—~——

AD-A280 892
IR O et

SR ) .

HIO| | i situ Laser Activatien of \

| Electrochemical Kinetics [
At Carbon Electrodes -

R ?mr\»n

DTIC

ELECTE
Richard L. McCreery JUL 01 1994
Department of Chemistry

| Air Force Office of-Sclentific Research
Bolling Air Force Base, D.C. 20332-0001

Grant No. AFOSR-91-0213 DTIC Quattsy spir s
Final Report

hiuds &

S0 9450239

dHinieL

May 1994

ity

PEY TT08g




—3

DISCLAIMER NOTICE

THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.

5]



OHIO

UNIVERSITY

it gy [ ] —

i .i-iwm..

vy

In situ Laser Activation of
Electrochemical Kinetics
At Carbon Electrodes

Richard L. McCreery
Department of Chemistry

Air Force Office of Scientific Research
Bolling Air Force Base, D.C. 20332-0001

Grant No. AFOSR-91-0213
Final Report
RF Project No. 768992/724639

Dist

May 1994

A

NTIS -

‘ Oliz r1ap ]
Uitz g ticed )

e 0
Josttc stion
By
Dbt-ibl.’floﬂl T

Availability Codes

Avail and{ or
Siecial

|




-

i REPORT DOCUMENTATION PAGE B 0108

PORT RITY CLASSIFICA 15. RESTRICTIVE MARKINGS

3. DISTRIBUTION/ AVAILABILITY OF REPORT

Approved for puhlie release;
distritutionunlizited.

ry VING ORGANIZATION REPORT NUMBERES) 3. TION REPORT NUMBERGS)
RF 768992/724639 AFOSR-TR- 94 ¢ 389
-
63. NAME OF PERFORMING ORGANIZATION OFFICE SYMBOL | 75. NAME OF MONITORING ORGANIZATION
l Ohio State University 0 applicable) QAT oS Q/ [\)l_
Research Foundation QSURF -
(e ACORESS (Gity, State, and 2 Coda) 70. ADORESS (City, State, and ZiP Code) te 1S
' o Donlan Aue, Sote !
1960 Kenny Rd. WwWe
Columbus OH 43210 Leh ng QFHL OC ACLsa-occ /
|82 NAME OF FUNDING/SPONSORING . J8b. OFFICE SYMBOL | 9. PROCUREMENT msmumm IDENTIFICATION NUMBER
ORGANIZATION (f applicable) — 3\
oae - —~0 9N\
Air Force Ofc Scientific Rsch AFOSR Atose - 4 l -
| _ B
¥'8c ADORESS (Crty, State, and ZiP Code) 10. SOURCE OF FUNOING NUMBERS
PROGRAM PROJECT TrasK WORK UNIT
Bolling Air Force Base D.C. 20332-0001 ELEMENT NO. I NO. NO. IACCESSION NO.
I (\OAF LR ER A

|11.mmmm&€oﬂ

\ In situ Laser Activation of Electrochemical Kinetics at Carbon Electrodes
’ 12. PEEML AUTHOR(S)

Richard L. McCreer
‘T’A{_—Ls TYPE OF REPORT 13.TIME COVERED -~ 4. oan_'——'—o; REPORT (Vear, Morch, Day) 1S, PAGE COUNT |
Final rrom 3-1-91 o 2-28- May 31, 199 103

16. SUPPLEMENTARY NOTATION

17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse # necessary and identify by block number)
RELD GROUP SUS-GROUP

_mmmmbywm

J 20. OISTRISUTION/ AVAILABIITY OF ASSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
1 Quncassireounumited T SAME As rot.
‘—""_""_'-m NAME OF RESPONSIBLE INDIVID
Ri

* DD Form 1473, JUN 86




Overview:

The overall objective of the project is to identify the structural factors which control
electrochemical reactivity at carbon electrode surfaces. The approach combines structural probes
such as Raman spectroscopy, XPS, and scanning tunneling microscopy (STM) with measures
of reactivity, including electron transfer rate constants (k°) and adsorption. Laser activation by
short but intense laser pulses was used to modify electrode surfaces and enhance reactivity.
Work to date has revealed two important conclusions. First, the electronic properties of carbon
can differ substantially from that of metals, with major effects on both kinetics and adsorption.
Second, the importance of carbon structure to kinetics depends strongly on the redox system in
question. These conclusions are described in the following progress report with the citations in
brackets referring to the publication list which follows the text.

1. Structural examination of reactive carbon surfaces

Raman spectroscopy is a useful probe for carbon structure, since the phonons observed
at ca. 1360 and 1582 cm'! are sensitive to both microcrystallite size and interplanar spacing. We
showed previously that the 1360 cm™! band intensity correlates with electron transfer reactivity
due to the dependence of both phenomena on disorder. During the current grant period, the
Raman probe was enhanced by electrodeposition of Ag particles in situ [1,2] to yield a 10-100
fold increase in intensity. In addition, the surface selectivity of Raman was improved since the
SERS enhancement distance (ca. 20 A) is shorter than the normal Raman sampling depth (ca.
200 A). After demonstrating the improved surface selectivity on several types of carbon, we
used the SERS probe to reveal that several different sp? carbon electrode materials (pyrolytic
graphite, highly ordered pyrolytic graphite (HOPG), glassy carbon) yield the same surface after
electrochemical oxidation (Figure 1). This expands and confirms earlier conclusions based on
the less surface selective normal Raman probe [2].

The surface selectivity of STM is unquestioned, and we have used it to characterize laser
and pretreatment effects on HOPG and GC. STM of HOPG reveals significant surface damage
by a 45 MW/cm? laser pulse, the same threshold observed for activation of electrode kinetics
[3,4]. The damage mechanism involves rapid nonisotropic thermal expansion of the graphite
lattice, creating strain and rupture. The degree of lattice damage was correlated with increases
in electrode kinetics and adsorption.

For the case of glassy carbon (GC), one starts with a less ordered and more isotropic
material than HOPG, and laser effects are different. SEM, STM, and measurements of
anthraquinone 2,6 disulfonate (AQDS) adsorption revealed that 25 MW/cm? laser pulses had
little effect on GC structure or microscopic surface area [5,6,7]. In fact, procedures which
significantly increased electron transfer rates to several redox systems had negligible structural
effects observable by these probes. These observations rule out roughness changes,
microstructural changes, or surface oxidation as the origin of laser or heat treatment activation
of Fe(CN)g'-4, dopamine, or ascorbic acid electron transfer. At high power densities (> 40
MW/cm?), the GC surface melts, leading to obvious morphological changes which are consistent
with predictions of local temperature [5,7].
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These observations are all consistent with our previous hypotheses about the reactivity
of graphitic edge plane. HOPG is low in edge plane density and reactivity until damaged by a
thermomechanical shock or electrochemical oxidation. GC has plenty of edges, but they need
to be exposed by thermal desorption of impurities. As noted later, we have learned much more
about the underlying causes of these effects.

2. Enhancement of GC reactivity

The combination of fast, in-situ laser activation (LA) with structural insights from Raman
and STM resulted in GC surfaces with unusual electrochemical reactivity, and we have reviewed
the extensive literature on this topic [8]. As shown in table 1, laser activated GC yields the
highest rate constants yet observed for the commonly studied Fe(CN)g/-* benchmark system.
This high rate is not accompanied by significant changes in microscopic area, roughness, or
capacitance. An unexpected reactivity difference for LA and fractured GC was observed for the
dopamine system [9]. Provided the GC surface is clean (as after laser activation), dopamine and
other catechols adsorb through their aromatic rings, independent of electrostatic charge.
Combined with the kinetic and structural data, these results imply that fractured or laser activated
GC supports fast electron transfer and adsorption of certain molecules without the involvement
of oxides, provided the surface history from polishing, etc., is removed. The inherent reactivity
of GC is the subject of work proposed later.

k® > 0.1 cv/.
C°* > 70 yF/em?
sqos> 200 pmol/cm?

k® < 10 emvs
C°* < 1.0 uF/em?
T'rops < 1.0 pmol/em’




Figure 2., Summary of anisotropic properties of HOPG. k° is for F(CN)g“4, | M KCl;
[ aqos is AQDS adsorption in 1 M HCIO,. k°, C° I' were measured on same
HOPG surface. From reference [10].

3. Anisotropy of graphite reactivity

A major objective of the work proposed for the 1991-94 grant period was understanding
the factors controlling electron transfer kinetics at well defined carbon surfaces. The basal plane
of HOPG is such a surface, since it is atomically well defined and relatively easy to prepare.
Previous work by Yeager and Gerischer revealed an unucually low capacitance for HOPG, but
electrode Kinetics had not been studied in any detail. After extensive Raman, adsorption, SEM,
capacitamee and kinetic investigations of HOPG, we concluded that all of its electrochemical
propertigs are very anisotropic [10]. The capacitance, anthraquinonone 2-6 disulfonate (2,6
AQDS) adsorption, and k° for several redox systems all depend strongly on the number of
defects of a given basal plane surface. For 42 different surfaces on which the three observables
were measured, C°, T',qps, and k° track each other, indicating that all three are controlled by
some weighted average of defect and basal plane regions [10]. These anisotropic properties are
summarized in Figure 2.

A quantitatve comparison of HOPG and GC properties is made in Table 2.

Tabie 2

1360/1580 T aops c° I Kcis

Raman pmol/cm? uFlem®>  cmi/s cm/s

Ratio
GC-20 polished 1.8 186 33 0.002 <0.1
GC-20 3x25 1.8 336 34 =>0.5 0.55
MW/cmé
GC-20 Fractured 1.1 533 >5 0.5 0.5
HOPG validated <0.005 <1 <1 <103 0.003
HOPG cleaved <0.005 1-70 1-6 103-102 .003-

0.05

HOPG edge 1.1 >200 ~70 ~.1



Once the importance of defects to observed HOPG kinetics is appreciated, it is possible
to approach "perfect” basal behavior by testing a given surface for defects with some known
system (in our case Fe(CN)g/#). With great care, it was possible to study 13 redox systems on
HOPG which had first been "validated” to have very low defect density [11]. The rates
observed for such surfaces represent upper limits of the true basal plane rates, and provide useful
insight into factors controlling kinetics at carbon. Specifically:
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Figure 3A.  Calculated density of states (DOS) for HOPG. Second drawing is an enlargement
of the overlap between valence and conduction bands. Taken from reference 8a.
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All HOPG k° values were slower than those on GC, usually by 3-5 orders of magnitude.
b. For redox systems believed to involve some specific chemical interactions such as a
bridging ligand or ions, proton transfer, etc., the HOPG rate was even slower.

k° on HOPG did not correlate with any hydrophobic or double layer effects, but did track
the homogeneous self exchange rate. The observed k° was much lower than that
predicted from Marcus theory.

d. Disorder in the HOPG, either from laser activation or by adventitious defects, greatly
increases k° for all systems studied. It is quite easy to miss the unusual effects of basal
HOPG if the surface is even slightly defective.

®

2]

The origin of the unusual properties of HOPG is important to work proposed below, and
appears to depend on two major issues. First, HOPG is a semimetal, with a band structure
shown qualitatively in Figure 3. The density of electronic states (DOS) in HOPG is about 1%
that of a metal, but still higher than a semiconductor. Although HOPG does not have a band
gap, it has a low DOS at the Fermi level, which remains low in the usual potential range for
electrochemical solvents. As pointed out by both Gerischer and Yeager, this electronic property
leads to a space charge capacxtance which lowers the observed capacitance to values much lower
than metals (~3 vs ~30 uF/cm?®) and semiconductors have lower capacitance still (e.g. ~0.1
uF/cm® for Ge). By analogy to Gerischer’s theory on charge transfer at semiconductors (Figure
4), the low DOS of HOPG will depress k° because there will be few states available for e
transfer at the E° values we used (+1.0 to -0.8 volts vs SSCE). Thus the semimetal character
of HOPG leads to both low capacitance and low k°. By analogy to semiconductors, disorder in
the material increases the DOS at all energies, increasing both k° and C°. (As will be noted
later, there is theoretical support for disorder induced electronic changes in HOPG).

The second major factor controlling rates is important for redox systems which involve
specific chemical interactions with the surface. HOPG has no dangling bonds or oxides (exceft
at defects), and will not support inner sphere electron transfer requiring such sites. A gocd
example is a group of three aquated ions, Fe ;¥ *3 Eu,;;z’+3 and V 2¥*3 [12]. These systems
exhibit low k° on either HOPG or clean GC consxstent with their low k... However, even
slight oxidation of the GC surface greatly increases k° (by a factor of 500 for Eu o 2 *3); we
attribute this enhancement to an oxide dependent inner sphere route, perhaps mvolvmg the
following structure:

OH
O\ o TNy ! ;OHZ
H Ca-fel
o) 07| ~oH,

OH,




Overall, we conclude that electron transfer at carbon is countrolled by an electronic
factor, which slows all rates on HOPG, and a surface chemical factor, which is operative
for inner sphere systems. Disorder not only changes the electronic factor by increasing the
DOS, but it also provides edge or oxide sites for specific chemical interactions. These
conclusions are an important step toward understanding what controls ET kinetics at carbon, and
they are the basis of much of the proposed work.

Gerischer Semiconductor Model:

P

~D_(E)  Wox (B)

Energy

Ox

AN

Reduction current & C3, \ K(E) D_(E) Wo(E) dE

K(E) = transmission factor

D_(E) = density of states

W (E) = distribution of Ox vs. Energy
ng = surface concentration of Ox

Figure 4. Gerischer model for electrode kinetics at semiconductor electrodes, adapted to
HOPG. Low density of charge carriers at favorable energy for € transfer to Ox
( in this case) reduces rate and current.
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Effects of wavelength, pulse duration and power density on
laser activation of glassy carbon electrodes

Ronald J. Rice and Richard L. McCreery
Depariment of Chemistry, The Ohio State University, 120 W. 18th Ave., Columbus, OH 43210 (USA)
(Received 16 October 1990: in revised form 27 February 1991)

Abstract

The hypothesis that laser activation of glassy carbon (GC) electrodes is thermally driven was
investigated by comparing simulated surface temperatures for several lasers and expenim- tal conditions.
Assuming no phase changes, the surface temperature vs. time profile for a laser pulse striking a GC
electrode was predicted by finite difference simulation. It was predicted that peak surface temperature
depends on power density, wavelength, pulse duration and the optical properties of the carbon.
Experimentally, laser activation is weakly wavelength dependent for ascorbic acid and Fe?*/3*. The
surface temperatures required for activation were consistent for different lasers, supporting the conclu-
sion that laser activation is thermally driven. Furthermore, predicted surface temperatures during
activation were below the melting point of carbon but well above the boiling point of water. The results
should be useful for predicting the effectiveness of different laser conditions on electron transfer
activation.

INTRODUCTION

Laser effects on solids have been examined in a variety of contexts, including
laser desorption mass spectrometry, laser welding and surgery, and laser induced
melting of semiconductors. Of particular relevance to the present discussion are
laser activation of solid electrodes for enhancing electron transfer kinetics [1-8}, and
pulsed laser melting of sp? carbon materials [10-13]. Our laboratory [1-3,14] and
others [6-9] have reported that in-situ or ex-situ laser irradiation can greatly
increase the heterogeneous electron transfer rate of several redox systems, particu-
larly on carbon electrodes. The effect is fast, long-lived and repeatable, and can be
carried out directly in the solution of interest. Activation has been attributed to
formation of edge plane defects on highly ordered pyrolytic graphite (HOPG)
electrodes [4] and to the removal of chen./ and/or physisorbed impurities on glassy
carbon (GC) [14]. A variety of lasers, pulse durations and peak power densities have
been employed in our lab and others for electrochemical activation, including

0022-0728 /91 /$03.50 © 1991 - Elsevier Sequoia S.A.
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Nd: YAG (1064 nm, 9 ns and 532 nm, 7 ns) [1,14}, N, (337 nm, ~ 4 ns) [6,15], and
iodine (1513 nm, 150 ps) [7]. With proper selection of parameters, laser activation of
GC results in electron transfer rates which meet or exceed those achieved by the
best ex-situ techniques such as ultraclean polishing and thermal treatments (14,16,17].
For completely different reasons, pulsed laser effects on graphite have been ex-
amined, with the objective of forming and characterizing liquid carbon [10-13]. A
phase transition to a metallic liquid state at ca. 4300 K has been reported when
HOPG is irradiated with pico- and nanosecond laser pulses. The process was
concluded to be completely thermally driven with rapid thermal expansion of the
graphite layers followed by melting at 4300 K, Melting was observed when the
energy density of a 694 nm, 30 ns ruby laser pulse exceeded 0.63 J/cm? [10],
Simulations of peak surface temperature and melt depth were consistent with
experimental observations.

If laser activation of electron transfer is also thermally driven, several questions
arise about the activation mechanism and the effect of experimental conditions.
Does the power density required for activation depend on laser wavelength and
pulse duration? Is melting involved in activation? Is the same activation threshold
expected for in-situ vs. ex-situ activation and for HOPG vs. GC? The questions were
addressed by simulating the surface temperature of GC and HOPG under various
irradiation conditions, and correlating such simulations with observed activation
thresholds. Although significant assumptions are required to carry out the simula-
tions, they do provide useful insights into the factors affecting the activation
process.

THEORY

The variables which control the surface temperature of the laser irradiated
carbon can be classified into three groups: those relating to the electrode matenals,
those of the laser, and those of the medium in which irradiation occurs. Carbon
material variables include the real and imaginary parts of the refractive index (n
and k), the heat capacity, density and thermal conductivity (C,, p and K'), and the
melting point and heat of fusion. Laser variables are wavelength (A), FWHM
duration (¢,), power density (,), angle of incidence, and spatial beam uniformity.
For illumination in an optically transparent (k = 0) medium, the medium’s refrac-
tive index will affect electrode reflectivity, and its boiling point and heat of
vaporization may be important. In order to make the temperature simulation
tractable, several approximations will be made. First, n, k, p, C, and K for carbon
were assumed to be independent of temperature and equal to their values at 298 K.
It is known that C,, K, and p vary significantly with T for HOPG due to thermal
expansion {10]. For example, the c-axis thermal conductivity decreases by 50%, and
the heat capacity increases by 21% from 298 to 1000 K. These effects should be
smaller for GC due to smaller thermal expansion than for HOPG, and in any case
are difficult to incorporate into the simulation. The second approximation is to
ignore phase changes of carbon or solvent, including melting, vaporization, or
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plasma formation. Below a carbon surface temperature of 4300 K in air or vacuum,
this assumption is reasonable if the heat of possible desorption of surface layers is
negligible. Given that the average ablation rate of GC for Nd: YAG pulses is a few
A per pulse for typical conditions {3], there appears to be negligible heat loss
through carbon ablation. In a solvent, it is likely that the heated surface will
vaporize the solvent, resulting in a lower than predicted temperature. Once vaporized,
however, the gaseous solvent will have low thermal conductivity and the surface
temperature may rise well above the solvent boiling point. Any phase change
(carbon melting, solvent vaporization, or desorption) will require heat, so a simula-
tion ignoring these factors leads to an upper limit for surface temperature. A third
assumption involving the electrode material is that all heat is conducted away from
the surface by the carbon, since its thermal conductivity is high compared to the gas
or solvent. Even in a high thermal conductivity solvent like water, K is less than
10% that of GC (5.7 x 1072 vs. 8.7x 10°2 W/cm K). Fourth, the laser beam is
assumed to be spatially homogeneous across the irradiated electrode and its tem-
poral profile is assumed gaussian. The latter is a reasonable assumption for most
pulsed lasers, with the peak power (I,) being defined as the total pulse energy
divided by the FWHM pulse width (2,)-

The approach to simulating temperature vs. time transients on laser irradiated
carbon is based on an explicit finite difference calculation [18] similar to that used
for diffusion problems, and resembles the approach used by Steinbeck et al. [10], As
shown schematically in Fig. 1, the distance into the solid electrode is divided into

Bulk Carbon

zZ —

Fig. 1. Laser intensity and temperature profiles within carbon electrode during laser puise. Thermal
penetration depth is approximately /D1, where ¢ is the time after the laser pulse. AT is the peak
surface temperature.
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increments and the temperature in each increment is simulated with respect to time.
The laser beam penetrates the solid according to eqn. (1),

I(z, 1) =1(0, t)(1 — R) e~ 4"/ (1)

where (0, ¢) is the surface irradiance, R the reflectivity, k the imaginary part of
the refractive index of the carbon, z the depth and A the laser wavelength. Since &
is fairly large for sp’ carbon materials, the light penetrates typically less than 1000 A
before 50% attenuation. The heat deposited in each distance increment is the
derivative of the intensity, and will also track the time profile of the laser pulse.

During and after the laser pulse, heat is conducted away from the surface into the
solid. The thermal diffusivity Dy (=K/pC,) has units of cm’/s and governs
thermal diffusion. It is necessary to define a parameter d which relates the average
distance of thermal diffusion during the laser pulse to the penetration depth of the
laser light:

d=(Dq1,)"? /A )

Along with the dimensionless thermal diffusion coefficient (D At/Az% = 0.45, by
analogy to the diffusion parameter for electrochemical simulations), d and k are the
only parameters required to calculate a dimensionless surface temperature vs. time
profile, with dimensionless time being defined as ¢/7,. The dimensionless tempera-
ture 8 is given by eqn. (3) [18],

(AT)pC,DY?
1,(1 - R)1?

(3)

where 1/, is the peak laser irradiance (W/cm?). In each time increment the heat
deposited in each distance increment is calculated from eqn. (1), then heat is
propagated into the solid. The resulting 8 vs. t/t, plots for each distance increment
may be converted to AT vs. ¢ at any depth z, but only surface values are reported
here. A typical 8 vs. t/t, plot is shown in Fig. 2, along with axes showing AT vs. ¢
for a particular set of conditions. The optical properties of GC (n and k) used to
calculate Fig. 2 and Table 1 are from the literature {19,20], and the necessary
thermal constants (K =0.0870 J/cm s K, C, =126 J/g K, and p = 1.48 g/cm’)
were obtained from the Tokai product literature. R was calculated from standard
expressions assuming normal incidence and known values of GC and solvent n and
k. For GC, R ranged from 0.20 (1064 nm) to 0.11 (265 nm). The approach was
partially validated by comparison to a simpler calculation by Ready [22] which
assumed that the penetration depth of the laser was negligibly small. When the
present calculation was performed for large k (corresponding to surface absorption
of the laser) the AT vs. ¢ curves agreed with Ready’s approach to better than 1%.

Under the constraints of the assumptions noted above, eqns. (1)-(3) and Fig. 2
permit some useful predictions before extensive calculations are made. First, the
surface temperature change AT should be proportional to laser power density. This
prediction should apply up to the temperature where phase changes occur, particu-

ot
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REAL TIME, RELATIVE TO PEAK LASER INTENSITY /ns
ST B S S N N

\
o Laser puise

6, DIMENSIONLESS TEMPERATURE

00 1 2 3 r 5 3 7
t/tp, DIMENSIONLESS TIME
Fig. 2. Laser pulse intensity (— — —) and 8 ( ) as functions of time. Left and lower axes are

dimensionless temperature and time. upper and right axes are the corresponding real time and tempera-
ture for a 9 ns, 25 MW /cm?, 1064 nm laser pulse applied to GC in air. Simulation parameters: & = 0.966,
Dy = 0.0467 cm®/s.

larly melting of the carbon. Second, AT is proportional to (1 — R), since less
reflective materials will absorb more heat. Since R will be lower in water than in air,
we would predict a higher activation threshold power density in air. Third, AT will
depend on D and ¢, but the dependence is not obvious since these parameters are
involved in both eqns. (2) and (3). They will be discussed further below. The
principle qualitative conclusion to draw from the theoretical discussion so far is the
dependence of AT on several variables, including D, A, t,, R, Iy, p and C,. These
variables must be considered when using laser activation with different materials,
solvents and lasers.

