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Effects of Redox System Structure on Electron-Transfer 
Kinetics at Ordered Graphite and Glassy Carbon Electrodes 
Kristin R. Kneten and Richard L. McCreery' 
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The basal plane of hlghly ordered pyrolytlc graphtte (HOPG) 
serves as an ordered model of more commonly used electrode 
surfaces such as glassy carbon (GC) and pyrolytlc graphite. 
The defect denslty on the basal plane HOPG was reduced by 
careful cieavlng and cell design and was verified to be low 
by requiring that AEP for Fe(CN),S-'C (1 M KCI) be greater 
than 700 mV for a 0.2 V/s scan rate. Then a variety of redox 
systems were examined on "validated" HOPG surfaces, and 
varlatlons In the electron transfer rate constant, kbo, were 
observed. All 13 redox systems exhlblted relatively fast 
klnetlcs on laser activated GC (ko > 0.03 cm/s for elght 
Inorganic systems), and In several cases ko exceeded the 
Instrumental Ilmlt. On HOPG, however, AEP varled greatly for 
the 13 systems, ranging from 66 to >1200 mV. The reasons 
for thls varlatlon fall Into three general ciasslfications. First, 
reactlons Involving proton transfer (e.g. catechols) were all 
slow on HOPG, implylng some role of the surface In mediating 
multlstep processes. Second, the observed rate correlated 
wlth the exchange rate for homogeneous electron transfer, 
but the heterogeneous rates on HOPG were 3-5 orders of 
magnltude slower than that predicted from simple Marcus 
theory. Thlrd, the physical properties of HOPG, such as den* 
of electronic states and hydrophobicity, may depress ko relative 
to GC and metals. 

INTRODUCTION 

Due in part to the widespread use of carbon electrodes in 
electroanalysis and electrosynthesis, a large research effort 
has been invested in understanding heterogeneous electron 
transfer at carbon surfaces. Such investigations have dealt 
with effects of surface structure and pretreatment on elec- 
trochemical behavior for a variety of sp2 carbon materials, 
including pyrolytic graphite, carbon paste, glassy carbon (GC), 
carbon f i s ,  and highly ordered pyrolytic graphite (HOPG).'" 
The ultimate goal of electrode kinetic studies of such materials 
is elucidation of structure/reactivity relationships for carbon 
surfaces, with a specific goal of controlling electron-transfer 
rates. Achievement of these goals has been frustrated, 
however, by the complex nature of the carbon/solution 
interface caused by variability in surface history, particularly 
cleanliness, roughness, and the extent of oxide formation. 
Work in our lab and several others has demonstrated that 
reproducible kinetics are observable on GC with sufficient 
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attention to surface history.6-12 In some cases, large changes 
in rate constants for benchmark redox systems can be effected 
reliably through laser activation,8J0 heat  treatment^,^^' ul- 
traclean polishing,6 and electrochemical pretreatment.13-16 
However, since the structure of the carbon/solution interface 
after these procedures is ill-defined at  the atomic level, it is 
currently difficult to deduce the structural factors which 
control electrode kinetics at  the molecular level. Without a 
structurally well defined carbon surface, a rationale for how 
rates vary for different redox systems will be hard to formulate. 
Stated differently, structure/reactivity relationships derived 
from an incompletely characterized carbon surface will be 
ambiguous. 

Ideally, one would like to survey a range of redox systems 
on an atomically well defined carbon surface. The basal plane 
of highly ordered pyrolytic graphite (HOPG) has potential 
for such correlations because of its well-defined structure 
and relative lack of surface impurities. HOPG was first used 
as an electrode by Yeager et al.,17-19 and more recent work has 
demonstrated a large edge/basal plane rate anisotropy for 
several redox systems, with large voltammetric peak sepa- 
rations for Fe(CN)63-/4- and dopamine at the basal plane and 
near-reversible voltammetry at  the edge plane.1p20,21 HOPG 
has also been used as a substrate for the spectroscopy of 
adsorbates,22 and its unusual adsorption properties and 
capacitance have been des~ribed.~S It has not always been 
possible, however, to study heterogeneous electron-transfer 
kinetics at  basal plane HOPG for a wide range of systems 
because of several experimental problems. Recently we have 
shown the dominating role of edge plane defects in various 
electrochemical processes. HOPG surfaces yield a wide range 
of results of Fe(CN)63-/4- kinetics, 2,6-anthraquinonedi- 
sulfonate (AQDS) adsorption, and differential capacitance, 
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depending on surface defect density.23~~4 Capacitance ranging 
from 0.6 to 6.5 pF/cm2, AQDS adsorption from <LO to 85 
pmol/cm2, and heterogeneous electron transfer rate constants 
for Fe(CN)&/4- from 8 X lo-’ to 0.041 cm/s were obtained 
depending on the defect density of the surface.23 It is clear, 
therefore, that without careful control of surface defects, 
highly variable rate constants can be obtained on the HOPG 
basal plane, impeding attempts to understand structure/ 
reactivity relationships. 

