t ry  E). 
The  SiMe4 r eagen t  increases  hEp somewha t ,  b u t  i ts  effects 
are  m u c h  smal l e r  a n d  p r o b a b l y  due  to a d s o r p t i o n  of or- 
gan ic  impur i t i es .  Table  II d e m o n s t r a t e s  t h a t  the  E C P - i n -  
duced  a c t i v a t i o n  of Eu  +2/+3 cha rge  t r a n s f e r  on  GC is e l imi-  
n a t e d  by  s i lan iza t ion .  

The  poss ib i l i ty  of C1- ca ta lys i s  35-37 on  GC was  t e s t ed  b y  
a d d i n g  smal l  a m o u n t s  of C1 to the  electrolyte.  For  Au a n d  
P t  e lectrodes,  C1 c h e m i s o r p t i o n  g rea t ly  acce le ra tes  Fe +2/+3 
e lec t ron  t r a n s f e r  even  at  low (10-SM) C1- concent ra t ionS.  
Ne i t he r  10 4 n o r  0.2M C1- h a d  any  o b s e r v a b l e  effect on  
Fe §247 v o l t a m m e t r y  a t  f r a c t u r e d  GC. High  (1M) C1- d id  in-  
crease k ~ for  Eu  +3/§ on  f r a c t u r e d  GC, p r o b a b l y  via  f o r m a -  
t ion  of a chloro  complex  of Eu  +3/§ r a t h e r  t h a n  a b r i d g i n g  
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Fig. 2. Voltammetry at HOPG; 
(A) 1 mM Fe(CN)~ -/4- in 1M KCI, 
AE~= 1007 mV; (B) 10 mM 
Fe ~§ in 0.2M HCIO4, AEo = 

3+/2~ 1164 mV; (C) 10 mM Eu in 
0.2M HCIO4, AEp = 980 mV; (D) 
5 mM V § in 0.2M HCIO4, AEp = 
860 mV; v = 0.2 V/s, voltam- 
mograms were not background- 
subtracted; Fe(CN)~, /4 voltam- 
metry was obtained using an 
inverted drop cell as described in 
Ref. 16. All others were obtained 
in a cell as described in the Exper- 
imental section. 
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Fig. 3. Voltammetry of Fe +2 
and Eu +3 at HOPG and frac- 
lured GC electrodes (solid 
curves) and the same surfaces 
after ECP (dashed curves); (A) 
5 mM Fe +2 an fractured GC and 
fractured/ECP GC; (B) 5 mM 
Eu § on fractured GC and froc- 
tured/ECP GC; (C) 10 mM Fe § 
on HOPG and HOPG/ECP; and 
(D) 10 mM Eu ~3 on HOPG and 
HOPG/ECP; v = 0.2V/s, 
voltammograms on GC were 
background subtracted, ECP 

rOCedure an GC was 1 cycle 
m 0 to 2.2 V in 1M H2SO4, 

ECP procedure on HOPG was 
20 cycles from 0 to 2.2 V in 
0.1M H2SO4. 
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mechanism. Finally, the possibility that freshly fractured 
GC was oxidized by dissolved oxygen was tested by repeat- 
ing the kinetic measurement in IM HCIO4 saturated with 
air.No change in the behavior of Fe §247 was observed, nei- 
ther initially nor after 1 h in air-saturated electrolyte. 

Discussion 
Past  efforts to character ize  carbon electrode surfaces 

have  led to the proposal  that  f rac tured  GC is the GC surface 
least  modif ied  by impuri t ies ,  oxides, and in ten t iona l  sur- 
face chemica l  changesY '38-4~ Accordingly, the f rac tured  GC 
surface should represent  the closest  approx imat ion  cur- 
rent ly  avai lable  to a pr is t ine  GC surface. Similarly, l ow-de-  
fect H O P G  basal  p lane  is an ordered surface of known 
s t ructure  which  has been charac te r ized  electrochemically.  
These two electrode mater ia ls  p rovide  good reference sur- 
faces for  eva lua t ing  the kinet ics  of var ious  redox systems 
on carbon  electrodes.  We repor ted  previously  the he teroge-  
neous ra te  constants  for several  redox systems on H O P G  
and laser -ac t iva ted  GC. TM Although  the ra te  constants  on 
H O F G  were s ignif icant ly  lower  than  those on GC, they did 
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Fig. 4. Decrease in peak separation with number of ECP cycles for 
Fe~. +, Eu~, and V~ on fractured GC. ECP procedures employed 0 to 
2.2"V cycles in 1M H2SO4. Line indicates reversible limit. 