The effect of laser wavelength on 8 is shown in Fig. 3, for parameters appropriate
to GC, ¢, was fixed at 9 ns, but A was varied from 308 to 1064 nm for which &
equals 0.725 (308 nm), 0.711 (532 nm), and 0.966 (1064 nm) [20]. The curve
corresponding to surface adsorption (large k) is shown for comparison. Notice that
the peak 8 (8,), increases for shorter A, but not greatly. Since k is varying slowly
with A, this effect is due mainly to smaller penetration depth as A is decreased (eqn.
1), thus depositing heat in a thinner layer near the surface.

Table 1 lists the peak values of @ and AT simulated for a variety of experimental
conditions. The results are useful for predicting the effects of t,, A, etc. on AT, but
AT values above 4000 K are suspect due to probable melting of carbon at 4300 K.
However, since AT is linear with power density (ignoring melting) the tabulated AT,
values are useful for scaling to lower power densities. Some entries are artificial in
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Fig. 3. Effect of laser wavelength on @ for GC. ¢, was 9 ns and Dy was 0.0467 cm?/s in all cases. Curve
(a) is for surface adsorption with no laser penetration, and remaining curves are as follows: (b) A = 308
am, k =0.725; (c) 532 nm, k =0.711; (d) A =1064 nm, k = 0.966.
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order to fix certain variables. Fcr example, a Nd: YAG laser cannot normally
sustain 25 MW /cm? for 100 ns (group B), but the entry is present to show the effect
of pulse duration at constant power density. Group A of Table 1 lists explicitly the
effect of power density, and predicts a peak surface temperature for the Nd: YAG
case at 25 MW /cm? of 3230 K. These conditions are typical of several previous
experiments with laser activation [1-3,5], and 25 MW /cm? is adequate for GC
activation for most redox reactions. Group B shows the effect of pulse duration. The
first three entries show the expected increase in AT with longer pulses, provided the
power is constant. When pulse energy is constant rather than power, shorter pulses
produce higher surface temperature since less time is allowed for thermal diffusion.
Group C shows the effect of laser wavelength on AT, for constant ¢, and I, Since
k varies slowly over most of the A range considered, most of the effect on AT stems
from the smaller penetration depth at shorter wavelength. The resulting increase in
heat deposition near the surface leads to higher AT, for shorter wavelength.
Group D of Table 1 shows simulated AT, results for conditions similar to those
used in several reports on laser activation. AT, for activation in water and air are
shown, but the only difference between the two media is assumed to be the different
(1 — R) value caused by varying refractive index. Solvent vaporization or surface
chemical effects are ignored. For the Nd : YAG laser (1064 nm) the 10-25 MW /cm’
power density range leads to AT = 1300-3300 K. A ruby laser (694 nm) at the same
power produces larger AT due to greater ¢,. The iodine (1513 nm) laser’s long ¢,
yields hxgh AT at lower I, with 0.15 MW/cm’ yielding a AT, comparable to a 25
MW /cm?> Nd:YAG laser. The short pulse of the N, laser (337 am) produces a

)
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TABLE 1
Peak values of # and AT simulated for a variety of experimental conditions
A/nm t,/ns k Io/MW cm 32 6, AT, /K
H,0 Air
Glassy carbon (p = 1.48 g/cm’, C, = 1.26 J/g K, Dy = 0.0467 cm’/s)
A 1064 9 0.966 10 0.686 1290
1064 9 0.966 25 0.686 3230
1064 9 0.966 50 0.686 6460
1064 9 0.966 100 0.686 12900
B 1064 100 0.966 25 0.835 13100
1064 9 0.966 25 0.686 3230
1064 0.1 0.966 25 0.203 101
1064 100 0.966 2.25 0.835 1180
1064 0.1 0.966 2250 0.203 9090
1064 0.004 0.966 1000 0.0493 9810
C 1064 9 0.966 25 0.686 3230
694 9 0.77 25 0.721 3580
532 9 0.711 25 0.750 3790
337 9 0.70 25 0.804 4160
308 9 0.725 25 0.816 4270
265 9 0.760 25 0.831 4350
D 1064 9 0.966 25 0.686 3733 3230
1064 9 0.966 10 0.686 1490 1290
694 30 0.77 25 0.802 8290 8100
694 30 0.77 10 0.802 3320 3240
1513 150000 0.958 0.4 0.902 8771 8443
1513 150000 0.958 0.15 0.902 3290 3170
532 7 0.711 25 0.731 3530 3260
337 4 0.70 25 0.755 2780 2610
337 5 0.70 19 0.771 2420 2261
308 17 0.75 15 0.835 3810 3569
265 7 0.76 15 0.820 2400 2270
HOPG (p = 2.25g/cm’, C, = 1.48J/8 K, Dr (c-axis) = 0.027 cm’/s)
E 1064 9 1.52°* 25 0.718 2189
1064 9 1.52 37 0.718 3230
1064 9 1.52 45 0.718 3920
694 30 1.52 21 0.835 3890
532 0.02 1.52 7000 0.214 8570

* Calculated from ref. 23.

smaller AT, than the Nd: YAG even though the penetration depth is smaller. The
XeCl excimer laser (308 nm) results in a 3100 K AT for 15 MW /cm? power density.

Finally, predictions of AT for illumination of the basal plane of HOPG are given
in group E. Based on published data [19], k¥ for HOPG varies slowly in the
500-1064 nm range, and is assumed equal to the value at 515 nm (1.52). Differences
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in (1 = R), Dy, and k for HOPG compared to GC lead to significantly smailer AT,
for the same conditions, with a 25 MW /cm? Nd: YAG pulse producing a 2200 K
rather than 3200 K temperature excursion. Qur laboratory has reported a damage
threshold for the Nd: YAG fundamental on HOPG of 45 MW /cm? {4,5] corre-
sponding to a AT, of 3920 K. Steinbeck et al. [10] note a threshold of 0.63 J /cm?
for a ruby laser (694 nm, 30 ns), corresponding to 3890 K. Despite differences in /,
and A, and ¢, the laser damage to HOPG occurs at similar AT, values close to the
melting point of the carbon. Before this correlation is considered firm, however,
note that the 140 mJ/cm? damage threshold reported by Malvezzi et al. {13] for 20
ps pulses on HOPG corresponds to a much higher surface temperature, shown in
the last entry of Table 1.

EXPERIMENTAL

Except for the choice of laser, the activation experiments were conducted with
the apparatus described previously (1,3]. The Nd: YAG fundamental (1064 nm, 9
ns) and second harmonic (532 nm, 7 ns) from a Quantel 580-10 and the fundamen-
tal of a XeCl excimer (308 nm, 17 ns) were directed onto a GC electrode defined by
a teflon washer on a GC disk. Power density was measured with a Scientech CW
thermal power meter placed after the teflon aperture which defined the electrode
diameter (0.9 mm). With the laser operating at ca. 10 Hz, the power density equalled
the average power passing through the aperture divided by the repetition rate, pulse
width and aperture area. The manufacturer’s stated pulse widths were verified with
a fast photodiode and 400 MHz oscilloscope. As noted previously, the power
densities stated here are +20% due to spatial and shot-to-shot power variation.
Power density measurements were made with the cell window in place, but losses
due to solvent absorption were ignored.

Passage of the laser beam through the teflon aperture produced Fresnel diffrac-
{ tion and accompanying power density fluctuation at the electrode. This effect leads

to a ca. +20% spatial variation in power density which is largest nearest the edge of
the illuminated area. For ordered materials such as HOPG, this phenomenon causes
variable laser damage and was avoided by laser activation in the absence of any
aperture. As will be shown below, the Fresnel diffraction effect is minor compared
to effects of laser wavelength, and will be ignored.

All laser activation procedures involved three laser pulses delivered to a freshly
polished electrode (0.05 pm Buehler alumina, on Texmet polishing cloth) in the
solution of interest. Although ultraclean polishing has been demonstrated to lead to
3 high electron transfer rates [16], the conventional procedure was used here to best
illustrate laser effects. Repolishing after each activation experiment eliminated
cumulative effects of repeated activation. Test redox systems included ascorbic acid
(AA) in pH 7.0 phosphate buffer and Fe?*/>* [from Fe(NH,),(SO,),]) in 1 M
H,SO,. The experimental approach involved observation of AA and Fe2*/**
voltammograms as a function of laser wavelength and power density. GC was Tokai
GC-20 in all cases.
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RESULTS AND DISCUSSION

The effect of pulsed lasers on AA oxidation at GC has been reported previously,
with 1064 nm irradiation of 25 MW /cm? or higher power density producing a large
negative shift of E, [1]. Similar large increases in electron transfer rate were
observed here for Fe2*/3* , as shown in Fig. 4. AE, decreases from ca. 700 mV to
ca. 150 mV following 30 MW/cm laser pulses. The effects of power density and
wavelength on E, , for AA are shown in Fig. 5. Below 5 MW /cnt?, the laser has no
observable ef"ect whﬂe above 25 MW /cm’ E, ,, has reached a limiting value close
to that expected for reversible charge transfer. There is a modest but real effect of
laser wavelength on activation, with shorter wavelengths activating at lower power
density. If one defines a threshold activation power density arbitrarily as that where
E, , shifts halfway from its initial to final value, the threshold is 6, 8, and 11
MW /cm? for 308, 532, and 1064 nm light, respectively. A similar plot of AE, for
Fe?*/3* is shown in Fig. 6 from which approximate threshold power densities of 10,
16, and 17 MW /cm? for 308, 532, and 1064 nm light can be determined.

Based on the simulations listed in Table 1, group D, the shorter wavelength laser
is expected to yield a higher surface temperature. The simulated AT, values for the
experimental conditions used here are listed in Table 2. Several conclusions are
available from the combination of experimental thresholds and simulated tempera-
tures listed. First, activation of GC for Fe2*/3* and AA requires temperatures well
below the melting point at ca. 4300 K. Since the simulated temperatures are upper
limits for the power densities listed, melting is very unlikely. Second, the AT, values
compare well for a given redox system despite variations in A and r,. This
consistency provides support for a thermal mechanism for laser activation, with a

05
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Fig. 4. Voltammograms of 1 mM Fe?*/2* in 1 M H,SO,, 100 V/s. (
(— — —) after three 1064 nm, 30 MW /cm? laser pulses delivered in situ.
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Fig. 5. Half peak potential for ascorbic acid oxidation on GC-20 in pH 7.0 phosphate buffer. Each point
was determined from a freshly polished surface which was laser activated at the wavelengths and power
densities indicated. Smooth curves are for clarity and do not imply any fit to the results. Scan rate was
100 mV /s.

fairly weak dependence on laser wavelength. Third, the activation temperatures for
AA differ significantly from those for Fe2*/3*, Although few details are available
on laser activation of Fe?*/3* on GC, the higher temperature required may imply a
different activation mechanism from that of AA. Although conjecture at this point,
it is possible that Fe?*/3* requires surface chemical changes beyond surface
cleaning. Fourth, the 20-25 MW /cm’ (at 1064 nm) power densities used in previous
investigations are well above the thresholds observed for GC, and imply AT, values

/v

AE

"0 10 20 30 40 50 60

POWER DENSITY/MW cm*
Fig. 6. AE, for Fe?*/3* in 1 M H,SO, in same format as Fig. 5.
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TABLE 2
Simulated threshold AT, for GC, in water
System A/mm 1,/ns I, (threshoid) */MW cm ~2 AT,/K
AA 308 17 6 1524
532 7 8 1130
1064 9 11 1620
Fel*/3* 308 17 10 2540
532 7 16 2260
1064 9 17 2530

* Observed laser power density producing an E, , or AE, value midway between the fully activated and
unactivated values.
® Simulated surface temperature change for the experimental conditions present at threshold.

of 2500-3300 K. Finally, laser power densities above those required to reach the
activation temperatures may be unnecessary or even counterproductive. Excessive
laser power may lead to high background or extensive surface damage. Using the
temperature simulation as a guide, these effects can generally be avoided.

As noted earlier, higher laser powers are required to heat basal plane HOPG, due
mainly to higher reflectivity and density. The 45 MW /cm? damage threshold for
1064 nm, 9 ns pulses produces a comparable AT, to the 30 ns, 21 MW /cm?, 694 nm
ruby laser pulses required to initiate melting of HOPG [10]. Although melting may
occur during laser induced damage of HOPG, it may not be required. An alternative
mechanism involves constrained thermal expansion of the heated graphite which
can occur at temperatures below the melting point [14]. The significantly higher
simulated temperatures required to activate or damage HOPG may imply a differ-
ent activation mechanism for HOPG vs. GC.

Although laser activation of Pt electrodes has been demonstrated (2], it has not
been studied in detail. Nevertheless, it is useful to compare predicted surface
temperatures for Pt vs. GC electrodes. Based on physical constants for Pt at room
temperature [24], the thermal diffusivity (0.251 cm?/s) is much higher than that of
GC (0.0467 cm?/s) as is its reflectivity (ca. 70% rather than 15%). Primarily because
of these differences, the laser power required to heat a Pt surface is significantly
higher than that for GC. For example, a 1064 nm, 9 ns, 25 MW /cm’ pulse is
predicted to heat a Pt surface by 630 K, while 100 MW /cm? would produce a 2500
K surface temperature excursion (ignoring melting). There is no assurance that the
activation mechanisms are similar on Pt and GC, but the point remains that higher
laser power densities are required to heat a more reflective, higher thermal conduc-
tivity material.

CONCLUSIONS

While there are obvious limitations to the simulations presented here, the

predicted AT, values do illustrate the effects of laser wavelength, pulse duration,

and power density on surface temperature. Since phase changes are ignored in the
simulation, the AT, values should be niost reliable for activation in air or inert gas
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and AT, values below 4300 K. The most significant experimental observation is the
weak dependence of activation on laser wavelength. This observation is consistent
with a completely thermally driven activation mechanism, and rules out photochem-
ical effects in the wavelength range examined. It is important to note that different
lasers produce markedly different AT, values for a given power density, and one
should not assume that a threshold power density for activation will apply across all
laser parameters. The current results imply that the peak surface temperature
controls activation rather than power density per se. It appears that AA activation
requires a AT, of ca. 1500 K, even if A, ¢, or I, are varied. The temperature
simulations are consistent with our previous conclusion that laser activation of GC
involves primarily surface cleaning while activation of HOPG requires creation of
edge plane sites [14]. The lower temperatures required for GC activation (1500-2500
K) may be adequate for surface cleaning but insufficient for graphite lattice damage
which does not occur until ca. 4000 K. This possibility is corroborated by the
observation that the Raman spectrum of GC does not change upon laser activation
[14), while that of HOPG does [4]. Finally, the nitrogen, iodine, and YAG lasers
used in several investigations of laser activation are predicted to lead to quite
different surface temperature excursions. Variables of pulse duration, power density,
and wavelength should be considered when choosing activation conditions.

REFERENCES

M. Poon and R.L. McCreery, Anal. Chem., 58 (1986) 2745.

M. Poon and R.L. McCreery, Anal. Chem., 59, (1987) 1615.

M. Poon and R.L. McCreery, Anal. Chem., 60, (1980) 1725.

R.J. Bowling, R.T. Packard and R.L. McCreery, J. Am. Chem. Soc., 111 (1989) 1217.

RJ. Rice and R.L. McCreery, Anal. Chem., 61 (1989) 1637.

L. Bodalbhai and A. Brajter-Toth, Anal. Chem., 6C {(1988) 2557.

K. Stulik, D. Brabcova and L. Kavan, J. Electroanal. Chem., 250, (1988) 173.

R. Alkire and M. Feldman, J. Electrochem. Soc., 135 (1988) 1850.

T. Strein and A.G. Ewing, Anal. Chem., 63 (1991) 194.

J. Steinbeck, G. Braunstein, M.S. Dresselhaus, T. Venkatesan and D.C. Jacobson, J. Appl. Phys., 58

(1985) 4374,

11 J.S. Speck, J. Steinbeck and M.S. Dresselhaus, J. Mater. Sci., 5 (1990) 980.

12 J. Heremans, C.H. Olk, G.L. Esley, J. Steinbeck and G. Dresselhaus, Phys. Rev. Lett. 60 (1988) 452.

13 A.M. Malvezzi, N. Bloembergen and C.Y. Huang, Phys. Rev. Lett., (1986) 146.

14 R. Rice, N. Pontikos and R.L. McCreery, J. Am. Chem. Soc., 112 (1990) 4617.

15 K.D. Sternitzke and R.L. McCreery, Anal. Chem., 62 (1990) 1339.

16 LF. Hu, D.H. Karweik and T. Kuwana, J. Electroanal. Chem., 188 (1985) 59.

17 R.L. McCreery, in AJ. Bard (Ed.), Electroanalytical Chemistry, Vol. 17, Marcel Dekker, New York,
1991, pp. 221-314.

18 R.J. Rice, M.Sc. Thesis, The Ohio State University, 1987.

19 E.A. Taft and H.R. Phillip, Phys. Rev., 138 (1965) A197.

20 M.W. Williams and E.T. Arakawa, J. Appl. Phys., 43 (1972) 3460.

21 W.G. Driscoll, in W. Vaughn (Ed.), Handbook of Optics, McGraw-Hill, New York, 1978, p. 10-10.

22 J.F. Ready, J. Appl. Phys., 36 (1963) 462.

23 N. Wada and S. Solin, Physica, 105B (1981) 353.

24 R.C. Weast (Ed.), CRC Handbook of Chemistry and Physics, 66th ed., CRC Press, Boca Raton, FL,

1985.

O W00 ~dO WA WN -




o« e

229

J. Electroanal. Chem., 324 (1992) 229-242
Elsevier Sequoia S.A., Lausanne

JEC 01890

Microstructural and morphological changes induced
in glassy carbon electrodes by laser irradiation

Nicholas M. Pontikos and Richard L. McCreery *
Department of Chemistry, The Ohio State University, 120 West 18th Ave., Columbus, OH 43210 (USA)
(Received 26 July 1991; in revised form 9 October 1991)

Abstract

Raman spectra, phenanthrenequinone adsorption, differential capacitance and scanning electron
micrographs on fractured and polished glassy carbon (GC) surfaces were monitored before and after
pulsed laser irradiation of varying power density. At power densities below 30 MW /cmz, the Raman
spectra, [pq, C3 and SEM appearance of polished surfaces changed slightly with laser activation.
However, the Raman spectra of fractured GC indicated increased disorder during laser irradiation.
After vigorous laser treatment, the Raman spectrum became similar to that of the polished surface, but
Fpq and C3, on the fractured surface did not change greatly at power densities below 30 MW /cm?. At
higher power densities, both polished and fractured surfaces showed significantly higher I'pg and Cy;,
and the SEMs showed evidence of local melting. After 70 MW /cm? laser treatment, the fractured and
polished surfaces were quite similar. The results support a mechanism based on thermomechanical
shock below about 30 MW /cm? and local melting above this threshold.

INTRODUCTION

The selection of an appropriate carbon material for a specific electrochemical
application is complicated due to the difficulty in predicting its electrochemical
behavior, specifically the heterogeneous electron transfer rate constant k°[1,2]. A
significant body of literature has been devoted to the explanation of the many
factors which affect k° on a variety of carbon surfaces, with glassy carbon being the
most widely studied carbon material in the context of electrode kinetics [2—-11].
The use of glassy carbon (GC) as an electrode material is widespread due to its
wide potential range, relatively low cost, low porosity, chemical inertness, and
availability. However, electrochemical applications of GC are complicated by the

* To whom correspondence should be addressed.
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fact that its behavior is highly dependent on its surface history. The mechanisms of
pretreatment procedures for GC activation toward electron transfer and the
subsequent passivation during use are not completely understood.

Several surface pretreatment procedures have been developed for enhancing k°
on glassy carbon. They include polishing [5,6], chemical and electrochemical
pretreatment [12-15], vacuum heat treatment [7,16), thermal and rf plasma treat-
ments [7,8,17,18], and laser activation [3,10,11,19}). These methods produce carbon
surfaces which show increases in k° by factors of 10 to 1000 relative to convention-
ally polished surfaces for benchmark systems such as Fe(CN)?~7¢~ [1,5). The
mechanism of these increases in k° remains an active area of research. Kuwana et
al. and Wightman et al., proposed that active sites exist on carbon and that the
removal of impurities such as polishing debris and surface oxygen expose these
sites [5,7,20-22], while others propose that oxygen functionalities enhance k° for
certain redox systems [15,23]. Considering the problem generally, the determina-
tion of which surface variables affect GC electrode behavior is complex because
several electrochemical observations are affected by more than one independent
surface variable. For example, k°, capacitance, and adsorption each depend on the
independent variables of surface roughness, surface edge plane density, and
surface coverage of oxides or impurities. Since pretreatment procedures such as
polishing and electrochemical pretreatment affect more than one independent
surface variable, the mechanism of activation is difficult to determine.

In several previous reports, the number of surface variables was reduced by
starting with the basal plane of highly ordered pyrolytic graphite (HOPG) [24-26].
For this case, it was concluded that k° for Fe(CN);~74~ was much larger on
graphitic edge plane than on basal plane, and the observed k° was determined
primarily by the fractional coverage of edge plane on the surface. A subsequent
study of GC also sought to reduce the number of surface variables by examining k°
on a GC surface created by fracturing in the electrolyte solution. This surface did
not undergo any intentional pretreatment, yet exhibited a high (0.5 cm/s) k° for
Fe(CN);=7*~ in 1 M KCl [3]. In the current investigation, the fractured GC
surface was examined in more detail, and compared with a conventionally polished
surface. By observing Raman spectra, phenanthrenequinone (PQ) adsorption,
capacitance, and k°, we sought to gain a better understanding of GC surface
variables which affect electrode kinetics.

EXPERIMENTAL

Raman spectra of GC surfaces were obtained in air with 514.5 nm light and a
Spex 1403 spectrometer. The spectral bandpass was 10 cm™', and typical laser
power at the sample was between 50 and 70 mW. Laser activation was performed
using a Quantel (Continuum) model 580-10 Nd: YAG laser delivering 9 ns pulses
at 1064 nm. Laser pulses were delivered in groups of three unless otherwise noted,
in order to average spatial and temporal variations. Power density was determined
by measuring the average power through a 1.4 mm metal aperture. The electro-

3
L)



231

chemical cell used for all experiments was constructed of Teflon with a BK-7
quartz window (> 95% transmittance) to allow the 1064 nm laser radiation to
impinge upon the GC-20 electrode in solution.

GC-20 working electrodes were fabricated from a Tokai GC-20 plate by first
diamond sawing the carbon then sanding the piece obtained into a small rectangle
of approximate dimensions 0.05 X 0.05 X 1.0 cm. The carbon microrod was then
mounted onto a conducting surface and coated with Eccobond Epoxy
(Emerson & Cuming, Inc., Woburn, MA) as opposed to the Torr Seal (Varian)
used previously [3]. Prior to each use, the glassy carbon electrode was polished
with slurries of 1.0, 0.3, and 0.05 zm alumina in Nanopure (Barnstead, Boston,
MA) water on microcloth (Buehler), then sonicated briefly to remove polishing
debris. A Bioanalytical Systems (BAS) Ag/AgCl/3 M Na(l electrode was used as
the reference, while a platinum wire served as the auxiliary electrode. Prior to
fracturing, the Eccobond epoxy was filed away to expose a short GC “post”, which
was scored and fractured in solution such that the end of the post became the
active surface. Typical areas, as measured by single step chronoamperometry of
Fe(CN)¢~ in 1 M KCl, were on the order of 0.005 cm? for the exposed GC-20 face.
These small electrodes were necessary in order to ensure a ‘“‘mirror’” region upon
fracturing [3].