With an appreciation of the influence of defects on the 
electrochemical behavior of HOPG, it is possible to prepare 
low-defect basal surfaces which more accurately reflect the 
kinetics of the perfect, ordered surface. In the approach used 
here, we first validated a given HOPG basal surface by noting 
a very low kO for Fe(CN)e3-I4-. Since Fe(CN)63-/4- has a high 
ratio of edge to basal rates, a slow rate indicates minimal 
defect density. This same surface was then used to determine 
the rates for a variety of redox systems. Since the kinetic 
results were obtained on validated, low-defect surfaces, the 
surface-to-surface variability was greatly reduced and the rate 
comparisons were made on structurally better defined sur- 
faces. 

Heterogeneous electron transfer rates for 13 redox systems 
were determined at validated basal plane HOPG, high-defect 
density HOPG, and glassy carbon (GC). The results were 
used to assess the generality of the large edge/basal rate 
anisotropy and to infer structural variables affecting electrode 
kinetics at carbon electrodes. 

EXPERIMENTAL SECTION 

To minimize unintentional defects as well as air and solution 
exposure time, HOPG experiments were run in an inverted drop 
‘cell” as reported earlier.23 Ungraded HOPG (gift from Arthur 
Moore, Union Carbide) was cleaved either with ordinary ‘scotch” 
tape or with an Exacto knife blade edge. Best results were 
obtained when a thick (ca. 5-mm) piece of HOPG was cut 
perpendicular to the basal plane with a knife blade and the piece 
delaminated spontaneously. The cleaved piece was placed onto 
a conductive metal plate with graphite/Nujol paste serving to 
ensure good electrical contact. A drop of solution was placed 
onto the reference/auxiliary electrode couple which was then 
lowered onto a visually defect-free surface giving an effective 
electrode area of approximately 0.1 cm2, as determined by 
Fe(CN)e3-/“ chronoamperometry. The acronym HOPG is used 
henceforth to refer to the basal plane of low-defect HOPG unless 
noted otherwise. 

In order to evaluate the relative defect density of freshly cleaved 
basal plane surfaces, voltammograms of 1 mM K4Fe(CN)6 or 1 
mM &Fe(CN)6 were obtained, in all cases in 1 M KC1 with the 
inverted drop cell. Overall, the peak separation for Fe(CN)e3+ 
at 0.2 V/s exhibited an average of 459 mV with a standard 
deviation of 331 mV and a range of 58-1200 mV. The large 
variability of AE, for Fe(CN)63-/4- on HOPG indicates a large 
variation in adventitious defect density. In order to reduce this 
kinetic variability, a new surface was first validated with 
Fe(CN)63-/4- by requiring that AE, be greater than 700 mV. After 
observing a AE, >700 mV, the drop of Fe(cN)e3-/” solution was 
replaced with one of the redox system of interest, taking care to 
cover the same spot on the surface. It was noted that relatively 
thick (ca. 5-mm) pieces of HOPG yielded a higher ‘success rate” 
presumably due to greater mechanical rigidity. For the slower 
redox systems (a, >500 mV for basal plane) it was noted that 
the order of exposure to the test solution and Fe(CN)6s/4-affected 
AE,, with AE, increasing with air exposure or solution changes. 
The order of validation and test solutions was routinely reversed 
to check the effect on AE, for the test systems. In all cases, the 
voltammetry for Fe(cN)6”I4- and the test redox system were 
completed within 1 min after the HOPG was cleaved. 

(24) Robinson, R. S.; Sternitzke, K.; McDermott, M. T.; McCreery, R. 
L. J. Electrochem. SOC. 1991, 138, 2454. 

The following redox systems (all in 1 M KC1 unless noted 
otherwise) were used and are numbered here for reference in the 
figures: 1, 0.25 mM potassium hexachloroiridate(1V) (Aldrich 
Chemical Co.); 2, 1 mM hexammineruthenium(II1) chloride 
(Strem Chemicals); 3,2 mM tris(1,lO-phenanthroline)cobalt(II) 
chloride (from 2 mMcobalt chloride hexahydrate (reagent grade, 
J. T. Baker ChemicalCo.) and 6mM 1,lO-phenanthroline (reagent 
grade, J. T. Baker Chemical Co.)); 4, 1 mM methyl viologen 
(MV2+/’+) (Sigma); 5, 2 mM tris(1,lO-phenanthroline)iron(II) 
(from 2 mM ferrous ammonium sulfate (reagent grade, J. T. 
Baker) and 6 mM 1,lO-phenanthroline); 6, 1 mM potassium 
ferrocyanide (J. T. Baker); 7, lOmM tris(ethy1enediamine)cobalt- 
(111) chloride (Johnson Matthey) + approximately 5 mM excess 
ethylenediamine (reagent grade, J. T. Baker); 8, 1 mM tris- 
(ethylenediamine)ruthenium(II) chloride (Johnson Matthey) in 
0.2 M HC104. HC104 was used in the case of R~(en)~2+/3+ to 
avoid degradation by air.25 

Quinone systems included 9 , l  mM AQDS (Aldrich) in 0.1 M 
HzSO4; 10,l mM dopamine (Aldrich) in 0.1 M HzSO4; 11,1 mM 
4-methylcatechol (Aldrich) in 0.1 M &SO,; 12,l mM dihydroxy- 
phenylacetic acid (DOPAC, Aldrich) in 0.2 M HC104, 13, 
6-hydroxydopamine (Sigma) in pH 7 phosphate buffer and 1 M 
KC1. All solutions were prepared daily with distilled Nanopure 
water (Barnstead) and degassed with argon. 