correla te  wi th  homogeneous-se l f -exchange  ra te  constants  
(kexc). Unfortunately,  the k ~ values  on laser -ac t iva ted  or 
f rac tured  GC are near  or  above the upper  ins t rumenta l  
l imit  for the systems s tudied previously, so re l iable  correla-  
t ions of k ~ and ko~o were  not  possible for GC. 

Firs t  for  the unoxid ized  carbon surfaces, i t  is possible to 
re la te  k ~ .3/.2 ~.11.3/+2 .3/.2 and Vaq , in par t  because to kexo for Fe,q , ~ a q  

the i r  k ~ values  are wel l  w i th in  the measurab le  range. The 
first  four  columns of Table III compare  kinet ic  data  and 
predict ions  for f ive redox systems on f rac tured  GC and 
basa l -p lane  HOPG. The theore t ica l  k ~ values, (kt~ were  
calcula ted from the s implest  Marcus equa t ion  

(ke~of/2k~ 
- Zel [1] 

where  Zox~ = 101I M -1 s -~ and Z~ = 104 cm s ~. Severa l  impor-  
tant  w o r k - t e r m  and double- layer  correct ions have  been de-  
ve loped for this expression by Weaver  et al., but  both the 
s imple and correc ted  expression predic t  tha t  k o t racks 
k:/2o. 31-34 Since these correct ions are not  yet  possible for car- 
bon electrodes due to the i r  unknown  double- layer  proper-  
ties, we shall  use Eq. 1 as a f irst  approx imat ion  for predic-  
t$ons of k~~ from koxo. 

Severa l  observat ions  are avai lable  f rom Table IIL First ,  
the  f ive redox systems cover  a wide  range of p red ic ted  k~h, 
wi th  the aqua ted  ions easily wi th in  the  measui-able range  
of ra te  constants.  Second, the  k ~ on f rac tured  GC (kf~162 is 
wi th in  a fac tor  of 16 of that  p red ic ted  f rom Eq. 1. Third,  

Table II. Effects of silanization on Eu+-~/§ voltommetry. 

AEp (mY) a 
Reagents 

CISiMe3 SiMe4 

A. Fractured GC 
B. Fractured after ECP 
C. B. + silane + MeOH wash 
D. C. + second MeOH wash 
E. D. + KOHfMeOH wash 

490 492 
70 68 

442 149 
470 202 
123 110 

AE. values were acquired at 0.2 V/s and are averages of two 
trials ~or both reagents. 
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Table IlL Kinetic results for fractured GC and HOPG. 
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(Mk~Xs_~)_ k~ ~ k ~  ~ o d o kHOPG kEeP/GO 
System (am/s) (cm/s) (cm/s) (cm/s) 

Fe:~/~2 " 1 X 10 -a i X 10 -3 (2.3 +- 0.5) 1.4 X i0 -5 [3] (1.2 -+ 0.3) 
• -~ [8] • -2 [5] 

Eu:~/+~ " 2 X 10 ~ 4 x 10 -4 (8 -+ 4) 2.5 x 10 ~ [2] (4.0 _+ 0.1) 
x10 -~ [8] • -~ [4] 

V+~/§ ~ 0.05 7 x 10 -~ (4.5 _+ 0.5) <3 • 10 ~ [1] (8.7 +- 0.3) 
~ x l 0  -4 [4] x l 0  -~ [4] 

Fe(CN)~ s/-~e 2 X 10 ~ 4.2 >-0.5 <10 -6 
Ru(NH~)~ ~/+~ 4 X 10 3 1.9 0.3 9 X 10 -~ 