Electrochemical measurements were performed using customized computer
software and a Scientific Solutions Labmaster analog interface board which
controlled an Advanced Idea Mechanics model 18709 potentiostat (Columbus,
OH). The potentiostat was driven by a triangular potential vs. time ramp from a
Tektronix 501A function generator. Apparent capacitance was measured by the
method of Gileadi [27,28] which invoived applying a 100 Hz, 20 mV peak-to-peak
triangle wave centered on 0.0 V vs. Ag/AgCl from the Tektronix function
generator and recording the current response on a Lecroy 9400A digital oscillo-
scope. The area used in the calculation of capacitance and PQ adsorption was
determined by chronoamperometry of Fe(CN)¢~ on a 1 to 5§ s time scale.
Background corrected current vs. ¢t~ 172 plots were linear.

Phenanthrenequinone (PQ) was recrystallized three times from benzene prior to
use. The magnitude of PQ adsorption was determined by the method of Anson
(291, using a 1075 M solution in 1 M HCIO,. The area of the PQ reduction
voltammetric peak above background (obtained at 100 mV /s) was used to deter-
mine the adsorbed charge, Q.4, and I'pg was calculated based on the chronoam-
perometric area.

RESULTS

Raman spectra of carbon have been examined previously and found to be quite
sensitive to the microstructure of the sp? carbon material [1,3,30-32]. GC-20 has a
strong 1360 cm ~! band which is negatively correlated with the size of the graphitic
planes. This band becomes active due to a symmetry breakdown at the graphitic
edges. Tuinstra and Koenig reported a linear correlation between the reciprocal of
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Fig. 1. Raman intensity ratio of GC-20 vs. power density (top) and successive 25 MW /cm? pulses
(bottom). ® Polished surfaces, ( 4 ) fractured surfaces. For the top plot, a freshly fractured GC surface
was used for each triangular point.

the microcrystallite size (1/L,) and the 1360/1582 Raman intensity ratio, with
larger ratios implying more graphitic edges and smaller microcrystallites [32]. For
glassy carbon, we demonstrated that the 1360/1582 intensity ratio is sensitive to
pretreatment procedures [3,30]. Specifically, fracturing a GC-20 microrod produces
an intensity ratio of 1.1, while polishing increases this ratio to 1.8, implying
mechanical generation of smaller microcrystallites.

A fractured surface was observed first since it is initially free of surface
contaminants and presumably representative of the unmodified bulk GC. The top
plot in Fig. 1 summarizes the results for varying power density. Each data point
was obtained by starting with a freshly fractured GC surface, then exposing the
surface to three laser pulses. The 1360/1582 Raman intensity ratio increases for a
fractured surface with increasing Nd: YAG power density, indicating that mi-
crostructural changes are occurring. Although the intensity ratio starts at a higher
value for the polished surface, it shows little change with laser activation, implying
that no major additional microstructural changes are induced. The bottom graph
in Fig. 1 shows polished and fractured surfaces exposed to successive 25 MW/ cm?
Nd:YAG pulses. The puises were delivered in groups of three followed by
acquisition of Raman spectra with the sequence being repeated until 99 puises had
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Fig. 2. Adsorption of phenanthrenequinone vs. power density (top) and successive 25 MW /cm? pulses
(bottom). Electrodes were encapsulated in Eccobond epoxy. (®) Surfaces which were polished prior to
laser irradiation, ( & ) surfaces which were initially fractured.

been delivered. These results indicate that the Nd:YAG laser causes microstruc-
tural changes for a fractured surface, at least to a depth comparable to the Raman
sampling depth of ca. 30 nm [33). Apparently laser activation of a surface already
modified by polishing has little further effect on the carbon microstructure, at least
to any extent observable with Raman spectroscopy.

The effects of laser activation on phenanthrenequinone (PQ) adsorption and
the differential capacitance of fractured and polished surfaces are shown in Figs. 2
and 3. Tpg (pmol/cm?) was determined voltammetrically via the equation

Qads:"FAsrPO (1)

where Q.. is the integral of the background corrected voltammetric peak for
adsorbed PQ, n is 2, F is the Faraday constant, 4 g is the chronoamperometric
area, and Ipq is the equilibrium coverage of PQ. Note that I, is based on
chronoamperometric area and makes no presumptions about microscopic area.
The differential capacitance was determined via the equation

I, _p,=2vA Cy (2)
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where /,_, is the peak-to-peak current due to double layer charging in response to
an unposed 20 mV p - p triangle wave, v is the slope of the triangle wave, A4, is
chronoamperometric area, and C°d, is the double layer capacitance (uF/sz)

Referring first to Fig. 2, it is apparent that [p, increases slightly with laser
irradiation below 25 MW /cm? for either polished or fractured surfaces. Note that
T'pq starts at ca. 600 pmol/cm? for the fractured surface, about twice the value on
the polished surface. For repetitive 25 MW /cm? pulses, g on either surface
increases by at most 40% over initial values. In addition, the fractured surface
exhibits consistently higher I'pq, for all conditions except high power densities. I'pg
for both fractured and polished GC increases significantly with laser activation, by
more than a factor of 3 for polished GC at high power density. The ['pq values
reported here are significantly higher than those reported previously [3] for GC
encapsulated in Torr-seal epoxy. We attribute this difference to reduced contami-
nation of the surface by the Eccobond epoxy compared to Torr-seal, for several
reasons. 'pq Was comparable to the Eccobond values when the GC was encapsu-
lated in compression molded Kel-F prior to fracturing. Dopamine adsorption on
fractured GC decreased with time after fracture for Torr-seal encapsulation, but
was much more stable for Eccobond [34]. It is possible that the seal between
Eccobond and GC is prone to microcracks, increasing the effective adsorption
area. However, this possibility is quite unlikely. Optical microscopy of the Ec-
cobond/GC seal revealed no cracks, and I‘,,(3 was quite reproducible. As noted
below, fast cyclic voltammograms of Fe(CN);~/*~ had the expected shape for
planar diffusion without any cracks. Finally, large cracks are ruled out by the good
agreement between the geometric and chronoamperometric areas.

Similar behavior was observed for capacitance, shown in Fig. 3. At 25 MW /cm?
or below, capacitance is not affected greatly by laser irradiation, but the fractured
surface always exhibits higher Cg; than the polished surface. In addition, repetitive
25 MW /cm? pulses increase capacitance by about S50%, as noted in a previous
report [3). Above 25 MW /cm?, C°, for the polished surface increases markedly.
Although the Cj, values for the polished surface before and during laser activation
are similar to those reported previously [3), the fractured Cg, values are somewhat
higher (55 vs. 36 »F/cm?), probably because of the difference in the encapsulation
material mentioned earlier.

Scanning electron micrographs of polished and fractured surfaces are shown in
Figs. 4 and §, respectively. In all cases, the samples were gold coated before SEM.
Micrographs obtained at lower magnification were featureless, and resembled
images reported previously by Kazee et al. [35], and by our laboratory [10). The
fine structure apparent in Figs. 4 and 5 may not have been visible in previous work
because the current samples were gold coated or because of differences in
polishing procedures. The apparent fissures in Fig. 4a are discussed in more detail
below. In Fig. 4b, following 40 MW /cm? laser activation, new features are
observed which were not observed following 25 MW /cm? irradiation. After 70
MW /cm? the surface is characterized by occasional large defects (visible at the
right) in a sea of small (~ 0.1 pm) nodules. Thus major morphological changes
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Fig. 3. Apparent capacitance vs. power density (top) and successive 25 MW /cm? pulses (bottom). (®)
surfaces which were initially polished, ( o) surfaces which were initially fractured.

occurred to the polished surface between 25 and 70 MW /cm?, starting below 40
MW /cm?. The fractured surface of Fig. 5a exhibits nodules of GC distributed
fairly homogeneously. No obvious changes are apparent upon laser activation at 40
MW /cm? (Fig. 5b) and 70 MW/cm? (Fig. S5c). Manual measurement of the
nodules revealed an average diameter for the fractured surface of 0.16 + 0.05 um
(N = 109), which decreased to 0.09 + 0.03 xm (N = 100) upon 70 MW /cm? laser
activation.

The SEMs appear to reveal microcracks on the polished surface, as well as
small fissures between nodules on the fractured surface. It is reasonable to suspect
that these apparent cracks will affect voltammetric peak shapes, since electroactive
species in the cracks will undergo thin layer rather than semi-infinite diffusion.
This possibility was tested by comparing voltammograms for Fe(CN); /4~ (1 M
KCl) at 100 V /s with simulated curves calculated assuming linear diffusion, with
the results shown in Fig. 6. The background current decreased somewhat when the
solution was changed from Fe(CN);~/*~ to blank electrolyte, so the background
subtraction was not completely effective. Nevertheless, the voltammograms for
both the fractured and 70 MW /cm? surfaces have shapes very close to that
simulated for a k° of 0.4 cm/s. The predicted peak current for planar diffusion is




Fig. 4. Scanning electron micrographs of polished and laser irradiated GC-20 surfaces. (a) Freshly

polished, (b) polished + three 40 MW/cm? Nd: YAG pulses, (c) polished + three 70 MW /cm? Nd: YAG
puises.

32 pA for the conditions of Fig. 6a, and the observed value is 35 1 A. Thus the
apparent microcracks or nodules did not cause an observable deviation from
planar electrode behavior. In addition, semi-integration of either voltammogram in
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Fig. 5. Scanning electron micrographs of fractured and laser irradiated GC-20 surfaces. (a) Fractured,
(b) fractured + three 40 MW /cm? Nd: YAG pulses, (c) fractured + three 70 MW /cm? Nd: YAG pulses.

Fig. 6 yielded the expected sigmoidal shape [36], with no indication of adsorption
or thin layer behavior. Both voltammetry and semi-integration are consistent with
an SILD assumption for the conditions employed.
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Fig. 6. Comparison of experimental ( ) and simulated (- - - - - - ) voltammograms for Fe(CN); ~/*~
in 1 M KCl, 100 V/s. Background on experimental curves resuited from incomplete background
subtraction caused by a changing background current. (a) Fractured GC-20; (b) fractured + three 70
MW /cm? laser pulses. Simulated and experimental current scales were arbitrarily adjusted to be equal
before comparison.

DISCUSSION

As noted earlier, a difficulty in relating carbon surface structure to reactivity is
the separation of variables dealing with microstructure, roughness, and cleanliness.
The common dependent variables such as k°, background current, and capacitance
depend on more than one of the independent variables dealing with the surface, so
one must attempt to monitor these surface variables with some other observables.
The Raman intensity ratio of Fig. 1 is a good example, since the L, and L,
microcrystallite sizes are in the region of 2.5-10.0 nm, and would not be expected
to depend on surface cleanliness or roughness. Thus changes in Raman intensity
ratio indicate primarily carbon microstructure with little interference from other
variables. Figure 1 confirms that the microstructure of the polished surface is
already altered from the fractured surface, and is not modified further by the laser.
In contrast, the Raman ratio indicates a decrease in L, with laser treatment of the
fractured surface for either repetitive 25 MW /cm? pulses or increasing power
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density. With extensive or high powered laser treatment, the Raman ratio for the
fractured surface approaches that of the polished surface. Thus as far as carbon
microstructure is concerned, the nature of the surface following extensive laser
activation does not appear to depend on whether the surface was initially fractured
or polished.

One would expect I'pg to depend on both microscopic surface area and surface
cleanliness. However, the fact that I'p, does not increase greatly for laser activa-
tion in the 0-25 MW/cm? power density range implies that cleanliness is not a
major factor affecting Ipg. Since 25 MW/cm? laser pulses increase k° for
Fe(CN)? /4 by at least two orders of magnitude for a polished surface, one would
presume that the surface is cleaned significantly by the laser [30]. Apparently PQ
adsorbs strongly enough that adsorbed impurities, at least those affected by the
laser, have only minor effects on I'po. This argument leads to the conclusion that
Tpq is primarily a measure of surface roughness. Operating under this assumption,
the results shown in Fig. 2 lead to two conclusions. First, surface roughness does
not change greatly for up to twenty-one 25 MW /cm? laser pulses or up to ca. 30
MW /cm? power density. This conclusion is consistent with the SEM results, which
show minor changes in surface morphology for these conditions. Second, the
fractured surface has a higher roughness factor than the polished surface. In
relative terms, the fractured surface has a microscopic area about 1.8 times the
polished surface. On an absolute scale, the ideal monolayer coverage for PQ on a
flat surface, based on Van der Waals radii, is 177 pmol/cm? [37]. Therefore the
observed roughness factor for the polished surface is about 1.9, while for the
fractured surface it is about 3.5. Laser irradiation above 30 MW /cm? increases the
roughness factor significantly for both surfaces. It is obvious that the roughness
factor is strongly dependent on surface preparation and history.

The changes in capacitance are similar to those in I'pq, although one would
expect C°, to depend on additional surface variables such as oxides, electrolyte
adsorption, etc. As with ['pq, the initial Cg, for the fractured surface is about twice
that of the polished surface. C3, increases more rapidly during laser activation of
the polished surface compared to the fractured surface, and this increase corre-
lates with electron transfer activation. However, major increases in Cg were not
observed until laser powers of 30 MW /cm? and above were delivered.

The voltammetry of Fig. 6 indicates that any surface roughness or heterogeneity
is small on the scale of a diffusion layer at 100 V /s. For the time required to scan
from the foot of the reduction wave to its peak (1 ms), VDt is about 0.70 pm. Thus
the approximate diffusion layer thickness is much greater than the surface struc-
tural features observable by SEM (0.1 pum), even at the fairly high scan rates
employed. As a consequence, the microscopically rough surfaces of either polished
or fractured GC do not affect planar diffusion significantly.

Based on electrochemical, Ramga:i, and SEM results, a model of the GC surface
may be formulated. As shown in Fig. 5a, the fractured GC surface consists of
nodules with a mean diameter of 0.16 um. These nodules are presumably present
throughout the material. and were formed when the original GC was fabricated. In
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work to be reported elsewhere, we have observed such nodules with scanning
tunneling microscopy on fractured GC [38). On the basis of Fig. 4A, the polishing
process flattens the exposed hemisphere of each nodule to yield relatively flat
structures. The cracks between nodules presumably contribute to the microscopic
area, but are not large or deep enough to contribute to the observed voltammetry.
Since the surface area of a hemisphere is twice the area of a circle with the same
radius, an idealized case of closely packed hemispheres would have twice the
microscopic area of a collection of closely packed circles, ignoring voids. This ideal
case is clearly oversimplified, but it does demonstrate that a surface consisting of
nodules has a larger microscopic area than a flat surface, by approximately the
ratio observed for F,,% and Cy,.

Up to 25 MW /cm?, laser irradiation has relatively minor effects on I'pq, Cy
and SEM appearance, but it does increase the Raman intensity ratio. On the basis
of the intensity ratio, the a-axis microcrystallite size decreases from ca. 5.0 nm in
the fractured case to roughly 2.5 nm upon laser activation (32]. Apparently this
scale is too small to affect C§, or [pq significantly, since these electrochemical
variables do not track the Raman ratio. The laser induced microstructural changes
are presumably caused by thermally induced mechanical shock during the rapid
heating accompanying laser activation. Thus at 25 MW /cm? and below, the results
are consistent with a laser activation mechanism based on surface cleaning.

At 30 MW /cm? and above, obvious changes are apparent in the SEMs, Cg, and
[pq- In Fig. 4b (40 MW /cm?) nodules are apparent, and in Fig. 4c (70 MW /cm?)
they are dominant. For the fractured surface, the nodules are apparent with or
without laser treatment, but they do decrease in size upon 70 MW /cm? irradia-
tion. Based on a simple model ignoring phase changes, we showed previously that
25 MW /cm? pulses will cause a maximum surface temperature excursion of about
3700 K, and that this excursion is linear in power density [39]. Since the melting
point of graphite is estimated at 4300 K, laser pulses of 30 MW /cm? and higher
power density should be able to melt the GC surface. Melting should distort the
polished surface and possibly revert the surface back to nodules. For a fractured
surface, melting and resolidifying causes no obvious structural changes, but does
reduce nodule size. The main conclusion is that the changes in C and [pqg
starting at 30 MW /cm? are likely to be due to localized melting induced by the
laser. Since power densities well below this melting threshold are adequate for
activation of electron transfer, melting is probably not directly relevant to electron
transfer activation. However, melting leads to obvious morphological and electro-
chemical changes, and is an important phenomenon for a general understanding of
laser effects on carbon electrodes.

From an electroanalytical perspective, it is obvious that it is possible to overdo
laser activation with high power densities, leading to high capacitive background
and high microscopic area. On the other hand, laser treatment at 25 MW /cm? and
below leads to major increases in k° without obvious surface structural changes
(3,10] From a mechanistic standpoint, the resuits at 25 MW/cm? and below
demonstrate that laser activation of k° does not require roughness or microstruc-
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tural changes, and must involve a phenomenon not probed by I'pq, Raman, or
SEM, probably involving removal of surface impurities.
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Abstract

The heterogeneous electron transfer rate constant k° for Fe(CN)? ™/~ was measured by fast
voltammetry at Pt microdisk zi.ctrodes with radii from 10 to 50 um. The observed k° was dependent
on electrode pretreatment, but in many cases exceeded the previously reported maximum value of 0.24
cm/s for 1 M KCl electrolyte. When the electrode was polished with alumina in a slurry made with 10
mM KCN, and the 1 M KCI also contained 3 mM KCN, k° was invariant with scan rate and electrode
radius for the range of 200-1000 V /s and 10-50 um, with a value of 0.55+0.07 cm/s. If KCN was
absent from the electrolyte, k° decreased with time to below 0.10 cm/s. Laser activation of the Pt
electrodes in situ produced reproducibly high k° values of approx. 0.5 cm/s which varied slightly with
laser power density up to 75 MW /cm?. Above this level k° increased up to approx. 1.2 cm/s, but this
increase is attributed to a laser-induced increase in microscopic surface area. The observations support
a mechanism for electrode passivation based on Fe(CN)?,'/ 4- decomposition to a Prussian blue like
film. This process can be prevented by initial saturation of the Pt surface with CN ~, resulting in a high
stable k°.

INTRODUCTION

The Fe(CN)?~/%~ redox couple has been used extensively as a benchmark
system for studying electrode kinetics and diffusion, and for characterizing electro-
analytical techniques [1-11]. Considered superficially, Fe(CN)? ~/*~ is a quasi-re-
versible well-behaved redox system with an E, , suitable for Pt, Au and carbon
electrodes in aqueous electrolytes such as 1 M KCl. For this reason, it has served
as a test system for numerous examinations of solid electrode preparation and
modification, most notably Pt [1-4] and glassy carbon (GC) [12-14]. Unfortunately,

* To whom correspondence should be addressed.
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Fe(CN)? =74~ is significantly more complex than a superficial examination indi-
cates. The heterogeneous electron transfer rate constant k° cm/s depends strongly
on cation and anion identity and concentration, with the cation effect being more
pronounced [11]. Peter et al. [2] attributed the increase in k° with potassium ion
concentration to the involvement of K* in the transition state for electron transfer.
A second complication is the chemisorption and decomposition of Fe(CN)g ~/4-
on Pt surfaces, indicated by Fourier transform IR (FTIR), radiochemical, UV-Vis
and electrochemical results [1,3,5). Galus and coworkers [1,4] noted that k° can be
increased by adding free CN~ to the electrolyte, preventing Fe(CN)?~/*~
chemisorption. Goldstein and Van De Mark [11] noted that large k° values were
observed when halides were chemisorbed onto the surface, and associated this
effect with the observed anion dependence of k°. An additional issue does not
involve the Fe(CN)?~/4~ system directly, but has an important effect on observed
k° values. The highest literature values for k° on Pt in 1 M KCl are in the range of
0.1-0.24 cm/s, but in many cases these values are at or near the upper limit of the
instrumental technique employed. Most previous detailed kinetic examinations
were performed with conventionally sized Pt, Au or carbon electrodes having areas
of about 0.05 cm? or larger, and are subject to ohmic potential errors under the
transient conditions required to measure large k° values. With the advent of
ultramicroelectrodes, these ohmic potential errors can be greatly reduced, such
that fast scan voltammetry can yield more reliable k° values above 0.2 cm/s
(16~18]. In some cases reported in the literature, the observed k° values were
acknowledged to be lower limits owing to instrumental limitations [14,15]. When
the actual k° is 0.1 cm/s or greater, comparisons of various conditions or
electrodes are difficult with voltammetry or rotating-disk techniques on conven-
tional electrodes with areas greater than about 0.05 cm?.

Several k° values for Fe(CN)? =/~ from the literature are listed in Table 1 for
various electrode materials, pretreatments and electrolytes. The wide variation in
k° on Pt for different pretreatments, with the highest k° observed on a ‘“‘macro-
electrode” in 1 M KCl being 0.22-0.24 cm/s, should be noted. In our previous
work on GC electrodes, we observed k° values of > 0.5 cm/s following laser
activation of electrodes with areas of approx. 2 X 10~* cm? [13]. In order to
compare k° on GC with that on Pt, it is necessary to reconsider the Pt rates using
fast scan rates and microelectrodes under conditions where the complications of
chemisorption and electrolyte effects are removed or controlled. In addition, we
sought to evaluate laser activation on Pt to compare with the dramatic effects on
GC. These fairly specific objectives not only serve to clarify the suitability of
Fe(CN )g ~/4= as a benchmark redox system, but also bear on the broader question
of the surface chemistry accompanying Fe(CN);~/*~ electron transfer on Pt and
GC.

EXPERIMENTAL

A LeCroy 8400-A digital oscilloscope was used to record voltammograms before
transfer to a 286 based personal computer with a locally written program. A
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TABLE 1

k° for Fe(CN)? /4~ under various conditions

Electrode Pretreatment Electrolyte k°/cms™! Reference
Pt HNO, 1 M KCi 0.02 +0.007 11
Pt Flame 1M KCl 0.22+0.01 11
Pt HNO,, flame I MKCl 0.23+0.23 11
Pt HCIO,, redn in 1 M KCl 0.24 10
KCl
Pt HCIO, only 1 M KCl 0.028 10
Pt Potential cycling I MKCl 0.10 2
Pt/CN Potential cycling 1M KCl/001 M >01 1
NaCN
Pt/1 Potential cycling 1 MKCl >0.1 1
Au Potential cycling 1M KCl 0.10 15
GC Laser activation 1M KQ >05 13
GC Fractured 1 MKQ 05 13
Pt,rg=10 um Case 1? 1 MKCl 0.24+0.04 This work
Pt, 7o =10 um Case 2° 1 MKCl/Ss mM 0.42+0.03 This work
CN-
Pt,rg=10pm Case 3¢ IMKCl/SmMCN~™ 0.56 +0.07 This work
Pt,7g=10um  SOMW/cm?laser 1M KCl/5mM 0.46 This work
activation CN-

2 Polished in a Nanopure water + Al,O, slurry, sonicated in Nanopure water. Electrolyte contained no
KCN.

® Polished in a Nanopure water + Al, 0y slurry, sonicated in Nanopure water. Electrolyte contained 5
mM KCN.

¢ Polished in 10 mM KCN + Al, O, slurry, sonicated in 10 mM KCN. Electrolyte contained 5 mM KCN.