For inverted drop experiments, either a silver wire quasi- 
reference electrode (QRE) or a Ag/AgCl (3 M NaC1) electrode 
with a capillary salt bridge was used. The potential of the QRE 
was typically 0 to -5 mV vs SSCE, but in all cases only AE, was 
determined when the QRE was used, so an absolute potential 
was not required. Reference electrodes for GC experiments were 
either Ag/AgCl or sodium-saturated calomel (SSCE), but allEl12 
values are reported relative to the SSCE. Laser irradiation (50 
MW/cm2) of HOPG was conducted either in situ as described 
previously20*21 or ex situ with immediate replacement of solution. 
Ex situ experiments were run by directing the laser beam through 
two right-angle prisms onto an inverted drop ‘cell”. Solution 
was removed prior to and replaced immediately following 
irradiation. Glassy carbon electrodes (with areas of (2-5) X 10-3 
cm2) were prepared as described previously from a GC-20 plate 
(Tokai) and embedded in epoxy (Eccobond 55, Emerson and 
Cuming, Inc.) The GC electrodes were polished conventionally 
and laser-irradiated (25 MW/cm2) in solution as described 
previously.8 

For scan rates of 0.2-20 V/s, linear sweep voltammetry was 
performed with a computer-triggered function generator (Tek- 
tronix) and ‘Labmaster” A/D converter. For faster scans, data 
were collected with a digital oscilloscope (Lecroy 9400A), with 
triggering and data transfer accomplished via locally written 
software. A conventional three-electrode potentiostat (Advanced 
Idea Mechanics, Columbus, OH) was used for all voltammetry, 
with the RC filter value maintained such that RCnv < 4 mV.26 

GC voltammetry was performed with scan rates of 0.2-100 
VIS, and rate constants were calculated using the method of 
Nicholson.27 In several cases, the GC rate constants were 
sufficiently large that the AE, approached the reversible limit 
of 57/11 mV. For these cases, the rate constant evaluated from 
AE, was a lower limit. In no case was AE, for laser-activated GC 
greater than 150 mV. For validated HOPG, large AE, values 
bring into question the assumptions of constant transfer coef- 
ficient (a) underlying Nicholson’s approach, so rate constants 
were calculated both from AE, and by the approach of Corrigan 
and Evans.28 Experimental voltammograms were compared with 
those simulated with potential-dependent a. Unless noted 
otherwise, all HOPG rate constants were determined from the 
best fit to simulated voltammograms with potential-dependent 
a. For GC, AE, was sufficiently small that a potential-dependent 
a was unnecessary for an accurate simulation and rate constants 
determined from simulations equaled those calculated with the 
Nicholson approach. The experimentally determined rate con- 
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Figure 1. Voltammetry at validated basal plane HOPG for (A) 2 mM 
C~(phen)~~+/~+ ,  1 M KCI; (B) 0.25 mM IrCle2-/3-, 1 M KCI; and at high- 
defect density HOPG for (C) C~(phen)~~+/~+ ;  (D) IrCle2-/3-. Scan rate 
= 0.2 VIS. Potentials are vs Ag QRE. 

stants for laser-activated GC are denoted kccO, the experimental 
rate constants for validated basal plane HOPG determined from 
comparison to simulation are kbo, and those for laser activated 
HOPG are k1,O. The small background currents for HOPG 
voltammograms were not subtracted before plotting or analysis. 

Diffusion coefficients for solutions listed above were deter- 
mined by chronoamperometry with a GC electrode of known 
area. A 5-s time scale was used, and background subtraction was 
utilized. For methyl viologen and R ~ ( e n ) 3 ~ + / ~ + ,  chronoampero- 
metric response was slightly nonideal, apparently due to ad- 
sorption, and Do, was assumed to equal 5 X lo4 cm2/s. El12's for 
each system were determined as the average of the oxidation and 
reduction peak potentialsfor GC voltammograms with scan rates 
at which the systems were nearly reversible. 

RESULTS 

Figure 1 shows the importance of defects to the observed 
voltammetry and illustrates a marked difference in the 
behavior of two inorganic redox systems. Voltammograms A 
and B were obtained on HOPG surfaces which met the 
validation criterion. Voltammogram A is for C0(phen)3~+/3+ 
on a surface for which AE, of Fe(CN)63-/4- was 900 mV, and 
B is for IrCls2-l3- on a surface exhibiting a AE, for Fe(CN)63-/4- 
of 1200 mV. Note the large difference in AE, for the two 
systems, indicating a much smaller kbo for C0(phen)3~+/3+ 
than for IrC162-/3-. Voltammograms C and D were obtained 
on surfaces which failed the validation criterion, exhibiting 
AE, values for Fe(CN)c3-l4- of 455 and 58 mV, respectively. 
Note that a decrease in AE, for Fe(CN)63-/4- for the surfaces 
of Figure 1A and 1C from 900 to 445 mV had a large effect 
on AE, for Co(~hen)3~+/~+ ,  implying that C0(phen)3~+/~+ is 
very sensitive to defects and has a high edge/basal rate ratio. 
However, an even larger change for the surfaces of Figure 1B 
and 1D (1200 to 58 mV) had only a slight effect on AE, for 
IrC162-/3-. IrClS2-/3- is only slightly faster on a quite defective 
surface, implying that the basal plane rate is not greatly slower 
than the edge plane rate. The variation in AE, for Fe(CN)63-/4- 
and various redox systems is shown in Table I for validated 
surfaces. Significant surface-to-surface variation was ob- 
served for Fe(CN)e3-l4-, presumably due to variations in the 
small residual defect density. This variation confirms the 
high sensitivity of F e ( c N ) ~ ~ - l ~ -  kinetics to defect density. For 
the systems listed in Table I, the range in AE, among different 
systems is muchgreater than the variation for a given system. 