"k,~ data from Ref. 34. 
Calculated from Eq. 1. 
Rate constants indicate mean and standard deviation, number in brackets is number of trials. 

d HOPG rate constants obtained from comparison to simulations for HOPG C-V's; surfaces were not validated. 
Data from Ref. 16. 

k~.~c is lower  t h a n  k~~ for  al l  cases excep t  Fe +3/+2, cons i s t en t  
w i t h  H u p p  a n d  Weaver ' s  obs e r va t i ons  of the  effects of w o r k  
t e rms  on  k o for  m e r c u r y  e l e c t r o d e s )  4 Four th ,  k o on  H O P G  is 
m u c h  lower  t h a n  b o t h  k ~ on  f r a c t u r e d  GC a n d  kt~ as ob-  
se rved  p rev ious ly  for  n u m e r o u s  ou t e r - sphe re  systems.~6 The  
mos t  l ike ly  cause  of th i s  d i f ference  is the  low dens i ty  of 
e lec t ron ic  s ta tes  in  HOPGI As n o t e d  in  the  E x p e r i m e n t a l  
sect ion,  the  H O P G  sur faces  were  no t  v a l i d a t e d  due  to the  
use  of a cell r a t h e r  t h a n  i n v e r t e d  drop  ( resu l t ing  in  s t r a i n -  
i n d u c e d  defects) ,  so the  k~opa va lues  r ep re sen t  u p p e r  l imi ts  
of t he  t r ue  b a s a l - p l a n e  values.  F i f th ,  a l eas t  squares  l ine  for  
a plot of log k~ vs. log k~x~ for the systems in Table III has 
a slope of 0.42 + 0.08, intercept of -2.2 + 0.6, and a corre- 
lation coefficient of 0.95. Although the fit is not as good as 
that for a more sophisticated treatment of the aquated re- 
dox systems on a mercury electrode, 34 the slope and inter- 
cept are near the values of 0.50 and -1.5 predicted from 
Eq. i. Since the double-layer and work-term corrections 
for carbon electrodes are not available, the observed het- 
erogeneous rate constants observed on fractured GC are 
approximately consistent with Eq. i. Finally, the rates on 
fractured GC were slightly higher than those on laser-acti- 
vated GC for the aquated ions (see Table I), but this differ- 
ence is insignificant compared to the difference between 
GC and HOPG. 

The overall conclusion for fractured GC and HOPG 
before  E C P  is t h a t  Fe  +3/+~, Eu  +~/~2, a n d  V +3/+2 b e h a v e  a p p r o x i -  
m a t e l y  the  same as ou t e r - s phe r e  sys tems such  as 
Ru(NH3)}3/: 2, IrCl~ 2/-3, etc. In  par t icu la r ,  t he  obse rved  k o for  
f r a c t u r e d  GC (when  i t  can  be  measured)  is w i t h i n  a n  o rde r  
of m a g n i t u d e  of t h a t  p r e d i c t e d  f rom Eq. 1, a n d  the  dev ia -  
t ion  f rom kt~ is genera l ly  on  the  low side. As was  the  case for  
p rev ious  o u t e r - s p h e r e  systems,  a q u a t e d  ions e x h i b i t  sub -  
s t a n t i a l l y  s lower  k ine t i c s  on  HOPG,  p r o b a b l y  because  of 
the  u n u s u a l  e lec t ron ic  p rope r t i e s  of HOPG.  F igure  5 shows  
the  a q u a t e d  ion  resu l t s  f rom f r a c t u r e d  GC a n d  H O P G  p lo t -  
t ed  t o g e t h e r  w i t h  p rev ious  d a t a  for  o the r  r edox  systems.  
Although the scatter is significant, the aquated ions follow 
the same trends as the faster outer-sphere systems. 