Tektronix FG 501A 2 MHz function generator was triggered by the computer to
output a triangular potential sweep to a three-electrode potentiostat. Both the
potential sweep and the cell current were monitored simultaneously by the digital
oscilloscope, and then converted to I versus E curves by the computer. A low-pass
filter (Krohn-hite model 3200) was used to filter out high frequency noise, with the
RC set according to the RCnv < 4 mV criterion [16). Electrodes with radii of 10, 25
and 50 pm were made by sealing the same nominal radius Pt wire (Goodfellow
Metals) in type 0120 potash soda lead glass (Corning) followed by annealing. A
12.5 um radius electrode was obtained commercially from Electrosynthesis Corpo-
ration. Either polishing and sonicating or in-situ laser activation was employed to
prepare the electrode surface. In the first approach, the electrode was immersed in
18 M H,SO, for 30 min and then rinsed with Nanopure water (Sybron Barnstead,
16 MQ/cm). After that, the electrode was polished conventionally with 180 grit
SiC paper (Buehler) followed by 1.0, 0.3 and 0.05 um alpha alumina (Buehler) in a
slurry with either Nanopure water or 0.01 M CN ™~ solution (as noted below) on a
Buehler polishing cloth for 5 min in each polishing medium. Immediately after
polishing, the electrode was sonicated in either Nanopure water or 0.01 M CN~
solution for 5 min in order to remove the alumina particles. For laser activation, a
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Nd: YAG laser (1064 nm) was used as described previously [8,9,13]. A He + Ne
pilot beam coincident with the Nd: YAG beam was used to center the laser on the
electrode. The Nd: YAG laser beam has a diameter of 6 mm and output power
densities in the range of 5-100 MW /cm? at the electrode surface. The electro-
chemical cell used has been described previously [9]. It was constructed from
Teflon and was able to accept different size electrodes. The laser beam passed
through a quartz window and the solution of interest before impinging on the
electrode. Cyclic voltammograms (CVs) were recorded four times during each trial
(3 s between each scan) and their average was stored for subsequent data
processing.

Scanning electron microscopy (SEM) was performed with a Hitachi S-150
scanning electron microscope at an acceleration voltage of 25 kV. Three electrodes
were made and polished at the same time preceding SEM examination. After
sonicating, one electrode was laser activated with three laser pulses at 7S MW /cm?.
Another electrode was activated with 60 laser pulses at 50 MW /cm? followed by
three pulses at 75 MW /cm?. All three electrodes were gold-coated before the
SEM examination.

KCl, K ,Fe(CN),, KI, KBr and KCN (all AR grade) were obtained from
Mallinckrodt and used without further purification. All solutions were made fresh
daily with Nanopure water and were degassed with argon for 10 min. Because of
the possibility of toxic HCN formation, neither KCN nor K,Fe(CN), solutions
were exposed to acidic solutions or reagents.

RESULTS

CVs obtained with a Pt microdisk electrode (r, =10 um) at 600 V/s in the
presence and absence of 5 mM CN~ are compared in Fig. 1. Figure 1(a) shows the
background and Fe(CN);~74~ CVs with CN~ present, while Fig. 1(b) is for the
case with CN~ absent. Note that the background current is higher without CN™,
with an apparent wave at about +0.6 V which is attributable to electrode surface
oxidation or Fe(CN)?~/*~ degradation. Figures 1(c) and 1(d) show background
subtracted CVs with CN~ present (c) and absent (d). The broken curves show
simulated CVs for a =0.5, T=21°C, and k°=0.60 cm/s (¢) and k°=0.15 cm/s
(d). Note that the agreement of theory and experiment is quite good with CN~
present, and that the CV exhibits excess current in the absence of CN~ that was
not subtracted as background current. It should also be noted, that the value of
0.60 cm/s for k° exceeds the previously reported maximum of 0.24 cm/s for Pt in
1 M KCl. As will be discussed later, it is significant that the value of 0.24 cm /s was
obtained under conditions conducive to C1~ chemisorption.

k° values for three different pretreatments and electrolytes are listed in Table 2
for scan rates ranging from 10 to 950 V/s. In the range from 200-1000 V /s, k°
shows no obvious trends but does exhibit random error. The low values of k°
observed below 200 V /s are probably due to nonplanar diffusion on the microdisk
electrode. At 200 V /s, the p function (19}, defined as p = (nFriv/RTD)"/?, is 33.
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Fig. 1. CVs of Fe(CN)? ™7~ in 1 M KCl at a Pt microdisk (ry = 10 »m) at 600 V/s: (a) signal (curve a)
and background (curve b) in the presence of 5 mM KCN; (b) without KCN. The solid curves in (c) and
(d) are the difference between the signal and background of (a) and (b) respectively. The broken curves
are simulated CVs for a = 0.5, T = 21°C, k°=0.60 cm/s (in (c)) and k°=0.15 cm/s (in (d)).

As v or p decreases, nonplanar diffusion will distort the CV significantly, and the
Nicholson and Shain [20] approach to determining k° from AE, will be in error.
For this reason, all kinetic data reported here were obtained for conditions where
p exceeded 33. It should also be noted that k° for case 3 in Table 2 varies only
slightly with r,, ranging from 10 to 50 pm. Since ohmic potential errors scale
linearly with ry, the constant k° observed implies little ohmic error.

The time course of k° for various conditions is shown in Fig. 2. In the absence
of added CN ™, k° starts at a level comparable with the highest literature values
(0.21 cm/s) and then decays over a 70 min period to approx. 0.01 cm /s (curve D).
An electrode which was polished and sonicated in CN~ solution starts higher (0.43
cm/s), but also decays to less than 0.1 after 70 min (curve C). Polishing and
sonicating in CN~ plus voltammetry in 3 mM CN~ yields a large k° which decays
only slightly with an average for 0-70 min of 0.53 + 0.06 cm/s (curve A). Finally,
an electrode polished and sonicated in Nanopure water preceding voltammetry in
3 mM CN~ and 1 M KCl shows a slight increase in k° with time, and an average of
0.40 + 0.03 cm /s for the 70 min period (curve B).

It is clear from Table 2 and Fig. 2 that the largest and most stable k° values for
Fe(CN)?~/*~ are obtained when CN ™ is present during polishing, sonication and
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TABLE 2

Observed k° for Fe(CN)? ™74~ under various conditions

v/Vs! k°/cms™!
ro=10 um
Case 1? Case 2? Case3?
10 0.070
40 0.128 0.232 0.240
100 0.144 0.142 0.248
150 0.160 0.227 0.145
250 0.186 0.413 0477
330 0.235 0.394 0.570
420 0.170 0.413 0.582
530 0.280 0.482 0.556
630 0.258 0.388 0.635
700 0.243 0.394 0.605
840 0.267 0.457 0.622
950 0.258 0.432 0.438
Mean for 0.24+0.04° 0.42+0.03° 0.56 +£0.07 ®
250-950 V/s
ro = 12.5 um, mean 0.56+0.10 ®
for 250-950 V /s
ro = 25 um, mean for 0.53+0.08°
250-950 V/s
ro =50 um, mean for 0.54+0.10°
250-950 V/s

2 As defined in Table 1.
b Standard deviation.

voltammetry. Table 3 shows the dependence of k° determined at 600 V/s on CN~
concentration in the electrolyte used for voltammetry. Although 3 mM yields the
highest k°, the random error is significant compared with the changes observed for
varying [CN ~]. It is sufficient to say that a range of [CN~] from 1 to 10 mM yields
comparable k° values. The same polishing and sonicating procedure was also
carried out with Br~ and I~ instead of CN~, but high and stable k° values were
not obtained. k° decreased with time for the Br~- and I "-containing electrolytes.

Based on previous experience with GC electrodes, laser activation may provide
an attractive alternative to polishing for increasing k° on Pt electrodes. We have
shown previously that intense short (approx. 25 MW /cm?, 9 ns) Nd: YAG laser
pulses delivered to GC in situ results in large increases in k° for a variety of redox
systems, including Fe(CN)2~/4~ (8,9,13]. The technique avoids sometimes tedious
polishing and prevents exposure of the electrode to air. Laser activation was
attempted for the Fe(CN);~/4~ system on Pt in S mM CN~+1 M KCl. The
electrodes had been polished and exposed to laboratory air for several days, but
were not otherwise pretreated before placing in the laser activation cell. Laser
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Fig. 2. k° (determined at 600 V/s) versus time after exposure of a Pt microdisk (rg=10 um)toa 10
mM Fe(CN),*~ +1 M KCl solution under various conditions: curve A; polished and sonicated in 10
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KCN; curve C, polished and sonicated in 10 mM KCN, electrolyte did not contain KCN; curve D,
polishing, sonication and voltammetry in the absence of CN ™.

TABLE 3
Effect of CN~ concentration on &° determined at 600 V /s

Electrode pretreatment {CN"}in k°/cms™!
electrolyte /mM

Polished + sonicated 0 0.24+0.04
in Nanopure water

Polished + sonicated 0 0.40+0.03
in 10 mM CN ~ solution

Polished + sonicated 1 0.46 +0.05
in 10 mM CN~ solution

Polished + sonicated 3 0.56 +0.07
in 10 mM CN~ solution

Polished + sonicated 5 0.53 +0.08
in 10 mM CN ™ solution

Polished + sonicated 7 0.46 +£0.09
in 10 mM CN ™~ solution

Polished + sonicated 10 0.38 +0.08
in 10 mM CN ™ solution

50 MW /cm? laser activation 5 0.57

60 MW /cm? laser activation 5 1.04

75 MW /cm? laser activation 5 1.19

50 MW /cm? laser activation 5mMBr- 0.25°2

50 MW /cm? laser activation SmM1- 021°

* Highest values observed after laser activation, decreased with time.
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activation at various power densities yielded the results shown in Fig. 3. Laser
activation was cumulative in this case, with three laser pulses delivered for each
power density as power was increased. For power densities from 10 to 50
MW /cm?, the observed k° was fairly constant with an average of 0.49 + 0.05
cm/s. Above 50 MW /cm?, k° increased significantly to a maximum of 1.19 cm /s
at 75 MW /cm?.

The time course of k° following laser activation was also examined for 25, 50
and 75 MW /cm? pulses, as shown in Fig. 4. In all cases, the initial electrode had
been partially passivated by long exposure (> 1 day) to laboratory air preceding
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k®/cm st
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Time /min
Fig. 4. Plot of k° versus time for a laser-activated electrode following three laser pulses at laser powers
of 50 MW /em? (curve A), 75 MW /cm? (curve B) and 25 MW /cm? (curve C). The analyte solution is
10 mM Fe(CN),*~ with S mM CN~ +1 M KCI. Curve D is same as curve A without CN - present.



Fig. 5. Scanning clectron micrographs of polished Pt microdisk electrodes following various degrees of
laser activation in 1 M KCI: (a) initial; (b) after three 75 MW /cm? pulses; (c) after sixty 50 MW /cm*
pulses and three 75 MW /cm? pulses.

laser activation, and exhibited an initial k° of less than 0.2 cm/s. In the presence
of 5 mM CN~, k° was quite stable following laser activation, at least for 70 min.
The 75 MW /cm? pulse did not result in a k°> 1.0 cm/s in this case because the
activation was not cumulative as in Fig. 3 (see below). In the absence of CN~
(curve D), laser activation did not result in as high a k° value, and k° values
decreasec with time for at least 70 min.

Scanning electron micrographs of the Pt microdisk before and after laser
activation are shown in Fig. 5. After polishing, the surface exhibits polishing
scratches but is otherwise fairly smooth. Three 75 MW /cm? laser pulses induce
some surface roughening but polishing scratches are still visible. Extensive activa-
tion (sixty pulses at 50 MW /cm? plus three pulses at 75 MW /cm?) caused obvious
surface roughness plus some pits and possibly fissures. Higher magnification
scanning electron micrographs of the surface of Fig. 5(c) exhibit small (approx. 0.1
wm) nodules, apparently solidified from molten Pt. Such nodules were absent on
the polished surface. Electrodes treated with the same procedure yielding Fig. 5(c)

exhibited k° values of 1.21 + 0.15 cm/s, comparable with the highest rates in Fig.
3.
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DISCUSSION

The first conclusion from the current results is quite practical. The k° values
observed here with microdisk electrodes are significantly higher than those re-
' ported in the literature. Since previous studies use relatively “large” electrodes,

the observed k° values are subject to a downward bias due to ohmic potential
errors. The constancy of k° with scan rate in the range 200-1000 V /s and with
electrode radius, plus the ability to measure rates of 1.2 cm/s for certain condi-
tions support the conclusion that the k° values of approx. J.5 cm/s are reliable,
and not just another lower limit. The results indicate that the observed k° values
are not instrumentally limited. Resolution of the pragmatic issues of instrumental
limits on k° and electrode cleanliness is a prerequisite to more fundamental
questions about the factors which determine electron transfer rates. Before elec-
tron transfer mechanisms can be elucidated, one must have confidence in measure-
ment techniques and surface preparation. The high stable k° values observed here
reduce concern about surface cleanliness and preparation, and permit more
reliable comparison of Fe(CN)?~/*~ kinetics on Pt electrodes with those on other
surfaces.
Given the previous reports by Galus and coworkers [1,4], it is not surprising that
CN~ stabilizes k° and prevents degradation of electrode performance. Galus
proposed that CN~ forms a protective layer by occupying chemisorption sites,
similar to I, and both CN~- and I -treated surfaces yielded k° values for
. Fe(CN)? /%~ above the instrumental limit of 0.1 cm/s. If this model is correct, a
small solution concentration of strongly adsorbing I~ or CN~ will be sufficient to
saturate the surface and prevent Fe(CN)?~/4~ chemisorption. This observation
| should be considered in the light of spectroscopic data indicating formation of a
Prussian blue like film in the absence of CN ~. In addition, Bocarsly and coworkers
[21,22] have demonstrated chemisorption of Fe(CN),~*/~* onto nickel surfaces,
, and Wieckowski and Szklarczyk [3] noted that CN ~ can be bonded at both ends to
( yield the chemisorbed species
Pt—N = C—Fe(CN);5~
All these reports are consistent with the conclusion that excess CN~ in solution
can saturate the Pt surface and prevent Fe(CN)2 /%~ chemisorption. Since 3 mM
(or less) of free CN~ is apparently enough to prevent chemisorption of 10 mM
Fe(CN); =/, the equilibrium constant for CN~ adsorption must be significantly
higher than that of Fe(CN); ~/*~. A slight extension of this model involves events
occurring after Fe(CN); /%~ chemisorption. It is possible that the Fe(CN)(H,0)*~
desorbs, leaving CN~ behind, and then reacts with solution Fe(CN);~/*~ to
produce Prussian blue or a related material [6,23). This reaction leads to a
passivating film which eventually impedes electron transfer and decreases k°.
Although the current data do not test directly for the presence of chemisorbed
r Fe(CN)?~/*-, it is clear that chemisorbed CN~ prevents Fe(CN)?~/*~ decomposi-

tion. By polishing and sonicating the Pt electrode in CN~ solution, the presatura-
tion of the surface may be particularly effective, leading to high stable k° values.
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Even a partially passivated electrode exhibiting a low k° can be reactivated by
sonicating in 10 mM KCN.

Below 50 MW /cm?, laser activation of Pt in the Fe(CN)? /%~ + CN™+ KCl
medium appears straightforward, resulting in k° values of comparable magnitude
and stability to the polished values. Based on a simple numerical simulation, the
peak temperature excursion for the Pt surface activated by a 50 MW /cm?, 9 ns,
1064 nm laser pulse has an upper limit of approx. 1260°C [24]. Thus the rapid
surface heating of the electrode would be expected to desorb impurities and
present an initially clean surface to the solution. With CN~ present, this surface
should rapidly saturate with chemisorbed CN~ and a high k° should result. The
stability of k° following laser activation is presumably attributable to the same
phenomenon that occurs when CN ™~ is present during polishing. After numerous
pulses in the 20-50 MW /cm? range plus several above 50 MW /cm?, the observed
k° increases above 1.0 cm/s. Scanning electron micrographs of a similarly treated
electrode show significant roughness and surface damage, perhaps from melting or
surface ablation. It is quite likely that the increase in k° is a microscopic area
effect, implying that the heavily activated surface has a microscopic area roughly
twice that of the initial surface. Without an independent measure of microscopic
area, it would be risky to conclude that the heavily laser treated surface is more
inherently active than the other cases. This uncertainty about area applies to any
solid electrode, so that comparisons of rate constants should be made for surfaces
of comparable roughness when possible. For this reason, our polishing procedure
was conventional with the exception of the presence of CN™.

Table 1 combines several literature values for Fe(CN);/*~ in 1 M KCl with
current results. Recognizing that instrumental limitations and surface impurities
usually result in low k° values, the entries in Table 1 represent lower limits of the
true values. Several points about Table 1 deserve special note. First, the highest k°
values observed (ignoring the roughened surface) fall in a fairly narrow range from
0.1 to 0.6 cm/s, even for quite different electrode surfaces. Second, the Pt/CN™
values reported here are comparable with the highest results obtained on fractured
or laser-activated GC [13]. On the basis of the Marcus theory correlating k° with
homogeneous self-exchange rates, k° for Fe(CN); /4~ should be in the region of
1-10 cm/s, within an order of magnitude of 0.5 cm /s [4,14]. Third, an inner-sphere
electron transfer mechanism based on a CN~ or K* bridge between the surface
and the Fe(CN)?~/%~ redox center appears unlikely given the data in Table 1.
Occupation of Pt surface sites by CN~ has a minor effect (a factor of 2) on the
initial k° before any degradation. If a K* or CN~ bridge to the Pt surface (or
Pt/Cl surface) were important to electron transfer, one would expect that inten-
tional CN~ chemisorption should markedly change the observed k°. To carry this
logic further with reference to Table 1, k° is not greatly different for Pt/Cl,
Pt/CN, Pt/I, Au, GC (laser) and GC (fractured). If a K* or CN~ bridge were
involved in electron transfer to Fe(CN);~/*~, the effect would be very insensitive
to surface identity. A more likely conclusion is that the electron transfer does not
depend on a bridging group, and that the effect of chemisorbed anions (other than
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to prevent film formation) is quite small, perhaps involving double-layer modifica-
tion or alteration of the distance of closest approach of the redox center. Whatever
the effects of anion adsorption on a bridging process, they are very much smaller
than the effects of surface cleanliness and instrumental factors. If a bridging or
adsorption mechanism is operative, its mechanism would have to be compatible
with a small effect of anion or electrode identity. The present resuits do not rule
out an inner-sphere mechanism for Fe(CN); =/~ electron transfer, but they do
indicate an insensitivity to electrode surface composition.
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Surface-Enhanced Raman Spectroscopy of Carbon Electrode
Surfaces Following Silver Electrodeposition

Yang Waag Alsmeyer and Richard L. McCreery*

Department of Chemistry, The Ohio State University, 120 W. 18th Avenue, Columbus, Ohio 43210

Elecirodeposition of Ag particies on glassy carbon (GC) re-
wuunnoommumm
from the carbon subsirale. The enhancement was a max-
mum when 0.21 umol/om® of Ag was deposiied and was
greater when small (~400-A) Ag perticies were present.
MMWGMMmMI
was fraglie, decaying with time after Ag deposiiion. On the
uuwmm.mmm
of the enhanced speciva is approximately 20 A, compared o
ca 280 A for convenitonal Raman of GC. SERS specira of
GC and pyrolylic graphite (PG) exhibiied a sironger “disorder”
band, slther because the methed Is more surface selective
or because the Ag preferentially deposiis on elecirochemically
active surface defects. The approach was used 10 examine
mmmnmumm
oriented PG (HOPG), and R was demonsiraled that laser
damage is more exiensive on the surface than the normal
Raman spectrum implles.

INTRODUCTION

The wide variety of surface preparation procedures for
carbon electrodes leads to quite variable electrochemical
performance (1-3). Electron-transfer rates, adsorption, and
beckground current all depend strongly on surface history,
with variations of several orders of magnitude in A? being
observed even for allegedly simple redox systems (4-13).
While a comprehensive understanding of the variables that
affect electrode kinetics on carbon is not yet available, it is
clear that surface cleanliness and carbon microstructure are
of major importance. Unfortunately, the process of relating
surface structure to electron-transfer activity has been hin-
dered by the lack of adequate probes of carbon surface
structure at the molecular level. Without such probes, con-
clusions about surface pretreatment effects on electrochemical

hmuﬂpmimnnmndhmodthenhﬁomhip
between the Raman spectra of carbon materials and their
eloctron-transfer activity (13-15). A correlation between the
1360-cm™ “disorder” (D) band of carbon and electron-tranfer
kinetics for Fe(CN)y*/* and dopamine was noted, indicating
thntmhiﬁcodcul-odaudvithdhadumimmt
to fast electron transfer. Through correlation of A° for Fe-

rectly

f, (15). Thus, the Raman spectrum of carbon electrodes
provides structural information on at least one of the surface
variables that determine A* on carbon electrodes.

techniques such as Auger and XPS. The photon
Mﬁmﬂmph&!&&mmmﬂym

* Author to whom correspondence should be sddressed.

. surface, and collection optics.

than the electron escape depths relevant to XPS and Auger,
leading to lower surface selectivity for the optical probe. For
carbon probed with a visible laser at normal incidence, the
sampling depth is ca. 300 A (3) and should be somewhat less
at non-normal incidence. Although this sampling depth is
fairly small due to the opacity of carbon, it is still large com-
pared to the electrochemically relevant depths of a few tens
of angstroms. Thus, a pretreatment procedure that affects
ounly a few atomic layers of a carbon surface may not be de-
tected by s normal Raman probe due to a relatively large
signal from the several hundred anstroms of bulk carbon.

The current work was initiated to decrease the effective
sampling depth of Raman spectroscopy by exploiting the
surface enhanced Raman effect (SERS). Although SERS has
been studied extensively because of its high sensitivity and
surface selectivity (16), the vast majority of work has been
carried out on Ag, Au, and Cu substrates. Carbon itself is not
a suitable SERS substrate due to its unsuitable optical and
electronic properties, and any enhancement on carbon would
be very small. In order to exploit SERS for examining carbon
materials, we used an approach that is similar to that of
Pemberton (17) in which small, SERS active Ag particles were
electrodeposited on Pt surfaces. As was observed for va-
por-deposited Ag particles (18-20), the material near the Ag
particles exhibited enhanced Raman due to the electromag-
netic field enhancement by the Ag. Thus, the carbon electrode
material near an electrodeposited Ag particle of suitable size
shouid exhibit enhanced Raman within a fow tens of ang-
stroms of the Ag (165, 20). Since such Raman enhancement
distances are much less than the 300-A normal Raman sam-
pling depth, the SERS technique should be more surface

EXPERIMENTAL SECTION

A schematic diagram of the instrument is shown in Figure 1.
The spectrometer and collection optics have been described
previously (21), and the band reject (Pomfret optics, Orange, VA)
and band-pass (Oriel) filters were both centered on the 514.5-nm
laser iins. The cell was designed both to hold a variety of electrode
materials and to properly orient the incident beam, electrode
The beam impinged on the electrode
at an angle of 75 & 5° to the surface normal with the polarization

working electrode is shown in Figure 2. Teflon plumber's tape
was used t0 seal the holder to the carbon electrode material. It
was importent to avoid strain on the carbon during mounting,
particularly for graphite samples, 30 the soft Teflon tape gasket
was preferable to an O-ring.