Several voltammograms of different redox systems on 
validated HOPG are exhibited in Figure 2. Note the variety 
of peak separations and voltammogram shapes. Unusual 
voltammogram shapes are particularly evident for systems 

with low kb0.  We have reported earlier that for Fe(CN)63-/4-, 
the voltammogram shape at  low-defect HOPG could be fit to 
simulations that involve a potential-dependent transfer 
coefficient.23 We note here that simulations with potential- 
dependent a do fit the experimental data better for certain 
systems, but there is still a degree of divergence from theory. 
For systems with peak separations < 150 mV, simulations 
with constant a fit well to experimental data. In Figure 3A, 
experimental data for C0(en)3~+/~+ are compared to a sim- 
ulation in which a is varied with potential. Note that this 
best fit to the anodic wave still does not completely match 
the experimental curve. In Figure 3B, however, Fe(~hen)~2+/3+ 
voltammetry agrees well with the simulation, with a constant 
a. Results for all systems examined are summarized in Table 
11. As an additional measure of edge/basal rate anisotropy 
for HOPG, rate constants for laser-activated HOPG are 
included in Table 11. In all cases, ko was larger on laser- 
damaged HOPG, often by several orders of magnitude. 

In order to provide a reference carbon surface for com- 
parison, rate constants for the eight inorganic systems and 
MV1+/2+ were determined on the more commonly studied 
GC. Polished GC surfaces have been shown to yield very 
irreproducible rate constants, apparently due to surface 
impuritie~.~Js638 Laser activation of polished GC yields 
reproducible rate constants for Fe(CN)&l4-, comparable to 
those observed at  heat-treated and fractured GC.13.29 Thus 
laser-activated GC provides a carbon surface with reproduc- 
ible kinetics with which to compare the behavior on HOPG 
for the redox systems examined. GC is also a more practical 
reference surface than edge plane HOPG due to the difficulty 
of reproducing the fragile edge plane surface.21 In some cases, 
adsorption or ohmic potential error prevented the use of 
sufficiently high scan rates to determine kGCo accurately. 
However, in all cases the AE, observed on GC was lower than 
that on validated HOPG. As shown in Table 11, the difference 
in rate constants between HOPG and GC was large in some 
cases, confirming and extending the rate anisotropy observed 
for Fe(CN)63-/4-. 

DISCUSSION 
Considering the results in general terms initially, the most 

striking observation is the wide range of observed peak 
separations on validated HOPG, listed in Table 11. In many 
cases, redox systems which exhibit fast electron transfer on 
GC or damaged HOPG, e.g. dopamine, Fe(CN)s3-/", and 
Co(~hen)3~+/~+ ,  are very slow on low-defect HOPG. For all 
13 systems examined, the GC rates were faster than validated 
HOPG rates. On the basis of previous spectroscopic and 
microstructural information, we have concluded that this 
difference is due to the greater reactivity of graphitic edge 
regions compared to ordered basal plane,1*8,20,21 although this 
conclusion was initially based on a limited number of redox 
systems. Since GC surfaces are rich in edge sites, their 
electrochemical kinetic behavior is similar to edge plane 
HOPG rather than basal plane. 

Given the observation of a large edge/basal or GC/basal 
rate difference for at least the 13 systems studied, several 
questions arise. First, are the observations perturbed by some 
technical problems such as instrumentation limits, residual 
defects on the validated surface, etc.? Second, are there 
mechanistic differences among the 13 systems which cause 
the wide variations in rate? Third, for redox systems with 
apparently similar charge transfer mechanisms, what controls 
the rate on HOPG? 