Although the kinetics observed on fractured GC and 
HOPG for the aquated ions are reasonably consistent with 
that expected for outer-sphere electron transfer, the behav- 
ior following electrochemical surface oxidation is differ- 
ent. As shown in Fig. 3 and Table lit (fifth column), ECP 
significantly increases k ~ by factors of 5.2 (for Fe+3/+2), 19 
(V+3/+2), a n d  500 (Eu+3/+2). Fo r  Eu  +2/+3, t he  E C P - i n d u c e d  r a t e  
inc rease  is e l i m i n a t e d  r eve r s ib ly  b y  s i l an iza t ion ,  i n d i c a t i n g  
t h a t  the  r a t e  e n h a n c e m e n t  is m e d i a t e d  b y  sur face  oxides.  
The  i n t e n t  of u s ing  H O P G  b a s a l  p l a n e  a n d  f r a c t u r e d  GC 
was  to c o m p a r e  ECP  sur faces  w i t h  re fe rence  sur faces  as 
low as poss ib le  in  sur face  oxides.  L ow  defect  H O P G  is cer- 
t a in ly  low in oxides,  a n d  f r a c t u r e d  GC also h a s  zero ox ide  
coverage,  a t  l eas t  a t  the  i n s t a n t  of f rac ture .  S c h r a d e r  ~'52 
u sed  x - r a y  p h o t o e m i s s i o n  spec t roscopy  (XPS) to d e m o n -  
s t r a t e  t h a t  a r g o n - i o n - d a m a g e d  H O P G  does  no t  r eac t  w i t h  
H~O to fo rm sur face  oxides  in  U H V  condi t ions .  T h a t  s a t u -  
r a t i o n  of the  so lu t ion  w i t h  a i r  be fore  f r a c t u r i n g  ha s  no  ef-  
fect  on  the  Fe +2/+3 r a t e  impl ies  t h a t  o x i d a t i o n  by  a i r  does  no t  

lead to a catalytically active surface. It is difficult to rule 
out low levels of oxides on fractured GC, but it is clear that 
ECP causes a major rate increase, and that fractured GC is 
a useful reference surface exhibiting primarily outer- 
sphere electron transfer. Thus the kinetic behavior exhib- 
ited in Fig. 1 and 2 and the third and fourth columns of 
Table Ill is that for surfaces with minimal (if any) oxide 
related catalysis. 

The possible origins of the ECP-induced rate may involve 
several phenomena, including indirect effects such as dou- 
ble-layer corrections, changes in hydrophobicity or ad- 
sorption, or more direct effects such as inner-sphere cataly- 
sis. While ECP-induced oxide formation may alter 
double-layer structure substantially, such effects seem un- 
likely in the aquated ions studied here. A double-layer cart 
rection should depend strongly on the position of EI/2 rela- 
tive to the pzc (-0.2 vs. Ag/AgCl for HOPG, 53'54 ca. +0.I V 
for GC). 55 Yet all three systems show rate increases even 
though they have EI/2 values ranging from ca. +0.5 to -0.7 V 
vs. Ag/AgCI. Wightman et al. showed that Frumkin effects 
are observed for GC at elevated pH where surface carboxy- 
lates are deprotonated, but disappeared below pH 3. ~6 All 
the current results were obtained in 0.2M acid, where car- 
boxylates should be uncharged. Adsorption to the oxidized 
surface was tested by comparing experimental and simu- 
lated voltammograms and by semi-integrationY No evi- 
dence of adsorption was observed on the surfaces formed 
by 3 to 5 ECP cycles, although some was apparent for heav- 
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Fig. 5. Log-log plot for heterogeneous rate constants (k ~ vs. homo- 
geneous self-exchange rates ( k J  for redox systems in Table III and 
from Ref. 16, Table II. Triangles are far HOPG basal plane, circles are 
for GC. Solid line is from Marcus theory, Eq. 1 in text. Dashed line is 
least squares fit for all I~O. ints, HOPG data: slope = 0.28, y-intercept = 
-4 .5 ,  correlation coefficient = 0.75. Horizontal line indicates upper 
limit of measurable rate constants for GC experiments, k ~ = 0.5 cm/s. 