Coarse optical alignment was carried out with a dummy glassy
carbon (GC) electrode positioned in the cell with solution present.
Laser scatter was strong enough from GC to permit orientation
of the electrode and incident beam such that the scattered light
was imaged on the entrance slit. Then the electrode position and
collection lens were adjusted to maximise the D band intensity
for a Raman spectrum of the GC. It was important to have
sohution pressnt to produce the same focusing conditions present
during the experiment. Once an adequate signal from the dummy

0003-2700/91/0363-1200302.50/0 © 1991 American Chemical Society




1200 * ANALYTICAL CHEMISTRY, VOL. €3, NO. 13, JLY 1, 1991

»C

cCo

Single grating
monochromator

working elecrode. BR and BP are band reject and band-pass filers.
Laser power at sample was ~ 10 mW, entrance siit width was 125
um,

[/

|

J/\mon O-ring
\ Carbon Electrode

Tefion Tape O-ring

Figwe 2. Detall of electrode hoider. Entire assembly could be re-
mmummmaww Teflon

GC slectrode wes obtained, the GC was replaced with the electrode
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h.dnpmﬁnlolOMVvlSC& The QRE was preferable to
s conventional reference elsctrode because of lack of contaminants,
chioride ion. Constant current from a PAR 173
memmuhmmwmm
amount deposited. For a current of 20 xA on a 0.12-0.38
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Figwe 3. Raman spectra of polished GC-20 before and during Ag
deposition. S-¢ CCO times, laser off during deposition
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Curves b-e are after Ag deposition as follows: b, 0.041 umol/cm?,
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H

waa binned to become a 512 X 1 detector. Laser power at the
umplgmﬁuwulOMWoanso-mxz-mfoalm?t. The

~50 um, thus keeping the power density relatively low. The
typical CCD integration time was 5 s, with neglible dark counts
for the CCD cooled to -110 °C. The Raman shift range was
ahbntodmthnmnhmpmhmf.homuumum

" li ey
spectrum was obtained (5-s integration time). With the laser off,
Ag wes deposited with constant current until the desired average
film thickness was achieved. The working electrode was dis
connected, the laser turned on, and the spectrum sacquired im:

mediately. Successive spectra at various Ag thicknesses were ofter
obtained, with the laser on only during spectrum scquisition.
RESULTS

Raman spectra obtained before and after Ag deposition or
conventionally polished GC are shown in Figure 3. The peak
intensities increase by factors of up to 100 upon deposition
depending on Ag coverage. The integrated intensity ratio o
the D to Ey, bands increases from 1.25 to a mazimum of 2.0
uponAgdepont:on. The changes in shape of the E,, peak

at ~1600 cm™! are due mainly to interference by water in the
initial spectrum. Once the SERS intensity becomes large, the
H,Olicndbmwxﬁant to the carbon Ey,

band. The absolute D band intensity (1380 cm™) and baseline
are compared in Figure 4 as functions of Ag deposition time
For the polished GC surface, the mazimum SERS intensity
is reached at an average Ag coversge of 2.1 X 10-7 mol/cm3,
based on the geometric eloctrode area.

SEM's of the polished GC surface are shown in Figure 5A-L
at two coverages and magnifications. On low magnificatior
(AnndC).adhcﬂumd‘hp Ag particles with dismeters
of ca. 2500 A is apparent, plus numerous smaller particles
visible upon close inspection. Higher magnification (B anc
D) reveals numerous particles in the 100-1000-A range, witt
& higher denaity of amall particles for the higher Ag coverage.

As shown in Figure 5E, Ag on freshly cleaved HOPG leadr
to relatively large particles and clusters of ca. 1000-A perticie
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Figure 4. Ramen Intensities of D band (1354 cmr™') and bassline during
Ag deposition.

but few isolated small particles. In Figure 5F, a high density
of small Ag particles is apparent on mechanically damaged
regions of polished HOPG.

As shown in Figures 6 and 7, the SERS signal decays with
time, whether or not the laser is on continuously. Although

P——
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the signal degradation can be serious on a severai minute time
scale, the spectra are strong enough and the CCD fast enough
to obtain excellent spectra in 5 s after deposition. Further-
more, the reproducibility of signal strength is fairly poor, with
peak intensities having a standard deviation of 50% for N =
10. Thus, quantitative conclusions based on abaolute intensity
will be difficult in any case, and the signal decay must be
considered in the experimental design.

Although the polished GC surfaces used for Figures 3-7
demonstrate that SERS can be used to enhance substrate
scattering, structural inferences are more straightforward with
more ordered HOPG samples. Raw spectra obtained from
HOPG, which was lightly polished with 0.05-um alumina, are
shown in Figure 8. The E,, band at 1582 cm™ is the only
graphite feature visible above the H,0 background before Ag
deposition. As Ag is deposited, the D and E,; bands become
prominent, and the D/E,, intensity ratio increasee. The trend
is more clear after the water background is subtracted, as in
Figure 9. The D band is not apparent before Ag deposition
but is prominent after 3.6 X 1072-2.5 X 10”" mol/cm? of Ag
has been deposited. On the basis of an equivalent monolayer
coverage of ca 350 4C/cm? (17, 22) or 3.6 X 10 mol/cm?, the
SERS effect begins at 10 average monolayers and is most
prominent for 70 average monolayers of Ag. The integrated

Figwre 8. SEM's of GC (A-D) and HOPG (E, F) surfaces after Ag deposition. A and B are after 0.04 umol/cm?® C and D after 0.12 smol/cm?®.
E was obtsined after Ag deposition on freshly clsaved HOPG and F after deposition on fightly polished HOPG.

448 « ANALYTICAL CHEMISTRY, VOL. 84, NO. 4, FEBRUARY 15, 1982

l and ECP surfaces due to selective adsorption, the adsorption (8) Poon, M. McCreery, R. L. Anal. Chem. 1888, 58, 2745.
mechanism for the two surfaces is fundamentally different. @) Poon. M. MoCreery. R. L. Engstrom. R. Ane/. Chem. 1888, 60.
The current results are relevant to the area of voltammetric (10) Rios, R. J.: Pontios, N. M.; McCreery, R. L. J. Am. Chem. Soc.
1 P T Y T W T R T T S e ey 1900. 172, 4817.
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Fgare 11. Rarman spectra of claaved PG, with relative scaiss indicetec
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Spectrum b is same surtace after three 50 MW/cm® Nd:YAG pulse
were deliivered In ar. Specrum C is the surface of curve b following
deposhion of 0.12 umol/om® of Ag-

pyrolytic graphite (PG) is similar to HOPG except it is not
subjected to the final pressure annealing. It is less ordered
than HOPG, with smailer microcrystallite sizes, but retains
the macroscopic and microscopic layered structure. Figure
10 shows Raman spectra of the freshly cleaved basal plan:.
of PG before and after Ag deposition. Unlike the data of
Figures 8 and 9, the PG surface was not scratched or pre-
treated in any way. The D band is unobservable in the normai
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Raman spectrum but increases in intensity upon Ag depos-
ition. Figure 11 shows the effect of pulsed Nd:YAG laser
irvadiation on the PG spectrum. Laser treatment without Ag
deposition causes a slight increase in D band intensity, suf-
ficient to elevate the band above background. Following Ag
depasition, the D band is much stronger, and the spectrum
is similar to that for quite disordered sp? carbon. As with
earlier experiments, Ag deposition greatly increases the ab-
solute Raman intensities.

As noted in the Introduction, the surface selectivity of
Raman scattering will be dependent on effective sampling
depth. The normal Raman sampling depth may be estimated
from the optical properties of GC and HOPG, using a mod-
ification of the approach of Wada and Solin (23) and Loudon
(24, 25). The observed Raman signal at a particular sample
depth, R(z), will be related to the local laser intensity as it
penetrates the solid, I (), and the sttenuation of Raman
scattering intensity as it leaves the solid. Therefore, the
observed Raman sampling depth will be significantly smaller
than the laser penetration depth. At normal incidence,

I(z) = I (1 - r)e~teno/il (1)
R@z) = yIi(2)e t"™b/0 2

where I, is the incident laser intensity, z the sample depth,
and v a constant incorporating the Raman scattering cross
section, number density, etc. kg and k; are the absorption
coefficients of the carbon at the Raman and laser photon
wavelengtha, Ag and Ay, and 7 is the reflectivity. After ap-
proximating that the scattered and laser wavelength are
sufficiently close to each other to equate, the normal incidence
Ramean signal at a particular z becomes

R(2) = Il - r)yeteiis/0 @)

The total observed Raman scattering is proportional to the
integral of eq 3 over the depth variable z. We will arbitrarily
define the sampling depth, z¢, as the sample thickness that
will generate 63% (1 ~ ¢™)) of the Raman signal observed for
a sample of infinite thickness. Integration of (3) leads to

S(2) = Spyl(l - e¥n6/N) 4
Io(l - f)YXL
= _Tf-k_;— 5)

where S(z) indicates the total Raman signal for a sample of
thickness z. Setting S(z)/Spy = 1 - ¢ permits determination
of z¢ for normal incidence:

Snex

AL

gy = o 6
For GC with a 515-nm laser at normal incidence (k;, = 0.70)
(26), 2¢ is 291 A, while for the HOPG basal plane (k, = 1.52
at 515 nm) (29), 25 is 136 A. Thus, 63% of the total Raman
signal for GC st normal incidence is derived from the carbon
within 290 A of the surface (3). Obviously the sampling depth
varies with A, and to a much smaller degree on the Raman
shift, &».

For the geometry of Figure 1, with non-normal laser inci-
dence and near-normal collection optics, the situstion is more
complex. [y (z) will vary with the incident angle, 4, and this
I1(2) was calculated by using the transmittance of a thin
carbon film for light polarised perallel to the electrode surface.
The “thick film" model (eq 27 in ref 27) was used to avoid any
interference effects, and the film thickness was gradually
increased to calculate /i, as a function of z. The resulting 7, (2)
curve was substituted into eq 2 and z¢; was determined by
numerical integration. The results are shown in Table I, along
with the calculated reflectivity. In all cases, the electrods was
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’Ir)::‘b.l. Calculated Refloctivity and Ramas Sempling

8, reflctivity’ Py \
Glassy Carbon (n = 1.79, & = 0.70,° )\ = 515 am)
o* 0.0888 291
0 0.0807 281
45 0.1493 270
60 0.2612 260
75 0.5004 252
8 0.7924 250
8 0.9545 250
HOPG (n = 1.79, k = 1.52¢ ), = 515 nm)
0 0.2003 135
% 0.6820 125

*From ref 26. *Sample immersed in water (n = 1.33) in all cas-
os. ‘Sample depth yielding 63% of maximum Raman signal
¢Calculated from ref 23.

sssumad to be immersed in water (n = 1.33). The calculation
was compared to one based on the mean-square electric field
predictions of Porter et al. (28) to calculate I} (2), with identical
resulta.

DISCUSSION

Considering the normal Raman experiment first, several
useful observations are available from the results. The ef-
fective sampling depth zg is 250-300 A for GC, and is weakly
dependent on the angle of incidence. Although surface se-
lectivity can be improved somewhat at glancing incidence over
normal incidence, the sampling depth still exceeds 200 A. It
should be noted that 25 decreases with decreasing A and is
smaller for the more strongly absorbing HOPG. The reflec-
tivity is strongly 8; dependent, with higher angles of incidence
coupling significantly lees light into the solid sample and
reflecting more. At the 76° angle employed in the current
experiments, 50% of the laser light enters the GC and 32%
penetrates HOPG. The polarization parallel to the electrode
surface was chosen partly because of past experience with
solution scatterers (29) but principally to maintain the induced

theory for IR reflection/absorption spectroscopy (28), the
incidence polarization, but these effects were not examined
further in the present case.

The normal Raman spectra of various carbon electrode
materials have been reported previously (3, 13) and are rel-
evant here only as initial spectra preceding Ag deposition. As
expected, the cleaved HOPG and PG normal Raman spectra
show minimal D band intensity due to their ordered struc-
tures, while for GC the D band is the most intense band
observed. As noted in a previous report, polishing can affect
the D/E,, intensity ratio for GC, indicating that polishing
affects several hundred angstroms of substrate near the surface
(30).

The resuits several useful conclusions about the
SERS experiment following Ag deposition. First, Ag depos-
ition on GC results in an up to 100-fold enhancement of the
carbon Raman signal. Second, aithough the enhancement is
always large, its magnitude is only semiquantitatively repro-
ducible end strongly dependent upon deposition time and
conditions. Third, the SERS enhancement is a maximum at
an average Ag coverage of 0.21 mol/cm? for GC. This value
corresponds to about 10-70 equivalent monolayers. Fourth,
the Ag deposit occurs as 400-4000-A particies, and the density
and size distribution vary significantly with carbon substrate
type and Ag deposition time. Fifth, the SERS enhancement
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is large but fragile, with degradation of the effect occurring
on s seversl minuts time scale following Ag deposition.

Although the quantitative irreproducibility and instability
of the SERS effect on carbon electrodes are problematic, the
utility of the maethod is determined by conclusions about
surface selectivity. In several of the cases sxamined, the SERS
spectrum differs qualitatively from the normal Raman spec-
trum, in addition to being more intense. For polished GC,
the D/E,, intensity increases with Ag deposition, implying
greater carbon disarder near the surface. For both cleaved
PG and lightly polished HOPG, the D band intensity incressed
greatly with Ag deposition. Two explanations for these ob-
servations arise, both of which provide insight into the elec-
trochemical consequences of carbon surface structure. First,
the SERS enhancement langth may be short enough (e.g., <
50 A) to be more surface selective than normal Raman, thus
revealing more surface defects or damage. For example, the

i surface of the GC should be more disordered than
the bulk (3]), and the SERS spectrum should exhibit a higher
D bend intensity. Similarly, lightly polished HOPG will be
most disordered at its surface. The normal Raman spectrum
of polished HOPG reveals no D band intensity because it
samples >100 A into the raterial, wheress the SERS spectrum
reveals the D band and associsted surface disorder. A second
explanation of higher D band intensity is enhanced electro-
deposition st surface defects, leeding to Ag particles peimarily
at defects sites. On the basis of other redox systems, electron
transfer to Ag* should be faster at edge plane defects than
at the basal plane (3, 13, 15), and theee defects will exhibit
higher D bend intensity. Such an effect has been proposed
to explain Cu electrodeposition on GC, as observed by SEM
(31). This hypothesis retains the surface selectivity mentioned
earlier but further states that Ag deposition and accompanying
enhanced Raman is selective for defect sites, particularly
graphitic edges. The relative importance of general surface
selectivity and selective defoct enhancement may be carbon
substrate dependent.

On the basis of the theory for the SERS enhancement
factor, a rough estimate of the SERS sampling depth may be
made. The enhancemaent factor (EF) is a maximum at the
Ag particle surface, with its magnitude strongly dependent
on particle shape and size (16, 20, 32). For Ag spheres and
Ap = 515 nm, the mazimum enhancement on the Ag surface
decreases rapidiy ss the radius increases above a few 100 A.
Of greater relevance to the current work is the
of EF on distance away from the Ag particle surface. There
is general agreement that the EF is proportional to (a/d)'3,
where g is the Ag sphere radius and d is the distance of a
scatterer from the particle center (16, 20). Since the number
of acatterers at a particular distance from a particle increases
with d?, the overall distance dependence of the Raman
scattering becomes (a/d)". Thia prediction has been con-
ﬂmdupmqﬂyfotpolymmmdopaiudonu
islands or Ag deposited on rough films (20).

The correlation of SERS with the presence of
smoall particies obssrved in the SEM’s of Ag deposited on GC
and HOPG confirms the iraportance of ca. 400-A diameter
particles for intense SERS. The 4000-A particles observed
on HOPG did not produce observable enhancement, and the
Raman intensity roughly tracked the population of ca. 400-A
partid-. Thus, it appears that the observed SERS effect is

derived predominataly from ca. 400-A particles. For a = 200
A, (a/d)" equals 0.38 for d = 220 A and 0.11 for d = 250 A.
Thus, the Raman intensity has decreased by 62% when the
scatterer is 20 A from the surface of a 400-A diameter Ag
particle, and 80% at 50 A away. These predictions are con-
sistent with the 35-50-A enhancement lengths observed by
Murray and Allara for enbancement of & polymeric scatterer

rough Ag films (30). The predictions should onl -

ides since the Ag perticles cover a rang
sizes and shapes, but & SERS sampling depth of & fow
of angstroms is consistent with both theory and experimen
The 26-50-A enhancement langth will be further decrw: :
by the absorption of enbanced laser light and scatt :
photons by the carbon. For exampls, the product of (a/a)
nndcp(-srh/x)homoq leads to0 & 24 sampling depth

=220A,and k=070 and 20A ¢

= 152 MWM%MmMm v
size, 20 A is the best estimats of the SERS sampling dept
wimm&-mdlﬁm.td(w)f

%E
i

Figures 10 and 11 provide s further example of partic”
relovance 10 electrochemical effects of carbon surface struc
In Pigure 10, it was clear that Ag deposition enhanced tl. .

band scattering from cleaved PG. In Figure 11, the norm
Raman spectrum of cleaved PG showed incressed D inter -

following Nd:YAG irradiation. The spectrum of Figure

indicates moderate disorder, with a microcrystailite siz..

ca 150 A based on the D/E,, intensity ratio (33). Upon ¢
deposition, however, the D/E,, ratio is much higher anc

spectrum indicates much greater disorder. The normal Ra

spectrum is probing at least 100 A into the surface, and it n
contributions from both the laser-damaged surface layer a1
undamaged substrate. Since the SERS experiment is: -
surface selective, the SERS spectrum reflects primarily
laser-damaged region near the surface. Apparently the las
damage depth is less than ~130 A but deeper than the ~20-
SERS sampling depth. These resuits indicate that no:
Raman underestimates laser-induced surface damage bec
of insufficient surface selectivity. A examination of laser a1
Myﬁmdumdm‘emﬁomm“\

Inmmry.SERSfolbmuehctmdoponﬁonofA
carbon electrodes improves surface selectivity for Ram:
spectroscopy from a few hundred to a few tens of angstr~~
Although the absolute SERS intensities vary significantly
mandhmam:depwmmmnhnv.‘
tensity and appearance of the spectrum can be useful f
deducing surface structural features.

ACENOWLEDGMENT
Wa thank Marc Porter and Darwin Popenoe of lowa Sta
University for providing the computer program to confirn °}
laser penetration depth.
Registry Ne. GC, 7440-44-0; PG, 7782-42-5; Ag, 7440-22-
NaCl0,, 7601-80-0; NaNO,, 7631-99-4.

LITERATURE CITED

(1)”&.“ Elsotrochemical and Physicochemioal Pyupt
ties: Wiley: Now York, 1968.

mm:.&mw«mu he Eemenr
J..Ed..odtr NnYat.ﬂN:Vd.Ippt-zﬂ

Secyoenalytioal Chemistry:; Bard, A. J.. Ed.; ¢

1; 17.

: Kutv, W. G.; Wightman, R. M. An

4

REL
i
;&

i

|
7}
¥
i
!

@

|
.

78
J
;
{
§

3% 3 388
1144
<P8m:

8 B2 8
Pt
£P

-
-

§
|
f
ir
i




#

etwe NN 00 O SEERS v

- —

o |

DIV WV YTy U Y, T

Copyright © 1991 by the American Chemical Society and by permission of the copyright owner.

Surface Enhanced Raman Examination of Carbon
Electrodes: Effects of Laser Activation and Electrochemical
Pretreatment
Yan Wang Alsmeyer and Richard L. McCreery*

Department of Chemistry, The Ohio State University, 120 West 18th Avenue,
Columbus, Ohio 43210

Received January 2, 1991. In Final Form: April 22, 1991

Surface enhanced 8

a‘rspocialalu. In the current report, the

Raman spectroscopy (SERS) was used to examine carbon electrode surfaces f
electrodeposition of 0.2 umol/cm? of metallic silver. As demonstrated previously,
unicmuhmmm&mnmmminhnﬁtyﬁmthmmhmubyao-lwﬁmu,am
technique was used to characterize the surfaces of laser

the resuiting ca. 400-

activated and electrochemically pretreated (ECP) glassy carbon (GC) and highly ordered pyrolytic graphite
selective than normal Raman

(HOPG). The SERS
with electrochemical

and more closely correlated

tions. Forlu.r-wﬁnhdl!OPG._ﬂuSE?%gxﬂnmubddawwtbe

graphite lattice at lower power densities, and the disorder exhibited in spectra more closely tracked

the increase in electron transfer rate. For ECP of GC, HOPG, and pyrolytic
examined with SERS was indistinguishable for the three substrates. Finally,
ECP of HOPG is consistent with a nucleation and growth mechanism.

Introduction

Asnoted in numerous reports and reviews,!-* the surface
history of carbon electrodes has a large effect on electro-
chemical behavior. Of particular relevance here are the
effects of pretreatment procedures on electron transfer
kinetics, which vary by several orders of magnitude
depending on surface variables. It has been demonstrated
by our lab and others that fast electron tranafer on carbon
surfaces depends on both carbon microstructure and
cleanlinesa 3! In the case of ordered graphite basal plane,
such as highly ordered pyrolytic graphite (HOPG), the
rates of electron transfer for Fe(CN)g*/4 and dopamine
increase greatly when microstructural edge plane defects
are formed by laser treatment or anodization.®® For
disordered materials such as glassy carbon, the defect
density is sufficient for rapid electron transfer, but the
surface must be cleaned by careful polishing,” laser
activation,%1112 glectrochemical pretreatment,1*1% etc.
When the conditions of high defect density and surface
cleanliness are met, GC electrodes exhibit electron transfer
rate constants (k°) for Fe(CN)¢*/4 comparable to those
of Pt or Aud?

Raman spectroscopy has proven to be a useful probe of
changes in carbon microstructure caused by surface pre-

(1) Kinoshits, K. Carbon: Electrochemical and Physicochemical
h?‘m Randin,J.p mquwm
a.:giuund.';m New York, 1976, Vol 7,pp 131 = u
Dekker: Now Yoek, 1991; Vol 17 i N

(®) Stueta, K. J.; P.M.; Kubr, W.G.; M. Anal.
Chem. 1983, 55, 1632, M Wightman.R.
(5) Pagan, D. T.; Hu, L P.; Kuwana, T. Anal. Chem. 1988, 57, 2750.
A N
u, L P . H.; . J.
Interfaciol Electrochem. 1988, 188, 5. ~
(8) Rice, R. J.; Pontikos, N. M.; McCreery, R. L. J. Am. Chem. Soc.

l.(.’?mRJ;PMRT.;Mm,RLJ.MCM&&.
(10) Bowling, R. J.; Packard, R. T; McCreery, R. L. Langmuir 1969,

(11) Rics, R. J.; McCreury, R. L. Anal. Chem. 1909, 61, 1637.

(12) Bodalbhai, L.; ‘Toth, A. Anel. Chim. Acta 1990, 31, 191,
(mm.n.c.; , V. A. Anal. Chem. 1984, 56, 138.
14) O.I.:“.A.A.;uwhy.w.ll.h:m&
3 , T. 4. J. Am. Chem. Soc. 1988, 107, 1845.

(18) , L. J.; Bard, A. J. Ansl. Chem. 1988, 80, 1450.
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treatment. For example, the presence of the 1360-cm™!
*disorder (D)" band correlated with large heterogeneous
electron transfer rate constant (k°) for HOPG, and both
effects were attributed to the presence of edges of graphite
microcrystallites.®!! “Disorder” is used here to mean any
decrease in long range order from an ideal graphite crystal
dnd, in particular, to the existence of microcrystallites or
graphitic edges. Creation of disorder, and therefore the
D band, by either laser activation or electrochemical pre-
treatment (ECP) coincides with large increasesin 2°. Both
Raman spectroscopy®!? and scanning tunneling microe-
copy (STM)! imply that ECP proceeds on HOPG by
nuclesting at defect sites, followed by growth of a damaged
region during oxidation. The resulting increase in defect
density causes the increase in observed k° and D band
intensity.