One technical limitation is easily recognized from the large 
ko values observed on GC. Fabrication of the GC electrodes 

~~~ ~~ 
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Table I. Peak Separations on Validated HOPG Surfaces 
(mV) hE, (mV) kbo (cm/s) 

system systema Fe(CN)e3-14-  NO (cm/s) (system) (system) a (da/dE) 
1rcw3- 137 1200 0.0034 0.0034 

145 
96 - 

126 f 27 
285 
215 
158 
167 
206 f 58 
- 

715 
675 
600 
695 
671 f 50 

76 
63 
65 
B f 7  
63 
57 
60 
66 
6 2 f 4  

770 
711 

- 

790 
757 f 41 
- 

502 
373 
307 
394 f 99 
- 

910 
1160 

1230 
1370 
1185 
1175 

900 
725 
940 

1235 
981 

1080 

1300 
1045 
1024 
945 

695 
1230 
938 

1085 
883 

1135 

~~ 

0.0029 
0.0083 
0.0049 f 0.003 
5.6 x 10-4 
1.0 x 10-3 
2.2 x 10-3 

9 x 10-4 

2.0 x 10-3 
1.4 X f 8 X 

8.0 X 10” 
1.3 x 10-5 
2.6 x 10-5 

1.4 x 10-5 f 8 x 10” 
9.5 x 10-6 

0.017 
>0.075 

2 x 10-5 

0.017 

>0.054 
>0.049 f 0.029 
>0.075 >0.075 

>0.042 
>0.059 
5.4 x 10-6 
9.3 x 10” 

2 x 10-5 

4.2 X 10” 
6.3 X lo4 f 2.7 X 10-6 
7.0 x 10-5 
2.3 x 10-4 
4.5 x 10-4 
2.5 x 10-4 f 1.9 x 10-4 

1.3 x 10-4 

0.50 
(0.0) 

0.50 
(0.0) 

0.50 
(0.25 V-l) 

(0.50) 
(0.0) 

0.50 
(0.0) 

0.65 
(0.17 V-l) 

0.62 
(0.0) 

0 All -Ita at 200 mV/s. b Determined from hE, -y  method of Nicholson.27 Rate constant calculated by comparison to simulations, with 
a and da/dE shown. 

0.0 
0.0 

0 .2  -0.4 0.9 0.3 -0.3 0.8  

0.0 

0.0 

0 .6  0 .0  -0 .6  0 . 8  0 .2  -0.4 

1.1 0.5 -0.1 0.8 0.2 -0.4 

Potential ( V I  
Flgure 2. Voltammetry at validated basal plane HOPG 1 mM 
R U ( N H ~ ) ~ ~ + / ~ + ,  1 M KCI; 2 mM Fe(~hen),~+/~+, 1 M KCI; 10 mM 
C ~ ( e n ) ~ ~ + / ~ + ,  1 M KCI; 1 mM dopamine, 0.1 M H2SO4; 1 mM 
Cmethylcatechol (CMC), 0.1 M H2S04; 1 mM DOPAC, 0.2 M HCI04. 
Scan rate = 0.2 VIS. Potentials are vs Ag QRE. 

from well-characterized GC stock results in electrode surfaces 
with minimum dimensions of about 0.5 mm X 0.5 mm. Ohmic 
potential error limits the useful scan rate to about 500 V/s, 
resulting in an upper limit of observable k O  on GC of about 

1 
0.6 0.2 - 0 . 2  -0.6 -1.0 

- 0.0 

1.2 0.8 0.4 0.0  -0 .4  

Potential ( V I  
Flgure 3. Voltammetry at valMated basal plane HOW. SolM llnes are 
experimental data In both cases. (A) 10 mM C ~ ( e n ) ~ ~ + / ~ + ,  1 M KCI. 
Dashed line slmulated for ko = 2 X cmls, a. = 0.65, d d d E  = 
0.17 V-l. (B) 2 mM F e ( ~ h e n ) ~ ~ + / ~ + ,  1 M KCI. Dashed llne slmulated 
for ko = 0.1 1 cmls, a. = 0.5, da/dE = 0.0 V-‘. Scan rate = 0.2 VIS. 
Potentials are vs Ag QRE. 

0.5 cm/s.8 In a previous publication, these electrodes were 
shown to yield reliable kO values of 0.5-0.8 cm/s at 100-500 
V/s, but larger k O  values are difficult to measure without 
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Table 11. Composite Redox Potential and Kinetic Data 
system E l p a  (V vs SSCE) Upb (mV) kbo (cmis) k h o  (cmis) ~ G C O  (cm/s) kGCo/kbo e k,,, f (M-l s-l) ref 

1 1rci~2-13- 0.74 146 0.003 0.05 >0.5 >200 2 x 105 47 

3 C0(phen)3~+/~+ 0.10 715 2 x  10-5 0.002 0.08 4000 40 49 
2 R u ( N H ~ ) ~ " / ~ +  -0.19 285 9 x 10-4 0.05 >0.4 >400 4000 25,48 

4 MV1+/2+ -0.67 76 0.017 >0.1 >6 107 50 
5 Fe(phen)32+/3+ 0.86 66 >0.07 >0.2 3 X lo8 51 
6 Fe(CN)63-/4- 0.25 700-1370 104g 0.05 >0.6 >6X lo5 2 X lo4 52,53 
7 Co(en)32+/3+ -0.48 770 2 x  10-5 0.001 0.03 2000 8 x 10-5 54 
8 Ru(en)3*+i3+ -0.08 502 1 x 10-4 >0.5 > 5000 4000 48 

10 dopamine 0.51 1200 
9 AQDS -0.14 870 

11 4-methylcatechol 0.40 460 
12 DOPAC 0.31 370 
13 6-hydroxydopamine -0.31 840 

Average of voltammetric peak potentials on laser activated GC. * On validated HOPG basal plane surfaces. c Laser-activated HOPG, after 
three 50 MW/cmZ pulses ex situ. Laser-activated GC, after three 25 MW/cm2 pulses in situ. e Ratio of laser-activated GC rate constant to 
validated HOPG rate constant. f Homogeneous self-exchange rate, with literature reference. 8 Value for HOPG surface exhibiting minimum 
AQDS adsorption, from ref 23. 

smaller electrodes.8 Therefore, GC rate constants reported 
as 0.2-0.6 cm/s here should be considered lower limits and 
could in fact be significantly higher. For HOPG examined 
with the inverted drop, the electrode area is larger, but ko is 
much smaller and high scan rates were not required. Thus 
the HOPG rate constants are not subject to significant error 
from solution iR effects. In addition, the relatively high c-axis 
resistivity of HOPG (0.17 R-cm) would yield a typical 
resistance in the ca. 3-mm-thick pieces of HOPG used here 
of about 0.3 R, not enough to contribute significant ohmic 
potential error. 

A second potential technical problem arises from uncer- 
tainty about residual defects on the validated HOPG surface. 
As noted earlier, the large standard deviation for AE, of 
Fe(cN)c3-I4- on unvalidated surfaces indicates that adven- 
titious defects can drastically affect observed kinetics. The 
requirement that AE, for Fe(CN)63-/4- exceed 700 mV 
significantly reduces this variability (Table I), but it is still 
possible that residual defects contribute to the apparent kbo 
on HOPG. Since the rates on GC or edge plane graphite are 
all faster than those on validated HOPG, residual defects 
will increase the apparent kb'. Strictly speaking, the kbo values 
measured on validated surfaces are upper limits for the true 
basal plane ko values. However, more can be concluded from 
the data in Table I. The observed AE, values for the test 
systems vary much less (and often in different directions) 
than the Fe(CN)63-/4- values, implying no correlation of AE, 
with defect density on validated surfaces. Furthermore, AE, 
varies greatly for test systems (e.g. 62 mV for F e ( ~ h e n ) 3 ~ + / ~ +  
vs 670 mV for C0(phen)3~+/~+) on surfaces with similar 
Fe(CN)63-/4- voltammetry. These observations demonstrate 
that the large differences in observed kinetics among the 
systems examined on validated surfaces cannot be a conse- 
quence solely of residual defects. 

A related issue is possible distortions to voltammetry caused 
by nonplanar diffusion to defects, possibly leading to mi- 
croelectrode array behavior. As discussed previ0usly,~3 the 
assumption of planar diffusion will break down if the spacing 