2/ 3 Number assignments for redox systems are: (I) IrCl~, - ;  (2) 
+3/+2 +3/+2 +2/+1 +3/+2 Ru(NH3)~ ; (3) Co(phen)3 ; (4) MV ; (5) Fe(phen)3 ; (6) 
3/ 4 +3/+2 +3/+2 +3/+2. +3/+z Fe(CN)~ - ; (7) Co(en)3 ; (8) Ru(en)3 ; (9) Feoq ; (10) Euaq ; 

and (11) W-~/~2. 
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fly oxidized surfaces. The oxidized surface is probably less 
hydrophobic than fractured GC and certainly less than 
HOPG, but hydrophobic effects did not appear important 
for the series of outer-sphere systems studied previously. 
Redox systems of different electrostatic charge, and pre- 
sumably different sensitivity to hydrophobic effects, did 
not vary greatly in rate on HOPG. TM 

The key observation leading to the origin of the ECP-in- 
dueed rate increase is that ECP yields k o values above those 
predicted by Eq. 1 for outer-sphere electron transfer. Fur- 
them]ore, inner-sphere catalysis via bridging groups has 
been reported for Fe +2j+3 on Pt and Au in Cl- media, 35"37 and 
for Fe +21+3 in cytochromes on polished graphite. 21 In the lat- 
ter case, catalysis was blocked by silanization or cationic 
species such as Mg +2. The observations lead to a proposal 
that surface oxides on carbon provide an inner-sphere 

~p+3/+2 F,.+3/+2 and VZ~/+2 which route for electron transfer to --~aq , ----aq , 
increases the rate constant substantially over the oflter- 
sphere value. Oxide catalysis at GC is analogous to C1- 
catalysis of Fe § at Au and Pt, and likely involves a qual- 
itatively similar bridging mechanism. ECP also reduced 
the rate differences among the three aquated ions observed 
on the fractured GC surface, with the k~~ values differing 
by a factor of 28 and k~clEcP by a factor of 5. For a bridging 
mechanism to be significant for Fe~+~ j§ Eu~/+3 , and V~+~ j+3 , the 
aquated ions must be substitution labile. The water-ex- 
change rate constants for several relevant ions are as fol- 
lows, all expressed as common logorithms: Fe +2, 6.64; Fe +3, 
2.20; V § 1.9; V +3, 2.7; 58 and Ru § -1.84; Ru § -5.3. 89 Eu § 
water exchange is too fast to measure, but similar lan- 
thanides have water-exchange rate constants in the range 
of 107 to 1 0  9 M - 1  s - 1 .  60 +2/+3 +2/+3 +2/+3 . . Thus Fe,q , Eu~q , and V,q exhibit 
fast ]igand exchange rates compared to the substitution 
inert Ru +2/+3 systems. 

The inhibition of oxide catalysis by silanization implies 
the involvement of -OH, -COOH, or similar hydroxyl-con- 
taining functional groups in the inner-sphere route. Al- 
though hydroxyl-containing functional groups in the in- 
ner-sphere route. Although hydroxyl and carboxylate 
functional groups have long been known to occur on oxi- 
dized carbon surfaces, a structure proposed by Kozlowski 
and Sherwood 6~ may be particularly relevant here. XPS 
spectra of carbon fibers after ECP supports the formation 
of structure 1. This structure may exist primarily as struc- 
ture 2, which is itself similar to the common inorganic lig- 
and acetoacetonate (acac). Presumably the formation of 
structure 2 would be prevented by silanization. 

Structures 

OH 0 

(t) 

J - t .  

O" "O 

(2) 

Ye(H2Oh 
O "O 

(3) 
The aquated ions studied here are fairly weak and substi- 

tution labile, while the corresponding acac complexes are 
quite strong (e.g., K~orm for [Fe(III)acac (H20)4] +2 is 10~~ ~2 It 
is reasonable to propose that inner-sphere catalysis of 
F o+3/+2 I~m+3/+2 and v +3/+2 involves an intermediate such as ~ a q  , ~ - - a q  , - - a q  

structure 3. The relatively strong interaction of the metal 

ion with the surface acac group may provide the driving 
force for inner-sphere catalysis, and possibly for displace- 
ment of the proton in structure 2. 