Although Raman spectroscopy has been valuable for
revealing structural changes accompanying ECP and laser
treatment of HOPG, an important issue remains. The
sampling depth of conventional Raman spectroscopy is
ca. 135 A for HOPG and 290 A for GC.3!7 However, the
structure of only a few atomic layers (~10 A) of carbon
should determine its electrochemical behavior. Normal
Raman provides useful correlations of microstructure and
electrochemical effects, but its utility would be increased
by improving its surface selectivity. We recently reported
a technique based on surface enhanced Raman spectros-
copy (SERS) for improving the surface selectivity of Ra-
man spectroscopy for carbon surfaces.!” Following elec-
trodeposition of Ag particies on the carbon electrode, the
carbon Raman scattering was enhanced ca. 50 times when
m:rpuﬁchdimmmumk The enhancement
is dué to short range chemical interactions between the
particles and the carbon or to electromagnetic field
enhancement. The latter effect decreases with the 10th
power of the distance from the Ag particle, which is a
combination of a 712 decrease in the field effect and a r2
increase in the number of scatterers.l%!* An estimate of

(16) Gewirth, A. A.; Bard, A. J. J. Phys. Chem. 1968, 92, 8583,
(17) Alsmeyer, Y. W.; , R, L. Ansl. Chem. 1981, 63, 1280.
(18) Murray, C. A; Allars, D. L. J. Chem. Phys. 1983, 75, 1290.
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the sample depth based on field enhancement is approx-
imately 20 A.\" Thus for either chemical or field en-
hm:mmwmmm
should provide structural information of grester direct
relevance to electrochemical behavior than normal Ra-
mAR sPectroscopy.
We report here the application of SERS to laser and
electrochemically pretreated HOPG and GC electrodes.
The controlling objective of the experiments is to reveal
the relationship between carbon surface structure and the
electron transfer rate for Fe(CN)¢*/+.

Experimental Section

The Raman spectrometer and SERS procedure have been
described previously. In all cases, the average Ag coverage was
0.21 umol/cm?for SERS experiments, and spectra were obtained
within 10 s of deposition with a CCD integration time of 5 s in
all cases. Laser powsr at the sample was typically 10 mW on a
50 X% 200 um spot. Whare noted, a Spex Raman microprobe with
a ca. 5 um diameter focal spot was used to acquire spatially

resolved spectra.

HOPG was ungraded material from Union Carbide (Parma,
OH) and was freshly cleaved before sach experiment with adhesive
taps. The fresh basal plane surface was exposed to air for a faw
minutes before immersion in eloctrolyte. For all HOPG and PG
experiments described here, onlythobu-lphmmmmnod.
Laser activation was carried out as described previously, 822 in
nirmthn’-m..lou-mNd.YAGpubo.onnfnlhlychnod

electrochemically

gradually, ECP wes conducted with linear cyclic sweeps at 50
mV/s starting at ~0.1 V v» Ag/AgCL Unless noted otherwise
ECP was conducted in 0.1 M KNO,. The mazimum positive
potential was either 1.85 or 1.95 V, as noted below, and cyclic
sweeps were repeated in some cases. After the ECP procedure
was compiete, either the electrode was examined in sir with
normal Raman spectroscopy (at 515 nm) or the electrolyte was
replaced with 1 mM AgNO; in 0.1 M NaClO,, Ag was electrode-
posited, and SERS spectra were acquired. Each ECP and SERS
procedure was initiated with a freshly cleaved HOPG surface; no
attemptas to further modify the surface after Ag deposition were

made. GC was polished with 0.05-um alumina
before ECP, and PG was cleaved before any subsequent proce-

dures.

Hetarogeneous electron transfer rate constants (k®) for
Fe(CN)¢*/¢ were determined from cyclic voltammatry in 1 M
KCllo_b.yth:/nuthoddNichohon.ma-o.&mdD.-76
x cm?/s.

Results and Discussion

subtracted.
The 1360-cm"! intensity is higher for the SERS spectra
following 40 and 50 MW /cm? activation, with severe
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in Figure 2 munnul\onmA‘
Solvent background subtracted
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Laser Power Density (MW/om®)

3. Integrated D inmnﬁommmd .
1and 2, the A® for Fe(CN)¢* /¢ obtained
f ing the same laser activation procedure.

disorder observed at 50 MW /cm3. Figure 3 compares the
integrated D/Exy (1360/1582 cm™) intensity ratio for the
normal and spectra for various power densities. Note
the D band in the SERS spectra is more intense for the

40 and 50 MW/cm? surfaces, implying that the SERS
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technique is more sensitive to laser-induced surface
damage. Stated differently, the SERS probe is more
sensitive to laser-induced lattice damage because of ita
greater surface selectivity.

The electron transfer rate constant for Fe(CN)¢* /¢ was

also determined following laser irvadiation, with the results
plotted on a log scale in Figure 3. As reported previoualy,
the observed A® increases sharply following 40-50 MW/

cm?laser pulses.’! Since A® reflects an interfacial process,
one would predict that disorder in the first few atomic
hycnofHOPGmldbomfﬁcnntmmthnu.
In Figure 3, the appearance of disorder in the SERS
spectrum coincides with the increase in 2°®. The greater
surface selectivity (ca. 20 A)'7 of SERS provides spectra
of greater relevance to electron transfer kinetics than
normal Raman, which has a sampling depth of > 100 A.317
Thus the lsser damage as assessed by normal Raman lags
the increase in A°.

The results shown in Figure 1-3 are consistent with
previous conclusions on the effects of pulsed lasers on
HOPGM1% The thermomechanical shock or local
melting caused by the laser creates defects in the basal
plane which are active to electron transfer. Steinbeck et
al. considered local melting in some detail and concluded
that higher laser powers lead to greater melt depths.™ It
is clear from Figure 2 that 60 MW /cm? pulses cause damage
tondoptbiu ter than the normal Raman sampling depth
of ca. 100 A. Similarly, the damage from a 50 MW /cm?
treatment extands at least 20 A (the SERS sampling depth)
but less than 100 A into the HOPG. Due to differences
in laser parameters, a direct comparison of the work of
Steinbeck et al. with the current results is not possible,
except to note that local melting is a distinct possibility

eventually an

electrogenerated graphitic oxide (EGO) film,13-537 the
nnumofthommunotmdeu Pigmuhonnomnl
Raman spectra of HOPG, PG, and GC following ECP.
HOPG surfaces were mbiocud to eight oxidation/
reduction cycles (ORC) from -0.1 to +1.95 V vs Ag/AgCl
inO.lMKNO;lndGCnndPGhom-O.l +185 V.
Although all three materials exhibit disorder followm;
ECP, the normal Raman spectrs vary with the carbon
substrate material. Atﬁmdmeo.omm.hteondudo
that the EGO film differs from the three carbon materials.
Alternatively, the normal Raman sampling depth (>100
A) may still be probing the unaffected substrate and
diluting the contribution of the EGO layer to the Raman
spectrum

The situation ia clarifisd by the SERS spectra, shown
in Figure 5. As expected, all the SERS spectra are much
stronger than the normal Raman spectra. In addition,
the D and Ey, bands for all three carbon materials are
essentially identical, implying that the EGO film is similar
for the three materials. It is not surprising that extensive

(“)
lﬂ.ﬂ.iﬂt J Apsl.ﬁa. lﬂ.
(ﬂ)ﬂnﬁ. J. m&
Venkatesan, T.

awmm
5 o0 (28) Speck, J. &.WJ..MIS.J Mater. Res. 1999,
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Figure 8. SERS spectra of surfaces
following deposition of 0.21 umol/cm? Ag.

oxidation leads to similar films for different carbons, but
Figure 5 provides direct evidence. Clearly the SERS
experiment is providing higher selectivity for the film vs
the substrate than normal Raman. Since the sampling
depth for SERS is ca. 20 A rather than >100 A, the surface
film should contribute more to the spectrum. In addition,
Ag may nucleats and deposit more extensively in the film,
thus providing greater enhancement in the film rather
than the carbon. 'l'hohctthntmEGOﬁlmprodwdon
GC yields consistently move intense SERS may imply that
the film is thicker or that it promotes Ag particle
nucleation.

ECP of HOPG was examined in
ascertain the nature of structural damage plus relation-
ships between Raman and electrochemical effects. Freshly
clesaved HOPG was then subjected to linear oxidation/
reduction scans between -0.1 and +1.95 V vs Ag/AgCl at
me/linOIMKNO;. For normal Raman spectra, the
HOPG sample was removed from the KNOjy solution and
spectra were obtained in gir. SERS spectra were obtained
after transfer to 0.1 M NaCl0,/0.5 mM AgNO,; and
deposition of 0.21 umol/cm3 of Ag? at a controlled current
of 20 uA. Both normal and SERS spectra were acquired
after varying numbers of oxidation reduction cycles (ORC),
but sach ECP and Raman experiment started with a fresh

a8 in Figure 4,

3
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spectra
owing verying numbers of ORC’s in 0.1 M KNO,, -0.1 to
+1.95 V vs Ag/AgCL
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HOPG surface. Treatmentof HOPG withsuccessivecyclic
scans is similar to the protocol used by Bard et al.,15 for
GC and HOPG, and is more gradual than the ECP
procedure originated by Engstrom et al.!?

The normal Raman spectra shown in Figure 6 reveal
several microstructural effects caused by ECP. One ORC
to 1.95 V is sufficient to create a 1360-cm~! band, which
increases gradually with further oxidation cycles. The
effects on the Eq band are more complex, with a 1620-cm™
band appearing initially and then merging with the
1582-cm™! band as the latter shifts upward in A». The
1620-crn~! band has been attributed to “boundary layer”
graphite which occurs in intercalation compounds or when
the graphite is delaminated.*?®* The upward shift in the
1582-cm™! band occurs when the graphite lattice is
damaged, specifically as the in-plane microcrystallite size
(L. isdecreased.® Thusthe progression of Raman spectra
with repested ORC indicates increasing disorder, with the
graphite layers upu:ntiu and fragmenting dpriu ECP.

responds to the HOPG spectrum of Figure 4 and that
subsequent ORC’s cause the valley between the D and Ey,
bands to begin to fill in.
SERS spectra acquired after the same ECP procedure
are shown in Figure 7. Although the spectra are quali-
tatively similar to normal Raman, the D band intensity
disorder. Note that the appearance of the spectrum
negligibly after the eight ORC cycle, implying

original
D/Ey integrated intensity ratio is plotted as a function
of ORC in Figure 8. The SERS ratio exhibits greater
disorder with a smaller number of ORC’s, due to increased
surface selactivity.
The voltammetry of Fe(CN)¢*/¢ in 1 M KCl was
following the same ECP procedure used for
6-8. Figure 9 shows voltammograms obtained
aﬂerthoﬁntt.hmghfwrthORCcydu. Following the
tammetric couples are observed, one exhibiting a high A°
and one low. After four cycles the high k°* couple is

|

(28) Dressslheus, M. S.; Dresseihaus, G. Adv. Phys. 1981, 30, 139.

Langmuir, Vol. 7, No. 10, 1991 2373

1200 1400 1600 1800

Raman $hift (cm™')
6, ezcopt SERS were obtaine
in solution after Ag i (0.21 umol/cm?). Solvent bach i

-1.47 log &* 1.8
-2.4 1.2
o 34 » 09
._,D'°C:<’ &l
2 _ea - v Norma > 1o &
-5.4 0.3
-6.4 e 0.0
0 2 4 s 8 10
# ORC
Figures. Integrated D/Ex, ratios for normal and SERS spectra

ot‘Figuannd?.lo(/(k‘ for Fe(CN)¢*/* is also shown f
surfaces prepared identically, but without Ag deposition.
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Figure 9. Voltammetry of Fe(CN)¢*/¢ on HOPG basal

fe one to four ORC's. n't‘:r-eo:mmmu&'vl
(s for 6-8), then the electrolyts was replaced with
Fo(CN)¢/+ in 1 MKCL :
dominant. This behavior is similar, although more p: I
nounced, than that observed for potentiostatic ECP in G.
M KNOs.*'® Two couples for a simple, 1¢- redox system
indicate spatial heterogeneity on a scale greater th r
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microprobe ( sizse ~5 um) on HOPG
mxm three ORC's. th'pv:mmhud #m between

(D)1, mchthatthodnffmmnﬁeldswmh.cnmyand
low activity regions are essentially d

'I'hek'detemmedfromthomeoupleofvolun
mograms following ECP is shown in Figure 8. When only
the major peak is considered, the A® appears to lag the
increases in D band intensity, with significant D band
intensity appearing before A° activation. This result is
inconsistent with the laser activation experiments, where
k® and the SERS derived D/Eqy, intensity ratio tracked
each other.

An explanation for this apparent inconsistency is
revealed by Figure 10 and has been noted previously for
a different ECP protocol.? Figure 10 shows Raman mi-
croprobe results for two different spots on an ECP surface
following three oxidation/reduction cycles. The damage
is quite heterogeneous on the HOPG surface because it
originates with a nucleation and growth mechaniam. Since
the SERS experiment enhances the Raman scattering from
damaged regions, a high SERS D band intensity can be
observed even though the extent of damage may be small
on average. In other words, a amall amount of lattice
damage can result in a significant D/Ey, intensity ratio in
the SERS experiment. Since the spot sisze for the
SERSspoctn(soxzooum)uhmonthosahofth

surface heterogeneity, spectra obtained with a conventional
spectrometer do not exhibit spatial heterogeneity.

For the cyclic voltammetric determination of A°, how-
ever, the relevant distance scale is (Dt)!/2, not the laser
spot size. lfthaheterogumtyuhmonamloof(m)"’
the damaged and undisturbed basal plane surfaces will
behave independently, with minimal diffusional crosstalk.
If both regions cover a significant fraction of the surface,
two sets of voltammetric waves will be observed, one for
alughk'nndonoforalonrk' If the average coverage

of damaged region on the surface is very low, the high A°®
couple will be buried in the background current. Thesmall,
more reversible couple in Figure 9 is consistent with these
conclugions. It is due to electron transfer at active,
dnmqodnnom,bmthuwmfaammolthuo
nmnlinmll\mulfomormcycluhnvooecunod.
The damaged regions are responsible for the large A® couple
undthohi(hD/EgmoMndinFummAnndtho
SERS spectra.

Returning to Figure 8, the basal plane surface before
any ECP has a few defects (roughly one every um?), the
D/Eqg ratio is near zero, and A* is very low (ca. 104 cm/s).
After one ORC, a few of the initial defects have become

Alsmeyer and McCreery

Intensity (x10°%)
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e L1. SERS spectra during Ag deposition on polished GC

ECP in 0.1 M H,SO,. A::‘ountofudopwudmu

follovl. 8, 0 umol/cm?®; b, 0.04 umol/cm3; ¢, 0.12 umol/cm3; d,
0.25 umol/cm3.

sites for oxidation and the start of EGO formation, with
accompanying lattice damage. Thesesites are apparently
much more than (Dt)!/2 apart, but there still are many in
the 50 um X 200 um Raman sampling area. The normal
Raman and to a greater extent the SERS spectra exhibit
a finite D/Ey, ratio due to symmetry breakdown near
defects. The average defect density is too low to have an
ohservable effect on the major cyclic voltammetric peaks
because the surface is still predominately basal plane. Aa
ECP progresses, more damage sites are created and existing
ones grow, thus increasing the D/Ey ratio. Simulta-
neously, the high A° voltammetric increases in size
with further ORC. As the density of oxidation sites
incresses, the distance between them decreases below
(Dt)V2, and for the major voltammetric couple
decreases. The data do not permit quantitative conclu-
sions about defect size and spacing, except to say that
(Dt)/2 is about 8 um at the scan rate used (10 V/s) and
the defect spacing must progress from values much larger
than (Dt)'/2to much smaller during the first through fourth

A final example of the SERS technique for examining
ECP is shown in Figures 11-13. Figure 11 shows the

progression of SERS spectra during Ag deposition on a
GC electrode following ECP in 0.1 M HsSO,. Spectrum
d is similar to Figure 5 and shows the familiar disordered
spectrum. Figure 12 is the same experiment, except the
ECP was conducted in 1 M KOH. The spectra of base-
treated GC are much weaker but better defined than the
acid spectra. Spectra following acid ECP were consistently
at least an order of magnitude stronger than the base
spectra and always had greater line width. Some insight
into the difference is provided by the SEM of Figure 13.
The Ag particles formed on the base-treated GC aresimilar
to those on polished GC,!? with moat having diameters of
~400 A. When Ag deposition was carried out after ECP
in acidic or neutral solutions, however, complex fractal
structures were observed, indicating quite different growth

Several reports in the literature note that dopamine
adsorption is much lower when ECP is conducted in base
or if an acid-treated surface is washed with base.®® Anjo

(29) Beilby, A.; Carieson, A. J. Electroanal. Chem. Interfocial Elec-
trochem. 1988, 248, 283,
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ﬁgﬁ.rolz. Same as Figure 11, but ECP was carried out in 1 M

et al., conclude that DA (a cation) is absorbed by the EGO
film and that the film is largely removed by base.®® The
SERS results support this is and are consistent
with a process where the GC is oxidized in base but does
nG%tfomamblofilm. Thus the SERS from a base-treated

exchange with Ag*, thus preconcentrating the Ag* in the
film. Upon reduction, the Ag forms the complex particles
in Figure 13, which apperently promote strong SERS
because of their dendritic shape. Thus the difference
between the acid- and base-treated GC surface is the
stability of the EGO film.

Taken as a whole, the SERS and electrochemical results
for ECP surfaces provide several useful insights. First,
ECPohnyofﬂuwbonmmuhmmnod(HOPG
PG, and GC) leads to EGO films which are i
able by SERS. Second, the Raman spectra of the films
ttillexhxbltthamunlDandE.bmdlohuwdfonlllp’
carbon lattice, but the bands are significantly broader

(30) Anjo, D. M_; Kakr, M.; Khodebakbeh, M. M_; Nowinek, 8. W
VA Wit g u.. 8 Wenger.

SEM of O following Ag depasiton (012 smal c” "

Figure i3
after ECP (eight ORC's from -0.1 to +1.85 V) in 1 e
usual. tluﬁlmcontnm-mphmfrmu

with mnall L, pechaps formed during oxidative disruption

of the carbon surface. This conclusion was also reached

following EGO film characterization.!s Third, treatment

with base removes the EGO film formed on GC, with return

of the usual GC Raman bands. Fourth, ECP of HOPG

proceeds by nucleation and growth, with the oxidation

causing localised damage to the graphite lattice. The
dnnnﬁodnmmmmnywuldynpmdeompnndu

(Dt)'/3, and the spatial heterogensity is revealed with bott.

voltamnmetry and the Raman microprobe. The damaged
sites have a high D/Eq, ratio and large A°® for Fe(CN)g*/¢
As oxidation proceeds, the damage regions grow togethe:

and the spatial heterogeneity vanishes. Nth.ondahve
damage to the graphite planes is accompanied by delam-

ination, and possibly intercalation.
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Adsorption of Catechols on Fractured Glassy Carbon Electrode

Surfaces

Christie D. Allred and Richard L. McCreery*

Department of Chemistry, The Ohio State University, 120 West 18th Avenue, Columbus, Ohio 43210

Glassy carbon susfaces exposed by frachwing a glessy carbon
rod in the electrolyte solulion exhibil fast electron transier
kinelics compared to conveniionally polished surfaces, im-
plying thet glasey casbon s inherenlly aciive toward eleciron
ransfer belore any inlentionsl surface modification. The ad-
sorplion of dopamine and releted compounds was examined
on frachmred glasey carbon swiaces and compared io polished
or electrochemically pretresied (ECP) swfaces. While the
calechols and sscorbic acid had the anlicipated fast eleciron
franster on frackured giasey carbon, thelr adeorplion behavior
diNlered substantially from thet reported for polished, ECP, or
vapor-deposiied carbon. Dopamine, 4-methyicalechol (4-
MC), and diwdroxyphenyiacelic acld (DOPAC) adeorbed %0
similar degrees on raciwed giassy carbon, with no apperent
discrimination on the besis of adeorbele charge. If the sur-
face was perilally oxidized, however, callonic dopamine was
prefevenilally adsorbed over anionic DOPAC or neulral 4-MC.
The resulls support an adeorption mechaniem on fractured
glessy carbon which is not charge specific and probably in-
voives the catechol ring rather than the side chain. The Im-
plications of this finding 10 the analylical wlility of carbon
oloctrodes are discuseed.

INTRODUCTION

Pretreatment of glassy carbon (GC) surfaces is a necessary
practice for producing electrodes with reproducible charac-
teristics. Although pretreatment provides improved electron
transfer capabilities or selectivity for certain sample compo-
nents, it can also modify the electrode surface in essentially
unknown ways. Electrode activity is affected by factors such
as chemi- and physisorbed species, microscopic surfuce area,
polishing debris, and active sites such as graphitic edge plane
or axygen-containing functional groups. The changes in these
varigbles with pretreatmant along with the assortment of
pretreatment procedures utilized maks it difficult to define
the electrode surface structure for a given experiment. If the
goal is & better understanding of the relationship between the
GC surface structure and its electrochemical reactivity, it is
important to reproduce and characterizse the surface structure
as much as possible.

Pretreatment procedures generally involve polishing under
a varisty of conditions, in many cases followed by activation
wwmwmamnammu

mm:.qmafunpdmmhn
been proposed. Ammuwm u

and laser ablation of polished GC surfaces is believed to occur
through a cleaning mechanism which exposes or creates active
sites on the bulk carbon.>!! Activation by electrochemical

¢ Author to whom corrsspondence should be addreesed.

0003-2700/92/0364-0444803.00/0

pretreatment also cleans the surface, but with oxidation of
th.mbontoanuuntdopmdmgonthestuuthottbe

as catalytic sites for adsorption or electron tranafer, or de-
creasing the hydrophobicity of the carbon surface.!”! The
most pronounced effects of ECP seem to be on complex,
multistep redox systems which involve proton transfer or
adsorption effects.

The objective of the research discussed here is to clarify
the effects of activation procedures and to define better the
characteristics of an active carbon surface. For this purpose,
the practice of fracturing a glassy carbon rod in solution has
been adopted. In this procedure, the surface utilized has had
no exposure to polishing abrasives and limited exposure to
environmental factors such as oxygen or impurities. Because
of its relatively short history, this surface provides a unique
starting point where the GC substrate has been modified as
little as possible. In this report, catechol voltammetry and
adsorption on the fractured surface are discussed. The
fractured carbon surface exhibits electron transfer and ad-
sorption behavior significantly different from that which has
been cbserved on polished or pretreated carbon surfaces.