between defects is comparable to or greater than (Dt)lIz, where 
D is the diffusion coefficient and t is electrolysis time. Such 
distortions are unlikely to occur for validated HOPG surfaces, 
however, both because the scan rates used for HOPG are 
relatively slow (yielding a relatively large (Dt)l/z) and because 
the validation procedure reduces the density of defects to 
very low levels. 

Speaking more quantitatively, the fact that the kbo values 
are upper limits and the ~ G C O  are lower limits indicates that 
the rate anisotropy between edge and basal plane is at  least 
as large as that reported in Table 11. For the purposes of this 

study, it is sufficient to conclude that all redox systems studied 
are slower on basal plane HOPG than on GC and that the 
anisotropy varies greatly from system to system. The precise 
magnitude of the anisotropy will remain uncertain as long as 
residual defects are possible. 

A final technical issue to be considered here deals with the 
effect of impurity adsorption on observed kinetics, which is 
at  least one of the important variables for GC.5-8929 Although 
basal HOPG surfaces were examined within 1 min of cleaving, 
some exposure to air and solution impurities was unavoidable. 
I t  was observed that kbo for "fast" systems (a,, < 400 mV) 
did not vary greatly with time of air or solution exposure, 
while those with slow kinetics (AE, > 400 mV) exhibited an 
increasing AE, with time. This observation is consistent with 
adsorption of impurities to defects rather than to basal plane, 
as is observed with intentional adsorbers such as AQDS.23 
Taken together, these technical concerns reinforce the 
conclusion that kcc0 values are lower limits of the true GC 
rate constants, while kbo values are upper limits for the true 
basal plane HOPG rate constants. In addition, any errors in 
kbo caused by residual defects or impurities will be most 
important for the slowest redox systems. 

Let us now turn to the question of the origin of the often 
large differences between HOPG and GC rates. It is useful 
to note initially that most of the 13 systems studied exhibit 
fast electron transfer on laser-activated GC. Past experience 
with GC in several laboratories indicates that observed 
kinetics are very sensitive to surface history, with k,bOvarying 
by several orders of magnitude for dopamine or Fe(CN)&/*- 
for nominally similar GC electrodes with varying 
pretreatment.l~~-~B For the laser-activated GC surface, how- 
ever, the rates are consistently fast, often at  the instrumental 
limit for rate constant determination. There may be signif- 
icant variations ink& which are masked by the instrumental 
limit, but clearly the rates are high with only a few exceptions. 

In contrast, basal rates for all systems are slower and cover 
a wider range. The inorganic complexes exhibit a kbo on 
validated surfaces ranging from <lo+ to >0.07 cm/s, while 
the organic systems have a,'s from 76 to 1200 mV. A possible 
origin for these variations is differences in mechanism which 
may involve specific surface chemical interactions. For 
example, if electron transfer requires a functional group which 
is present only on edge plane defects, it  should be very slow 
on basal plane. Considering Table 11, it is clear that all of the 
organic systems with multistep electron transfer mechanisms 
involving protons are slow (hE, > 450 mV) on basal plane. 
There could be several mechanisms which promote fast 
electron transfer at  defects for reactions involving protons. 
Cabaniss et al. proposed a proton-assisted electron-transfer 
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introduced by the ele~trode:~3-36 1 
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Figure 4. Log-log plot for rate constants versus homogeneous self- 
exchange rates (kexc) for one-electron systems. Triangles are validated 
HOPG heterogeneous rate constants. Circles are laser-activated GC 
rate constants. Solid line Is from Marcus theory, eq 1 In text. Dashed 
llneIslsastsquaresfRforallpolnts, HOPGdata: slope = 0.29,~-Intercept 
= -4.5, correlation coefficient = 0.66 Horizontal line Indicates upper 
llmR of measurable rate constants for GC experiments, ko = 0.5 cmls. 
Data and number assignments from Table 11. 

route, which would be prevented on perfect basal plane.14 It 
could be that proton transfer occurs between a protonated 
edge plane surface group (or merely adsorbed protons) and 
the redox system, thus accelerating electron transfer at  defects 
or on GC. There are several other possible mechanisms, but 
it is clear that all five reactions studied here which involve 
protons are very slow on basal plane HOPG and fast on defects 
or GC. 

After eliminating the systems with obvious proton in- 
volvement, there remain seven inorganic complexes and 
MV2+11+. These systems all involve one-electron transfers 
with no major changes in coordination geometry. The reasons 
for large rate differences between GC and HOPG for these 
systems should fall into two classes. First, the redox systems 
may vary in mechanism or homogeneous self-exchange rate 
(k,,,), thus affecting their kinetics with presumably any 
electrode material. Second, the reason may involve the nature 
of HOPG itself, particularly some difference in physical 
properties between basal plane HOPG and GC. Considering 
the redox systems first, we may suspect Fe(CN)e3-14- to be 
unusual because of the well-known involvement of K+ in 
electron t r a n ~ f e r . ~ ~ J ~  It  has been concluded that K+ is 
involved in the Fe(CN)63-/4- transition state and that vari- 
ations in cation identity and concentration strongly affect 
the observed rate. It is possible that this K+ effect requires 
edge plane sites and cannot operate on basal plane, thus 
leading to very low basal rates. The large decrease in kGco 
for Fe(CN)63-/4- by intentional anthraquinone adsorption32 
reinforces the importance of surface sites for fast kinetics of 
Fe(CN)s3-14- at  carbon. 

The relationship between kGcO, kbo, and homogeneous self- 
exchange rate, k,,,, is plotted in Figure 4. Marcus proposed 
the simplest form of the relationship between kO and k,,, (eq 
l ) ,  which is expected to apply in the absence of work terms 