In summary, the ~+3/+~ ~,i+3/+2 and v +~/+2 redox systems ~ a q  , ~ a q  , - - a q  

are slow on either fractured GC or HOPG, as is consistent 
with their low self-exchange rates. On fractured GC with 
presumably low oxide coverage, the observed rate con- 
stants are approximately those predicted from simple Mar- 
cus theory. Even minor electrochemical oxidation of the GC 
(or HOPG) surface leads to large increases in observed rate 
constants, consistent with an oxide mediated inner-sphere 
catalytic route. A surface oxide structure observed on oxi- 
dized carbon fibers is a possible site for transient metal-ion 
binding and catalysis, although alternative mechanisms 
based on double-layer or hydrophobie effects cannot be 
ruled out completely. 
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A Quantitative Study of Chemical Etching of InP 
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ABSTRACT 

Chemical etching of InP with HCI is used on a large scale, but limited information is available in the literature on the 
quantitative and mechanistic aspects of this reaction. A higher reaction rate is observed in alcoholic HCI than in aqueous 
HCI solutions. Also, a decrease of the reaction rate is observed with an increase in the degree of dissociation of HCI in 
aqueous solutions. We confirm that chemical etching depends on the concentration of nondissociated HCI molecules and 
that the reaction does not occur below a critical concentration. A first-order rate was obtained in aqueous and in alcoholic 
HCI solutions. The Arrhenius plot indicated an activation energy greater than 40 kJ . tool -I, indicating a kinetically 
controlled process. Scanning electron microscopy also showed profiles characteristic of a kinetically controlled process. 

There is great interest in the use of indium-phosphorus 
alloys in optoelectronic devices. During fabrication and 
quality control of these devices we must use robust and 
reproducible processes. Chemical etching is used in several 
steps during the production of such semiconductor devices. 
Although this technique has been applied since the begin- 
ning of this century, I it is our opinion that empiricism dom- 
inates and etching is still more art than science. 

Gerischer et al. 2.3 and Notten 4 have shown that the disso- 
lution reaction of semiconductors may occur by a purely 
chemical mechanism. In such a case, the material surface 
suffers an attack by reactive solute molecules, as for exam- 
ple halogens and hydrogen halides. These are capable of 
forming, simultaneously, two new chemical bonds with the 
semiconductor surface. This concerted action distinguishes 
such a mechanism from the more usual electrochemical 
control. The reaction products are dissolved in the etching 
solution or escape as gases. We view the etching of InP with 
HC1 solutions as an example of this mechanism 

InPcs I + 3HCI(~q~ ---> InCl3(aql + PH3r 

This work was carried out to contribute to the quant i ta-  
tive interpreta t ion of the chemical processes occurring dur- 
ing etching of InP with HC1. 

Experimental 
The crystals of InP used here were all from single batches 

of wafers. Samples were doped with Sn and, in some cases, 
with S. The crystalline orientation of the polished face of 
the wafers wa_s (001). After cutting small samples from the 
wafer, the (001) surface was submit ted to a mechanochemi- 
cal polishing with a 2 % bromine ethanolic solution at room 
temperature.  Before each etching procedure the samples 
were extracted with trichloroethytene, acetone, and 
methanol in a quartz Soxhlet extractor  for 10 min and sub- 
sequently washed with isopropanol, deionized water, and 
dried with a high puri ty nitrogen stream. 

To obtain the etching profiles we use a positive photore- 
sist (Shipley S 1400-26) defining 5-~m wide lines by pho- 
tolithography. 

All etching solutions were prepared by dilution of a 12M 
HC1 stock solution (standard 37% electronic reagent 
grade). The etching reactions were performed in a ther- 
mostated water  bath  (5 to 35 -+ 0. I~ in 15 cm 3 glass flasks. 
The reactions were followed by gravimetry to obtain the 
reaction rate. The gas produced was qual i tat ively analyzed 
using Dfiger analyzers for phosphine. Scanning electron 
microscopy (SEM) (Jeol Model JSM-35 CF) was used to 
observe the etching profiles of the crystals after being 
cleaved in the orthogonal directions [110] and [110]. 