EXPERIMENTAL SECTION

Electrodes used for fracturing were constructured by diamond
sawing pisces of GC-20 from a plate (Tokai). These pieces were
sanded to yield a post with a cross-sectional area of approximately
0.003-0.008 cm®. The use of small electrodes for fracturing has
been addressed in a previous publication,' and it was concluded
that small electrode areas are necessary to avoid microcracking
dmngthobmpm Afterundmc the carbon piece

particles, then embedded in an epoxy (Eccobond 55, Emerson
snd Cuming, Inc.), which was cured at 60 °C for 24 h. The epoxy
plwld.dmdlnmlﬂh‘litymdapodudhnahommmmd

i cloth), and then placed in &
ummu&r«cm.mmxa The potential was stepped

too.GVleg/Aﬂandhldfotlo:. Chronoamperometry was
wﬁmdhlukanummdﬁummm
subtracted.

performed immedistely fracturing and

'l‘hoenﬂvnmphodmthaM/MCl(SMNnCl)nfm
ehcﬁod.udaphhmmnnﬂnry
on polished surfaces, Eccobond
sanded with 600-grit silicon carbide paper, polished successively

© 1992 American Chemical Society
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Figee 1. Volammelry
in 1 MKCL AE, = 59 mV, background

in phosphate buffer pH 7.0, £, = 0.0 V (b), dopamine in phosphsie
bulter pH 7.0, AE, = 28 mV (c). Concentrations are approximately
1 mi; » = 0.1 V/s; potentials ve Ag/AgCL

with 1-, 0.3-, and 0.05-um alumina, and finally sonicated. All
memummmuw.mmdm

with a pulse provided by e Labmaster A/D
bond(SmnﬁﬂcSoluﬁou) conventional three-electrode
potentiostat (Advanced Idea Machanics, Columbus, OH) was
utilised with the RC filter value dictated by RCn» < 4 mV.2
Determination of surface coverage I' (mol/cm?) of catechols
was performed by integrating the peak aree of cyclic voltam-
mybttodonlhmmwobnmdnmm).nduhn‘
I = Q/nFA where n = 2 and A is the chronoam,
of the fractured region. Scmmuplhmuknhudwithth
G1 slgorithm of Oldham as in previous publications.? Capacitance
measurements were performed with a 20-mV amplitude input
mmMmMVuM/A.CL The square wave

output peak to pukmt-morﬁmdtomow
W(C‘(ﬁ/n’)- 29A) where A = chronoamper-
¥% Dopamine, techol, 3,4-dihydroxy-

methylcal
ud(DOPAC) and ascorbic acid were obtained from
Aldrich. K,Fe(CN), was obtained from Mallinckrodt. The various
stock solutions were prepared with 70% HCIO, from GFS
Chemicals and mono- and dibesic potassium
Fisher Scientific and Mallinckrodt. All solutions were prepared
daily with Nanopure water, with thoss at pH 7 prepared imme-
distely before uss. Solutions were degassed with argon or nitrogen
for approximately 15 min before use.
RESULTS

The hypothesis driving this investigstion is that the elec-
wmamwmmmm

represen

Wdthhn&nnkmh(cm."/" do-
pamine (DA) and sacorbic acid (AA) on fractured GC-20. The
AE, values and i i
fast elsctron

publications. It is significant that these three redox systems
ezhibit fast electron transfer on the fractured surface without
any pretreatment, implying that the bulk GC structure u

‘This interaction greatly enhances the sensitivity of DA relative
to anions such as ascorbate and dihydroxyphenylacetic acid

[ ¥} LX) -4 [V} [ X} -8.4 [¥) *8 ~8.4
E (Voits vs. Ag/AgCl)

Mgwe 2. Top: Volammety of catechols on fractured GC-20 with
associated semiintegrals, not background subtracted; AE, veluss are
DA = 90 mV, 4MC = 138 mV, DOPAC = 100 mV. Dlmdl\-un
semiintegrais of asddation scan. Sottior:  Catechols on polished GC-2C
AE, valuss are DA = 178 mV, 4-MC = 265 mV, DOPAC = 412 mV.
mnm1m--1ovmmu
hdt&hMOOﬂaﬁmml

(DOPAC) and is the basis of several in vivo analyses. Because
the fractured surface is presumably initially free of oxid
functionalities, its adsorption properties may differ substar
tially from those of pretreated surfaces. The scan rate used
here was 10 V/s to enhance current dus to adsorbed species.
The resuits are shown in Figure 2, contrasted with thoe
obtained at a polished surface. The voltammetry obtaine
at the fractured surface exhibited a sharper peak characteristic
of adsorbed species, and semiintegration also showed non-
sigmoidal behavior indicative of adsorption.® The voltan
mogram on the fractured surface persisted even after r.
placement of the dopamine solution with background elec-
trolyte. All indications showed that dopamine adsorptic~
occurred on the fractured surface immediately after tt
fracturing process. These resuits were unexpected based o..
an electrostatic mechanism. In order to investigate this
discrepancy further, 4-methylcatechol (4-MC) and DOPA”
were also examined. These systems were chosen because -
their similarity to dopamine in all aspects except side-cha...
structure and charge. 4-MC and DOPAC possess neutral and
negative charges respectively at pH 7, while dopamine is
monocation. Voltammetry of these systems at the fracturs
surface is shown in Figure 2 with voltammetry at polishea
surfaces for comparison. Cyclic voltammetry and semiinte-
gration at the fractured surface for 4-MC and DOPAC bo
indicate that significant amounts of adsorption occurred
these compounds as well as for dopamine. Adsorption through
electrostatic interactions with surface oxides on the fractured
surface (if present) is not likely since there is no obvio
discrimination based on side-chain charge. In addition, t
AE, values obtained at the fractured surface for the three
mpamdsm-wmmulyoqudwhﬂothaontmpnl-
ished surface show a definite trend based on charge (DA
4-MC < DOPAC). The voltammetry obtained at the fractur
surface is therefore significantly different from that at the
polnhdanﬁeundudutinct&omothuupaudmm-ﬂ
surfaces as well.
Furthuqmuhﬁondthomtofatocholldmpm..
was achieved by reducing the analyte concentration to ap-
proximately 10 xM so that current due to diffusing speci - ;
was reduced. These results are shown in Figure 3. Volta:
mograms were obtained as e function of time after fracturin,,
and those shown are for maximum adsorption of the species
of interest. The time of maximum adsorption varied ¢
pending on the analyts but ranged from 3 to 7 min af i
fracturing. Almost no Faradaic current was observable a
these low concentrations on a polished surface, nor was any
ofthac\mntinl?igurosattribuublotodiﬁulingupoci'&
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Figure 3. Voltammety of catechols on ractured GC-20. Dopamine
(a). 4-methyicasechal (b), DOPAC (c). Concentrations are 10 uM; »
-mmmwbmmwmmw
vs Ag/AgCL

'l“';‘l;hl. Adserption on GC Surfaces (v = 10 V/s, C** = 10

I.* pmol/cm?

pH10 pH 08
fractured
DA 156 £ 42* (N = 12) 312 4 92 (N = 10)
4+MC 3124+ 64 (N=8) 324 £ 66 (N =5)
DOPAC 1332 4 (N=10) 28040 (N =5)
AA <15 (N = 3) 42+£20(N=3)
fractured + ECP*
DA 303 £ 30 (N = 3)
4MC 312(N=2)
DOPAC €B(N=2
fractured + ECP*
DA 4932121 (N=4) MI(N=2)
4+MC 206 (N = 2)
DOPAC 59+£23(N=J)
polished
DA 9+5(N=17) 20+ 19 (N =6)
polished + ECP*
DA 503+£66(N=3) 352(N=2)

*Besed on chroncamperometric ares. *Standard deviation.
«ECP conditions: 25 cyclic potential scans 0-1.8 V vs Ag/AgCl, in
0.1 M KNO,. “ECP conditions: Same as ¢, but in pH 7.0 phos-
phate buffer.

Table I summarizes [' (pmol/cm?) values obtained by inte-
grating voltammograms for 10 «M solutions at acidic and
neutral pH. At 10 xM concentration and pH 7.0, the largest
mmofmmmnfm-uc.mum
for DA and DOPAC. At pH 0.8, the differences are loss
oipiﬁant,butdlthmmpamdluhﬂn‘todhigbul‘. A
.pociﬁcmochn‘nnofndmﬁonilmuppnnntfromthis
data; however, some qualitative observations are evident. At
GC surfaces prepared by polishing or ECP, electron transfer
md.dmpﬁmnﬁvﬁyhvobunoh«ndtomwithm

adsarption occurs for components regardless of their charge,
with no preference for cations or anions. This behavior is not
indicative of adsorption occurring through an electrostatic
mechanism.

Anmmphofhow.dmﬁondiffmforfrwtund,pol—
ished, and ECP surfaces is shown in Figure 4. Dopamine
ndwmﬁonatlouMeonanmﬁoni-buolyobumbhon

i surfaces, but is prominent for fractured and ECP
surfaces. ECP of a fractured surface causes an increase in both
dopamine adsorption and background current. Table I sum-
marizes T values for ECP treatment.

A factor of some importance in determining the extent of
mamwmhnﬁmarmm
after fracture. Peak aress for 10 uM concentrations increased

0.6 0‘.4 0; 0.0 -;.2 -0.4

E (Voits vs. Ag/AgCl
Figwe 4. Dopamine voltammetry on polished (solid ine), I' = 11
pmol/am?: trachured (dotted ine), ' = 178 pmol/cm?’; and ECP (dashed
tne), I' = 548 pmol/cm? surfaces. ECP procedure is 25 cyciic po-
tential scans, 0-1.8 V v Ag/AgC] in 0.1 M KNO,. DA concentration
is 10 uMk; supporting electrolyts is phosphate butfer pH 7.0; » = 10

Vil

08 0.7 06 08 04 03 0.2
E (Voits vs. Ag/AgCl
Figwe 5. Vokammety of on fractured GC-20, 10 uM in 0.1

dopamine
M HCIO,, » = 10 V/s, befors addition of 1.4-dmethoxybenzens (a),
Mwmawmnmmwm

for several minutes sfter the fracturing procedure, reached
a constant value for some time, and then slowly decreased.
The increase following fracture is at least partly attributable
to finite diffusion time at iow concentration. If only diffu-
sion-controlled mass transport were operative, a monolayer
would require about 6 min to adsorb for 10 4M bulk con-
centration.! The subsequent decrease in charge may be due
to competition for adsorption sites by impurities which dis-
place the adsorbed analyte. The effect of impurity compe-
tition is pronounced, perhaps due to the weak nature of the
analyte adsorption. Initial experiments were performed on
electrodes which had been encapsulated in Torr-seal (Varian)
epoxy. Voltammetry of 1 mM solutions obtained at such
elsctrodes immediately after fracturing was well-defined and
displayed both low peak separations and peak shapes char-
acteristic of adsorption. After a few minutes, however, a large
decrease in peak height and a large increese in peak separation
were observed. For 10 uM concentrations the adsorption was
Dot even apparent at the Torr-seal electrodes because the time
necessary to achieve sufficient analyte adsorption also allowed
extensive competition by Torr-seal derived impurities. Ob-
viunlyanmutboukonwminimizeimpuritiu.mdthe
epoxy used to fabricate the electrode appears to be a principle
source of contamination. The Eccobond epoxy used in this
study also contaminates the solution to some extent, though
its effects are not as severe as those of Torr-seal. However,
interpretation of quantitative results must be qualified ac-
cordingly. Modeling of the contamination process was at-
tempted by introducing 1,4-dimethoxybenzene to the analyte
solution, with the results shown in Figure 5. With the in-
troduction of 1,4-dimethoxybenzene, the charge due o analyte
adsorption did decrease significantly, indicating that the an-
alyte species was displaced from the electrode surface. Al-
though dimethoxybenzene is only a model for adventitious
solution impurities, it does demonstrate that catechol ad-
sorption is fairly weak and easily displaced by competitive
adsorption of other solution species. Stated differently,
catechol adsorption requires a quite clean surface.
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Figwre 6. Vollammety (upper left) of ferrocyanide (AE, = 80 mV)
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wmummmwmmmuh
phosphate buffer pH 7.0, » = 10 V/a. CV's are background sub-
tracted. Potentials ve AQ/AgCL
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Figee 7. Voltammetry of 1 mM ascorbic acid + 10 uM dopamine on
fractured GC-20 in 0.1 M HCIO,, » = 10 V/s. Dopamine AE, = 668
mV, sscorbic scid £, = 418 mV; polential va Ag/AgCL.

Since fracturing of giassy materials can lead to micro-
cracking, there is a possibility that the apparent adsorption
behavior is due to electrolysis of analyte in cracks. To test
this possibility, ascorbate and Fe(CN),*>/+ were examined on
fractured GC. Figure 6 contains voltammetry and corre-
sponding semiintegrals for K Fe(CN), and ascorbic acid at
pH 7. No indication of adsorption in either the voltammetry
or the semiintegrals was ohserved for Fe(CN)>/+ under any
of the conditions employed. For AA, no indication of ad-
sorption on the fractured surface was apparent at pH 7, but
wesk adsorption was evident in 0.1 M HCIO, for 1 mM AA.
No voltammetric signal was observed for 10 uM AA under any
conditions. These experiments were performed a number of
times through the course of research, but at no time was
adsorption at the level observed for the catechols ever observed
for AA. Anunhotdothuhctonahomdnuhthntﬂu

lemmammdlmumbwmdmdlo
uM dopamine. The peak areas are similar for the two com-
ponents even though the sscorbate is present at a much higher
concentration. The behavior shown in Figure 7 persists for
sbout 3-5 min, after which the AA pesk broadens, AE, for
DAm.uu,mdz,faDAdemmmﬂydmto
impurity adsorption from solution. These results indicate
preconcentration of the dopamine due to its adsorption at the
electrode surface. In addition, capacitance messurements
performed st the fractured surface result in almost model
square wave behavior in response to an imposed trisngle wave
potential. If microcracking had occurred, some rounding of
the square wave would be expected due to the presence of large
RC components at the electrode surface microcracks.
DISCUSSION

The results bear on two distinet questions about GC surface
reactivity. First, does the fractured face of GC more greatly
refloct the bulk GC properties than a polished or ECP surface?
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smu.mmmmammmu__‘
differ from that of treated GC surfaces? the fir:
question, current results confirm earlier obssrvations **u
polishing or ECP substantially alter the GC structure.
Raman spectra snd observed &* for a polished surfacy «
quite different from the results for a fractured face, with ti
Raman spectrum indicating greater disorder on the poli * ¢
surface.’® For all systems studied, electron-transfer kin <
are faster on the fractured surface, an effect attributeu -
greater surface cleanliness. Furthermaore, the * value for ti
fractured face is as high or higher than the hizhest value &
polished or laser activated surfaces, implying that fract ¢
GC is inherently rich in active sites for electron transfer. Sin:
a fractured surface must have initially unsatisfied valence
it cannot be identical to bulk GC. However, we conclude 1
the modification of the bulk structatre is minimized for 1
turing compared to polishing or laser activation. Tt
agreement of theoretical and observed voltammograms ar
the lack of Fe(CN)¢*/+ or ascorbate adsorption on the 1
tured surface indicate nearly ideal behavior with high elec ¢
tranafer activity.

The adsorption behavior for DA, 4-MC, and DOPAC or
mdmﬂaﬂydmndmgonhowthannﬁaupnp >
This behavior is most easily considered for three cuse
fractured, polished, and electrochemically pretreated GC. Tl
fractured surface exhibits classical adsorption at low °
concentration (10 uM) for DA, 4-MC, and DOPAC, but :
ligible adsorption for Fe(CN)¢*/* or ascorbic acid. ru
thermore, the adsorption was independent of the charge
the adsorbate, although adsorption was significantly hi
in acidic media. Soriaga and Hubbard™ reported I' for4 |
on Pt electrodes to be 267 pmol/cm? for flat orientation ar
525 pmol/cm? for edge orientation for monolayer adsorptio
Roughness factors for fractured GC are approximately 2- °
so the adsorption of catechols is somewhat less thana: -
olayer. When the analyte concentration was increased to
mM, diffusing material was observed on top of a stron= t
sponse for adsorbed species.

On the polished surface, the electron-transfer kinetico Jd
creased significantly and adsorption was not observable f:
10 uM concentrations. Even at 1 mM, adsorption appe
weak, but was stronger for DA than foz 4-MC or DO}
When a fractured surface underwent ECP in either nitra
or phosphate solution, adsorption for DA increased by 2
3 times, 4-MC changed little, and DOPAC decreased. o
ilarly, ECP of a polished surface greatly increased I' for .
by s factor of approximately 50 (Table I). Thus both tt
polished and ECP surfaces exhibited adsorption which di
criminated for adsorbate charge, with the ECP surface! 1
more pronounced in both magnitude and degree of dis« «©
ination. Thus the adsorption behaviors on polished and EC
surfaces are qualitatively similar but are clearly distinct frm
that on the fractured surface.

The observations are consistent with a qualitatively dis..a
mm&:mwmw
polished or ECP surfaces. If adsorption to the fracture’ 5
me&emmwm itwouk »

be charge specific and would not occur for ascorbate or ¢
{CN)¢¥/*. Furthermore, the clean, active fractured surfa
would yield fast electron transfer. When the surface is |
ished, both the adsorption and £°’s are decreased, appar: |
due to impurity adsorption. Upon ECP, adsorption strong
favors cations, implying an electrostatic mechanism. As note
by seversl other authors,® > the preference for DA )
ueorbmorDOPAConﬂnECleﬁmuhhlydue'

ion exchange mechanism, probably at carboxylate groups :
the oxide film. It should be noted that although DA yiej«
a larger voltammetric response than AA for both fract ie
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and ECP surfaces due to selective adsorption, the adsorption
mechanism for the two surfaces w fundamentally different.
The current results are relevant to the area of voltammetric
bioanalysis of catechols, particularly in small-animal tissue.
In such experiments, a carbon fiber microelectrode is used to
detect catechols in the presence of ascorbate after pretreat-
ment by polishing*-3! or ECP.7-2%37 [f the approach is to
be successful, the electrode must discriminate heavily for DA
over DOPAC or ascorbate, since DA is usually & minority
component. The work reported here demonstrates that a
fractured and presumably unmodified carbon surface will
discriminate for catechols over ascorbate but not for DA over
DOPAC. In contrast, a lightly polished carbon fiber microdisk
does discriminate for DA over DOPAC,* implying that a
charge-specific mechanism is operative. This observation
implies that the surface of carbon fiber electrodes used thus
far for in vivo analysis are partially oxidized, often uninten-
tionally.
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Anthraquinonedisulfonate Adsorption, Electron-Transfer Kinetics, and Capacitance on
Ordered Graphite Electrodes: The Important Role of Surface Defects

Mark T. McDermott, Kristin Knetes, and Richard L. McCreery®

Department of Chemistry, The Ohio State University, 120 W. 18th Avenue, Columbus, Ohio 43210
{Received: October 3, 1991, In Final Form: December 12, 1991)

The adsorption of anthraquinone-2,6-disulfonste, disodium sait (AQDS), was found to be well behaved at glassy carbon
(GC) and highly orieated pyrolytic graphite (HOPG) electrodes. On laser-activated GC, the surface excess obeys a Langmuirian
isotherm in the conceatration range of 5 X 10 to | X 10~ M with a saturation coverage of 228 pmol/cm?. AQDS at untreated
HOPG electrodes was studied more extensively. Adsorption at basal plane HOPG was discovered to occur solely on edge
plane defects. Defects on basal plane HOPG can be created adventitiously in the cleaving process or can be controlled by
laser irradiation at varying power densities. The amount of AQDS adsorbed correlates with laser power density. Surface
excess on HOPG also obeys a Langmuir isotherm with the saturation coverage depending on the defect density. On conventionally
cleaved HOPG surfaces, the amount of AQDS adsorption correlates with other clectrochemical parameters, the magnitudes
of which are known to depend on edge plane density. These parameters are the heterogencous electron-transfer rate constant
of the ferri/ferrocyanide redox coupie and differential capacitance. A new low differential capacitance of less than 1.0 xF/cm?
has also been observed on near-perfect basal plane HOPG. The unusual ferrocyanide voltammograms observed on low-defect
HOPG are consistent with a potential-dependent transfer coefTicient.

Introduction

The widespread use of carbon electrodes in energy conversion,
electrosynthesis, and electroanalysis has stimulated a wide variety
of research on the relationship between carbon structure and
electrochemical behavior.!? While it is recognized that carbon
microstructure, surface oxides, and adsorbed films will affect
electrode kinetics, capacitance, ¢ic., these structural variables are
often difficult to control. Several reports from our group** and
others™'? have identified the importance of basal and edge piane
graphite regions to electrochemical behavior, and noted that the
distribution of edge and basal sites on a carbon surface varies
greatly for different carbon substrates and surface preparations.
The difficult problem of relating surface structure to clectro-
chemical behavior is significantly simplified by examining a nearly
ideal surface, namely. the basal plane of highly ordered pyrolytic
graphite (HOPG). The basal plane has a known distribution of
carbon atoms and provides a single-crystal analogue of more
disordered carbon materials. The purpose of this paper is to
characterize the basai plane surface of nearly perfect HOPG and
to examine its electrochemical properties.

HOPG is a highly anisotropic material, exhibiting quite different
properties on its basal and edge planes. Physical properties of
HOPG, such as resistivity, thermal conductivity, thermal ex-
pansion, and Young’s modulus, display anisotropy with sometimes
large differences between the in-plane (a-axis) and out-of-plane
(c-axis) directions. Raman of HOPG also
on this anisotropy, with the ratio of 1360-cm™/1582-cm™ band
intensities correlating with graphitic edge plane density. 43 Our
group and others have reported anisotropy in the double-layer
capacitance (C®)’47-19 and heterogeneous electron-transfer rate
constant (k®)’34.11.12 for some benchmark redox systems, with
both C® and k° being higher for edge vs basal plane HOPG. The
density of edge plane sites on HOPG can be increased greatly by
illumination with energetic laser pulses, apparently by thermo-
mechanical shock induced by rapid thermal expansion.’4¢ We
showed that k® of Fe(CN),>/* correlated with C® for laser-ir-
radiated HOPG, implying that both are related to laser-generated
edge plane.¢ Adventitious edge plane defects resulting from the
cleaving of HOPG are known to be sites for other phenomena.
Eklund et al.!? have intercalation of HSO,~ through the
basal plane of HOPG. They concluded that the intercalant enters
through grain boundaries and/or accidental defects on the surface.
Damage caused by electrochemical oxidation of basal plane HOPG
has been shown by Raman spectroscopy,** scanning electron

* Author 1o whom correspondence should be addressed.

microscopy (SEM),* and scanning tunneling microscopy (STM)
to initiate on edge defects.'* Chang and Bard observed that
defects on freshly exposed basal plane occurred at a density of
0.1-13 um? for various samples of HOPG.'S Snyder et al.' used
STM to observe polymers preferentially nucleating at step sites
on basal plane HOPG. Recently, we have shown that adventitious
defects on HOPG electrodes affect electrochemical parameters
in ways similar to those created intentionally. A more defective
surface as observed by STM exhibits a higher k° for ferri/fer-
rocyanide and a larger C°.3 Accidental edge plane defects cause
considerable statistical variation in the measurement of these two
parameters. The results aiso indicate strong adsorption of an-
thraquinone-2,6-disulfonate (AQDS) to edge plane sites and weak
adsorption to basal plane. All of these phenomena indicated the
importance of edge plane defects to HOPG behavior.

The pronounced anisotropy of HOPG leads to several serious
problems when examining electrochemical variables on carbon
electrodes. First, capacitance, k°, and adsorption often vary
greatly with the proportions of edge and basal plane on the exposed
surface, as has been noted previously in some detail.*4!? Thus
GC exhibits faster kinetics than HOPG basal plane because of
its higher edge plane density. Second, supposedly ordered HOPG
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basal plane surfaces exhibit quite variable electrochemical be-
havior, depending on the presence of adventitious (or intentional)
defects.™® For example, k® may vary significantly with repeated
cleavage of HOPG, due to variations in surface defects from cleave
to cleave.” Third, any measurement of inherent basal plane

ies is likely to be contaminated by the effects of edge plane
defects, and this is severe when the anisotropy is large.
For example, when k° is 0.1 cm/s on the edge and 10°" cm/s on
basal plane (approximate values for Fe(CN)/4),¢ even 0.1%
of edge plane defects on a basal surface will yield observed “basal”
rate constants about 1000 times too large. Thus any attempt to
study electrochemical properties of the ardered HOPG basal plane
is likely to be frustrated by the effects of a Jow level of defects.
The long-range goal of the effort presented here is observation
of basal plane properties which are uncontaminated by the
properties of edge plane defects and thus representative of an
ordered carbon surface.

The electrochemical behavior of mono- and disulfonated an-
thraquinones has been the topic of several investigations, and the
adsorption of these sulfonated anthraquinones on metals and
carbon has been noted previously.'*® Soriaga and Hubbard
showed that anthnq\nnone-z 6-disulfonate (AQDS) adsorbs at
platinum electrodes in a close-packed, flat orientation.'* More
recently, He et al.'® demonstrated that AQDS exhibited a well-
behaved, reversible adsorption voltammogram on mercury at bulk
concentrations below 10-* M. Brown and Anson examined the
adsorption of anthraquinone-2-moncsulfonate (AQMS) at pyro-
lytic graphite (PG) electrodes 22!

The approach used here starts with a more detailed examination
of AQDS adsorption on edge plane defects. Once AQDS ad-
sorption is established as a useful quantitative marker of defect
density, it can be correlated with other defect-dependent elec-
trochemical variablsy, including capacitance and k° for
Fe(CN)¢+/*. Such correlations are useful not only for establishing
the existence of a nearly defect free basal piane surface, but also
for determining the electrochemical properties of an ordered
graphite electrode surface.