~~~ ~~ 

(30) Peter, L. M.; Durr, W.; Bindra, P.; Gerischer, H. J. Electroanal. 

(31) Goldstein, E. L.; Van De Mark, M. R. Electrochim. Acta 1982,27, 

(32) Pontikos, N. M.; McCreery, R. L., unpublished work. 

Chem. Interfacial Electrochem. 1976, 71, 31. 

1079. 

where Z,,, and Z,I are the associated frequency factors (usually 
taken as 1011 M-18-1 and 104 cm 9-1, respectively). Several 
investigations support eq 1 for Hg and Pt electrodes for a 
variety of apparently outer sphere redox systems.35-38 As 
pointed out by Weaver, however, eq 1 neglects several 
potentially important work terms which lead to generally 
smaller kovalues than those predicted from eq l.3-l Weaver's 
treatment predicts a linear dependence of work-corrected 
log kob2 on log k,,,, with a slope of 0.5. Since the kGco values 
are at  or near the instrumental limit, no correlation could be 
observed with k,,, for GC electrodes. Ignoring Fe(CN)63-/4-, 
the seven apparently uncomplicated systems show a trend 
with k,,, (Figure 4), but the kbo values are 3-5 orders of 
magnitude lower than that predicted from eq 1. In the absence 
of some unknown mechanistic complication which requires 
edge sites, this rate shortfall must be caused either by much 
larger work terms for HOPG or by some physical property 
of HOPG, or both. 

Basal plane HOPG differs from GC in several ways which 
could affect electron-transfer kinetics. It is hydrophobic,42,43 
has a relatively high resistance normal to the surface,l has a 
low density of electronic states compared to metals or GC,44,45 
and has unusual double layer effects related to its semimetal 
~haracter.17-~9~~~~45 While the list of "uncomplicated" systems 
is too short to establish the relative importance of these effects 
on basal plane kinetics, some observations deserve note. First, 
hydrophobic effects cannot be the sole cause of slow kinetics 
since systems of similar charge and structure, and presumably 
hydrophobicity (e.g., Fe(phen)s2+13+ and C0(phen)3~+/3+), have 
very different rates. Furthermore, basal rates are largely 
independent of redox system charge. Second, the c-axis 
resistivity of HOPG would yield less than 1 Q of uncompen- 
sated resistance and would be roughly equal for all systems. 
Third, any unusual double layer or space charge effects for 
basal plane should vary greatly with the potential relative to 
the pzc.17-19344345 The pzc for HOPG has been reported as 
-0.24 V vs SSCE for a variety of aqueous  electrolyte^,'^-^^ 
and that value was confirmed here for 1 M KC1. As shown 
in Figure 5, the observed rates show no obvious perturbations 
when Elp is near the pzc, with fast and slow rates observed 
on either side of the pzc. So space charge capacitance (and 
associated potential drop) and double layer effects are unlikely 
to be the sole reasons for low kbO. Fourth, the low density of 
states (DOS) near the Fermi level of HOPG could slow down 
electron transfer relative to GC. According to Gerischer et  
al.45 the DOS for HOPG reaches a minimum of 2.2 X 10-3 
states atom-' eV-1 at  the bulk Fermi level of graphite but 
increases rapidly away from this potential. This minimum 
is approximately 2 orders of magnitude lower than that of 

(33) Marcus, R. A. J. Phys. Chem. 1963,67, 853. 
(34) Kawiak, J.; Kulesza,P.; Galus, Z. J. Electroanal. Chem.Interfacial 

(35) Saji, T.; Yamada,T.; Aoyagui, S. J. Electroanal. Chem.Interfacial 

(36) Saji, T.; Maruyama, T.; Aoyagui, S. J. Electroanal. Chem. 

(37) Sohr, R.; Muller, L. Electrochim. Acta 1975, 20, 451. 
(38) Penner, R.; Heben, M.; Longin,T.; Lewis, N. S. Science 1990,250, 

(39) Weaver, M. J., Zuckerman, J. J., Eds. Inorganic Reactions and 

(40) Weaver, M. J. J. Phys. Chem. 1980,84, 568. 
(41) Weaver, M. J. J. Phys. Chem. 1976, 15, 1733. 
(42) Schrader, M. E. J. Phys. Chem. 1975, 79, 2508. 
(43) Schrader, M. E. J. Phys. Chem. 1980,84, 2774. 
(44) Gerischer, H. J. Phys. Chem. 1985,89, 4249. 
(45) Gerischer, H.; McIntyre, R.; Scherson, D.; Storck, W. J. Phys. 

Electrochem. 1987, 226, 305. 

Electrchem. 1975, 61, 147. 

Interfacial Electrchem. 1978, 86, 219. 

1118. 

Mechanisms; VCH: New York, 1986; Vol. 15, pp 153-163. 

Chem. 1987, 91, 1930. 



2524 ANALYTICAL CHEMISTRY, VOL. 64, NO. 21, NOVEMBER 1, 1992 

O e 4  
- 1  

I "r - 4  

g -5 - 
-6 

-7 

4 .  

2 

8 
7 

3 .  

+ 
+ + + *  

5. 

1 

I 
+ 

L 
-1.2 -0.8 -0 .4  0.0 0.4 0.8 1.2 

E,,, ( V  vs SSCE) 
Flgurr 5. SolMs clrcles arevalldated basal plane HOPG rate constants 
(log kbo) plotted versus El,* (defined in text) for systems Involving one- 
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gold (0.28 states atom-' eV-1).46 The trend in the DOS 
calculated by Gerischer et al. from capacitance data for HOPG 
is shown in Figure 5 for comparison. Note that the variation 
in kbO with E1p does not track the DOS in any obvious way. 

(46) Kokko, K.; Ojala, E.; Mansikka, K. Phys. Status Solidi B 1989, 

(47) Campion, R. J.; Purdie, N.; Sutin, N. Inorg. Chem. 1964,3,1091. 
(48) Brown, G.; Sutin, N. J. Am. Chem. SOC. 1979, 101, 883. 
(49) Farina, R.; Wilkine, R. G. Inorg. Chem. 1968, 19, 514. 
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(51) Ruff, I.; Zimonyi, M. Electrochim. Acta 1973, 18, 515. 
(52) Hoddenbaugh, J. M. A.; Macartney, D. H. Inorg. Chem. 1990,29, 

(53) Kurland, R. J.; Winkler, M. E. J. Biochem. Biophys. Meth. 1981, 

(54) Dwyer, F. P.; Sargeson, A. M. J. Phys. Chem. 1961,65, 1892. 

153, 235. 

D. G.; Sullivan, B. P.; Nagle, J. K. Chen. Phys. Lett. 1979, 61, 522. 

245. 

4, 215. 

Although the low DOS for HOPG may be afactor in depressing 
kbO compared to k&', the dependence of kbo on redox system 
El/* is not that predicted if the DOS is the only important 
factor. 

CONCLUSIONS 
The 13 redox systems exhibit a wide range of electron- 

transfer rates on the basal plane of HOPG, but all are slower 
on basal plane graphite than on GC. Although the magnitudes 
of the differences in rate between GC and HOPG are 
somewhat uncertain due to residual defects, it is clear that 
rates on basal plane HOPG are 1-5 orders of magnitude lower 
than those on GC. The results permit identification of at  
least three major factors affecting electron transfer at  
carbon: charge-transfer mechanisms which are promoted by 
edge plane (e.g. those involving proton transfer), physico- 
chemical properties of basal plane which retard electron 
transfer (e.g. low density of electronic states), and the 
homogeneous self-exchange rate of the redox system involved. 
One or more of these effects can lead to major differences in 
observed rates for different carbon electrode materials and 
surface pretreatments. By continuing to examine both 
ordered graphite and GC surfaces, we intend to characterize 
these major factors affecting observed rates on carbon 
electrodes more completely, with the long-range goal of 
providing a structural basis for electron-transfer reactivity. 
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