Experimental Section

All solutions were prepared with distilled water purified with
a Nanopure water purification system and degassed with argon.
Potassium ferrocyanide was used as received from Mallinckrodt
Inc., and solutions of 1 mM K,Fe(CN), in | M KCl were prepared
daily. Disodium AQDS was obtained from Aldrich and recrys-
tallized from water after filtering through activated charcoal.!?
Solutions of AQDS in 0.1 M HCIO, degrade after 2-3 days and
;;:eh ;;re.pered accordingly. All experiments were conducted at

For experiments on GC, a Bioanalytical Systems GC-20
clectrode embedded in Kel-F was utilized. The GC electrode was
conventionally polishsd before laser activation and GC experiments
were performed in a Teflon cell as previously described.'” HOPG
was cither purchased from Union Carbide (Parma, OH) or was
a gift from Arthur Mcore of Union Carbide. HOPG samples are
graded by Union Carbide according to the line width of the X-ray
diffraction peak, with greater line width corresponding to smaller
microcrystailite size along the a-axis. Grades are as follows: ZYA,
<0.4% ZYB, 0.8 £ 0.2°; ZYH, 3.5 % 1.5°. HOPG surfaces were
mredmthabypedm;mthadhenveupeorbyclammth

a razor blade. Surfaces of “pure” basal plane (very low defects)
mobumedbyclavm;nhlckpzeee(u >S5 mm along the
c-axis) of HOPG with a razor blade. Since cleaving with adhesive
tape imposed curvature on the graphite being removed and to a
lesser extent on the sample, the resuiting mechanical strain ap-
peared to create defects. Cleaving with the razor blade did not
cause curvature and led to low-defect surfaces. L~<er activation
of HOPG was performed in situ with solution p .ent in a cell

(18) Soriags, M. P.; Hubbard, A. T. J. Am. Chem. Soc. 1982, 104, 2735.
: Crooks, R. M.; Faulkner, L. R. J. Phys. Chem. 1999, 94,

(20) Anson, F. C.; Epstein, B. J. Electrochem. Soc. 1968, 1155.
. AP F. C. Anal. Chem. 1977, 49, 1589.

Somm ot .

described previously.® All other electrochemical experiments were
carried out in an inverted drop cell. The HOPC was peeled or
cleaved and fastened to a conductive metal plate with powdered
mphu/ujdmmmnpodehanalmm A drop
of solution was then piaced on the fresh basal plane surface. A
platinum wire auxiliary electrode and a capillary salt bridge
containing a Ag/AgCl (3 M NaCl) reference electrode were
lowered into the drop to complete the cell. This type of “cell”
climinates factors such as damage to the surface from an O-ring
and impurities from the Teflon cell. Because the solution was
placed on the electrode within 10-15 s of peeling or cleaving,
surface contamination was minimized. Edge plane HOPG
electroda were imbedded in Torr-Seal (Varian) as previously

Adaorpuon of AQDS was quantified by measuring the base-
line-corrected area under the voltammetric reduction wave as
described by Brown and Anson.?! The diffusion wave for AQDS
was t00 small to interfere with measurements of the adsorption
peak and was displaced far away on the potential axis.! Adsorption
was monitored with time until 2 constant value was observed, with
longer times being required for lower AQDS concentrations.
AQDS data are reported here as I'oy, the observed adsorption
in picomoles per square centimeter, and T',,,, the saturated ad-
sorption at high bulk concentration of AQDS, denoted Caqos- The
observed k° for Fe(CN)*/* (D = 6.3 X 10 cm?/sec) is reported
as k°,, and was calculated from AE, via the method of Nicholson
in most cases.? Where noted, simulations based on a poten-
tizl-dependent transfer coefficient according to the approach of
Corrigan and Evans® were used to determine k°,,. Observed
differential capacitance, reported as C°,,, was measured with a
20-mV pak-lo-peak. 100-Hz triangle wave centered at 0.0 V vs
Ag/AgCl using the method developed by Gileadi et al.#2° and
used by us previously. 24!7 All electrode areas used for caiculations
were measured by chronoamperometry of 1| mM Fe(CN)¢* on
a 5-s time scale. Cyclic voltammetry and laser activation with
aNdYAGlneroﬁ‘ntmgu 1064 nm were performed as de-
scribed previously.

Resuits

The voltammetry of 10-* M AQDS at a GC electrode laser
irradiated with three 25 MW/(:mz Nd:YAG pulses is shown in
Figure lA. Laser activation of GC at this power density serves
to clean the surface of impurities and polishing debris.!’2* At
this low concentration of AQDS, the peak diffusion current should
be approximately 0.01 mA /cm? and is negligible on the scale of
Figure 1A. The peak current in Figure 1A is directly ional
to scan rate for the wave centered at -0.1 V vs Ag/AgCl. Peak
width at half-maximum (pwhm) for this wave is S5 mV, and the
cathodic/anodic pesk separation is 12 mV at 1 V/s and S mV
at 100 mV/s. For a reversible adsorption wave, the theoretical
pwhm is 90.6/n, where n = 2 for AQDS, and the peak separation
is 2¢r0.272 The data indicate that at low concentrations AQDS
is a quasi-reversible surface-bound redox center at GC electrodes.

An adsorption isotherm was obtained for bulk concentrations
of AQDS from § X 10* to 2 X 10 M. Curve A in Figure 2 is
the surface excess vs bulk concentration plot for AQDS at a GC
electrode. This curve is characteristic of a Langmuir isotherm. 7’2
Peak shape, potential, and haif-width do not change with con-
centration. These resuits imply minimal interaction between
surface-bound molecules at low bulk concentrations and provide
strong evidence for an adsorbed species adhering to a Langmuir
isotherm. It is clear that AQDS is a well-behaved surface-bound
species on laser-activated GC at low buik concentrations.

(22) Nicholson, R. S. Anal. Chem. 1968, 37, 1351.

(23) Corrigan, D. A.; Evans, D. H. J. Electroanal. Chem. 1980, 106, 287.

(24) Gileadi, E.. Tthermkmh N. Electrochim. Acta 19N, 16, 579.

(ZS)G.MI.E . Tshernikovaki, N.; Babai, M. J. Electrochem. Soc. 1972,
119, 101

(26) Pontikos, N. M.; McCreery, R. L. J. Electroanal. Chem.. in press.

(27) Laviron, E. J. Electroanal. Chem. 1982, 12, 53.

28) ;'CM.A J.; Faulkner, L. R. Electrochemical Methods: Wiley: New
York. 1980.
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Figure 2. Amount of AQDS adsorbed vs bulk concentration on (A) GC,
laser activated at 25 MW /cm?; (B) basal plane HOPG, laser activated
at 70 MW /em?; (C) basal plane HOPG, laser activated at 50 MW /em’.
The lines simply connect the points and do not assume any theoretical
equation. Adsorption time was at least 20 min.

Parts B-D of Figure | were obtained under the same conditions
as part A, but with various HOPG surfaces. Voltammogram B
is HOPG edge plane (embedded in Torr-Seal), and voltammo-
grams C and D were obtained on two different basal plane surfaces
with the inverted drop “cell”. Except for current magnitude, the
voltammograms in Figure 1 exhibit comparable pwhm and AE
with the oaly exception being the slightly larger AE, for HOPG
edge plane (possibly due to Torr-Seal contamination). Inspection
of the current scales of Figure | reveals the effect of edge plane
density on the quantity of AQDS adsorbed, since the peak current
for an adsorbed species is i to the quantity adsorbed.
Electrodes rich in edge plane such as GC and edge plane HOPG
(Figure 1A,B) yield approximately 50 times greater current than
basal plane HOPG with visible defects created in the cleaving
process (Figure 1C). The voltammogram of Figure 1D occurred
on an HOPG surface which had no visible defects. The absence
of & voltammetric wave for AQDS on basal plane indicates either
that AQDS does not adsorb on basal plane or that any adsorbed
AQDS does not undergo electron transfer to basal plane. In either
case, Iy, increases with greater edge plane density.

Since the voltammograms of Figure 1C,D were obtained on
HOPG basal surfaces prepared in the same manner, it is clear

TABLE I: Observed Adeerption of AQDS and k* of Fe(CN)*/* on

Laser-Irradiated Basal Plase HOPG
power density, | . k® o (Fe(CN) /%,
MW /cm? pmol/cm? cm/s

50 3IS(e=12) 0.042 (¢ = 0.0090)
60 M(c=11) 0.065 (¢ = 0.0092)

70 10(e=14) 0.093 (¢ = 0.010)
80 82(e=17) 0.096 (¢ = 0.0046)
90 96 (0 = 2.8) 0.110 (¢ = 0.0057)
100 140 (¢ = 14) 0.130 (¢ = 0.0058)

¢ g is standard deviation, N = 3 in all cases.

that the defect density varies significantly from surface to surface.
This conclusion is not surprising, but it does prevent preparation
of surfaces with reproducible defect density by conventional
cleaving. In order to examine AQDS adsorption on HOPG basal
plane more quantitatively, we used laser irradiation to generate
reproducibly defective surfaces. In earlier reports, we showed that
Nd:YAG laser pulses damaged the HOPG surface at power
densities of 45 MW /cm? and higher.4 Furthermore, both ca-
pacitance and k°,, for Fe(CN),*/*+ increased with increasing
laser power, implying a higher density of edge sites. Accordingly,
AQDS adsorption was examined on laser-treated HOPG in order
to study a more reproducibly damaged surface, with the resuits
shown in Table I. All voltammograms of AQDS on laser-ac-
tivated HOPG indicated ideal a ion and were qualitatively
very similar to those of Figure 1C. Isotherms for the 50 and 70
MW/cm? cases are shown in Figure 2. While the shapes are
comparable to that observed for GC, saturation coverage is lower.
The equation of a Langmuir isotherm can be linearized in the
form
Cagos _ 1 + Caqos )
¥ obs rnnbAQN rm
where Iy, is the surface excess of AQDS, I',,, is the saturation
surface excess, baqps is the adsorption coefficient of AQDS the
on the particular surface, and C,qps is the bulk concentration.
Figure 3 shows the linearized data of Figure 2, and Table II lists
the data obtained from the isotherm of AQDS at several elec-
trodes. In the case of HOPG, the saturation coverage is dependent
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Figure 3. Lincarized data from Figure 2. A. B, and C correspond to the
same surfaces as in Figure 2. The lines are the least-squares fit to the
data, with 7 2 0.99 for ali lines.

TABLE II: Adsorption Isotherm Resuits for AQDS*

l‘..,. r {1 b )
surface pmol/cm? cmls?:ol ref
GC. 25 MW /cm? 28 6X10° this work
HOPG. 70 MW /cm? 92 2Xx 10  this work
HOPG, 50 MW/cm? 28 4 x10° this work
Hg . 94 7x100 19
P 127¢ 18
PG 140% 20

*Determined from linearized Langmuir equation as described in
text. *Not determined from a complete isotherm.

on laser-induced damage. For comparison, saturation coverages
for AQDS on other surfaces are also given in Table II. The
increase in [, for the series HOPG (basal) < HOPG (laser) <
PG<GC-eounatwnhthcmeuemdnadeandedaephm
density for these materials.? Although studied in less detail,
anthraquinonemonosulfonate and 1,5-AQDS behave quite simi-
larly to AQDS with small differences in T due to varying mo-
lecular size. The differences in the magnitude of AQDS adsorption
on piatinum vs mercury have been attributed to a very substantial
dissimilarity in surface bonding.'!* On the basis of the approach
of Soriaga and Hubbard, the theoretical saturation coverage for
AQDS on a flat surface is 132 pmol/cm?.'*
Tnblelalaol’nutheohwrvedk’.. for Fe(CN)*/* on la-
ser-treated surfaces, in order to compare with [',,,. As noted
previously, k® ,, increases with increasing laser power density above
the 45 MW /an? threshold ¢ ‘l'hek‘..musohavedhaefdbw
the same trend as those reported previously,® but are consistently
higher, probably due to greater cleanliness accompanying irra-
diation in solution rather than air. In order to make a similar
correlation of T',, and k®,, on untreated basal plane, it was
necessary to measure I'y, and £°,,, on the same surface. Thus
avdummdFe(CN)."/“mmudona&uhlydnnd
surface with thz inverted drop “cell”, and then the solution was
replaced and Ty, was determined. In addition, C°,,, was de-
termined in theFe(CN).""’orAQDS solution. In this way,
C® ume k° e and Ty, were measured on a surface with a given
defect density, effectively controlling for variations in defects from
surface to surface. The results for 42 basal plane surfaces are
listed in Table IIL, in order of increasing I',,,. With the exception
of the laser-treated surfaces, the T, k*,,, and C°,, values listed
fuammmwmthemwﬁcebythe
invevted-drop approach. Parameters determined on laser-treated
sutfaces were reproducible from surface to surface, and entrics
in Table ITI are averages of three surfaces. Notice that k®,, and
C° a increase monotonically with T, implying that all three
observables are controlled by similar surface effects.
voltammograms obtained with several surfaces
exhibiting varying AE, mshownml'-'i.m‘ For AE, < 200
mV, thevolnmopm shapes consistent with conventional
Nicholson and Shain theory.2® However, when AE, exceeds
200 mV, dmonmfmchnulbehmmmdem.mth
serious disagreement with theory at AE, of above 300 mV. The
mnwdmdthudummushmmﬁgmsfm

TABLE IIl: Serface Coverage of AQDS. Kinetic Parsmeters of
Fe(CN) &>, -IWCMI«MMHOPG

C® o
grade/prep.* pnol/cm‘ mv k® 4 cR/3 pl-'/cml
u/C <1.0 1500 80 x 10°7¢ 0.6
u/C <1.0 0.8
u/c <1.0 09
u/C <1.0 1.00
u/C 1.0 1020 8.0 x 107¢¢ 1.4¢
u/C 1.1 770 6.1 X 1073%¢ 1.5¢
u/C 2.1 970 9.2 X 107%¢ 1.74
u/C 3.5 740 1.5 x 10°%¢ 1.5¢
u/C 8.0 1.8

A/C 11 470 2.8 X 107¢¢

A/C 14 300 0.0014¢ 1.2¢
A/C 14 120 0.0085

B/C 24 203 0.0032 2.94
H/C 25 168 0.0049

B/C 25 165 0.0057

A/C 26 103 0.01$

A/C 26 95 0019

u/C 30 122 0.010 314
H/C 34 144 0.0068 l6*
U/L(50) 35 78 0.042 34
H/C 38 9 0.018

H/C 40 122 0.010

H/C 4 120 0.011

H/C 4 93 0.020

U/L(60) 4“4 84 (5) 0.065

H/C 45 114 0.012

H/C 52 100 0015

H/C 55 80 0.036 4.
H/C s6 4
H/C 58 106 0014 5.2¢
H/C 62 5.3¢
H/C 64 87 0.025 5.8¢
H/C 65 83 0.030

A/C 67 78 0.041 5.8¢
u/C 69 92 0.021 6.5¢
U/L(70) 70 79 (5) 0.093

H/C 73 114 0.012 6.7¢
U/L(70) 75 8.2
U/L(80) 82 77 (5) 0.096

H/C 85 85 0.030

U/L(90) 96 8t (10) 0.110

U/L(100) 142 76 (10) 0.130

*Grade: U = ungraded; A = ZYA; B = ZYB. H = ZYH. Prepa-
ration: C = cleaved; L = laser activated; power density in MW /cm?
listed in parentheses. *» = 1.0 V/s unless indicated in parentheses.
€ k® . calculated by simulation with potentiai-dependent a: all others
from AE, by method of Nicholson. ¢C®,, measured in 1.0 M KCI.

C‘_meuuredmOl M HCIO,.

TABLE IV: Veltammetric Results for Siagie HOPG Basal Serface
with Low Defect Deasity

»nV/s AE,mV kg cm/s ko'cm/s o  da/dE*

10 1238 46107 96x10¢ 0.0 0.25
s 1132 8.1x107 11x10°% 050 0.27
1 940 24X10¢ 16Xx10° 049 0.27
0.5 896 25xX10* 16x10° 050 0.28
0.1 808 26X10*°  11x10°% 050 0.28
0.05 755 12x10* lL1x10°% oSt 0.29

*Calculated by method of Nicholson,2 using D = 6.3 X 107 cm?/s.
*Best fit of experimental and simulsted voltammograms assuming a
potential-dependent a.

AE, = 940 mV (at | V/3), and voltammetric resuits for various
mnmmlmedm'hblelv Although there is no doubt
that the large AE, indicates siow electron-transfer kinetics, the
voltammograms on low-defect surfaces clearly do not exhibit
classical behavior.

Discussion

The variations in k® 4, C® e 81 T'gy, for different HOPG basal
plane surfaces establish the importance of surface defects in de-
termining electrochemical parameters. AQDS is a useful marker
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Figure 6. Piot of diffcrential capacitance, C*,, vs T,,. Points are laser
surfaces, pluses are cleaved. Line is least-squares fit to all points.

for defect density, with T, ranging from near zero on low-defect
basal plane HOPG up to roughly monolayer coverage on GC.
Since C° s k® i 2a0d Ty, are all much higher on edge vs basal
plane, they should track the edge plane density as indicated by
To- In addition, the observed k*,, should correlate with [,
since both observables depend on edge plane density. In the
simplest case, one might propose that the electrode area covered
by adsorbed AQDS equals the defect area. However, this proposal
is probably oversimplified due to the unkown microscopic details
of AQDS adsorption on defects of various size and shape. For
now, it is sufficient to conclude that increased I'yqps indicates
& greater number of edge plane defects. A variety of defects have
been reported for HOPG basal plane, including step edges, missing
atoms, atomic scale ridges, and fissures. 152 As stated earlier,
Chang and Bard noted a wide variation in defect density observed
by STM, ranging from 0.1 to 13 defects/um?.!'’ In some cases,
these defects have been misi in STM images as adsorbed
molecules, such as DNA.® In light of the correlation between
T 2nd purposely induced degects (via laser activation or the use
of GC), it is very likely that AQDS adsorption occurs on the
STM-observable defects on HOPG. Given the strong adsorption
of AQDS on Pt, Hg, and pyrolytic graphite reported by others,'*2
it is not surprising that saturation coverage is achieved on GC
and laser-damaged HOPG at bulk concentrations below 1073 M.
The 228 pmol/cm?'$ saturation coverage for GC is higher than
that predicted on the basis of molecular size for flat adsorption
(132 pmol/cm?®). Either the AQDS is not lying flat, or the GC
surface has a roughnesss factor of 228/132 = 1.7. Of course, the
roughness will depead on surface preparation, but values for GC
ranging from 1.4 to 2.5 have been reported for polished GC
following laser activation.'” While the flat orientation of adsorbed
AQDS is not established by the current results, it is the most likely,
and the implied roughness factor is within the range expected.
In the case of basal plane HOPG, I'\qos 8 and exceeds
a theoretical monolayer with laser activation.!’? As deduced from
STM,’ this indicates both defect formation and roughening by
the laser. However, the 10°-10°-fold increase in k*,, accom-
panying laser activation cannot be due soley to roughening, and
the major factor in laser activation of HOPG is defect formation.

In order to consider the effect of surface defects more quan-
titatively, we should first examine the resuit that [y, C°,, and
k°,, for Fe(CN)/* all correlate for a series of untreated basal
plane surfaces (Table I11) and laser-treated basal plane (Table
1 and ref 6). As noted earlier T, Cq,. and k°, all track defect
density, and should therefore trace esch other. Figure 6 is a plot
Of C® g V3 [oe fOr both untreated and laser-activated surfaces.
Figure 7 shows k°,,, vs ', plotted in log-log format to cover
the wide range. Recall that each point on Figures 6 and 7 rep-
reseats two measurements performed on the same surface, largely
correcting for unavoidable varis*ion in defect density from surface
to surface. The first conclu vmtheuresuluunmple but
important: the lowest valuc oher Topes 20D k® 5, most ac-
mnulyreﬂecttmewtlphn-.propemu Since even a small

(29) Nicholison, R. S.; Shain, 1. Anal. Chem. 1964, 36, 706.
(30) Clemmer, C. R.; Beebe, T. P. Science 1991, 251, 640.
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defect density can have a large effect on electrochemical ob-
servables (particularly k°,,), the true basal plane behavior will
be masked by defect behavior unless the defect density is low. In
the case of capacitance, C®,, was always below 1.0 uF/cm? when
I o was below its detection limit, with the lowest observed value
being 0.6 uF /cm?. Since the slope of C®, vs 'y, is not very steep,
the C*,, on a genuinely perfect HOPG surface is not likely to
be much lower than 0.6 uF/cm?. The best estimate of C°,,, for
perfect basal plane capacitance is the intercept of the least-squares
line in Figure 6, 0.81 uF/cm?, with an upper limit of 1.0 uF /cm?.
This result is lower than that reported by Yeager (3.0 uF/cm™2),$10
due to lower defect density in the present case or to the difference
in the method of measurement. The implications of this low
capacitance are noted below.

It is not 30 easy to deduce the true basal plane k° for Fe-
(CN)¢/*, given the much stronger dependence of ®,, on defect
density. Variations in Ty, near the detection limit (< 1.0
pmol/cm?) correspond to large variations in AE, (1020-1500 mV),
s0 it is hard to determine k®,,, for a zero-defect surface. Stated
differently, even a few ppm of defects (which would be below the
detection limit for g,) can significantly increase k°,,, so only
an upper limit for k®,,, on perfect basal plane may be determined.
We conclude that perfect basal plane exhibits a AE .7 >1500
mV at 1.0 V/s, leading t0 2 k°, of < 107 cm/s.

The second observation available from Figures 6 s, 7 i~volves
the functional dependence of electrochemical variabies on defect
density. On the basis of the STM-determined defect density of
0.1-13 um™?, defects are rarely more than | um apart, and are
themseives much less than | um in size.!* At scan rates in the
range of 0.1-10 V/3, the defects will behave 33 a random array
of microelectrodes spaced mwuch closer than (Dv)'/2. This situation
bas been considered by Amatore et al.*! and Armstrong et al.’2»
for the case of small active sites. In the case of basul plane HOPG,
the active sites are not the oxides proposed by Armstrong et al.,
the unblocked surface assumed by Amatore et al., or the active
redox sites proposed by Kuwana et al.* for GC, but rather are
edge plane defects exhibiting much higher k°,, than the sur-
rounding basal plane. When the sites are close to
each other compared to (D¢)'/2, the surface will behave like an
ordinary planar microelectrode with a smaller k°, than that of
the active sites. Stated differently, if diffusional cross talk is rapid
between active and less active surface regions, the observed £,
is an average of rate constants for active and less active areas,
weighted by surface coverage.>’! Even the smallest k® observed
bere for basal plane HOPG may be due to very small defects

143.')3":';"' J. M.; Saveant, ). M.; Tessier. D. J. J. Electroanal. Chem.

(32) Armstrong, F. A.; Boad. A. M.: Hill, A. O.; Paakti, . S. M.; Zoski,
C. G. J. Phys. Chem. 1909, 93, 6485.

(33) Armstrong, F. A.; Boad, A. M.; Hill, A. O.; Oliver, N.; Psalti. I. S.
M. J. Am. Chem. Soc. 1989, 111, 9185.

(34) Hu, 1. F; Kuwana, T. Anal. Chem. 1986, 58, 3235,
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spaced closer than (Dr)'/2. It is useful to consider a weis
average of basal and edge regions for determining electrocher ©
observables as a first a imation. Such as assumption lea
10 eq 2 for capscitance,’ where /, is the fractional ares of ed

Clos ™ Clrasa(l = f) + C g

plane present on the surface. For I, we can assume that '
basal plane is zero, so

Tow = Tu/e {
Substituting for /, in eq 2 yields

T T
| YO .

Tows
Cote = Crut + T—(C e = o) 1

Equation 4 predicts linearity for the plot of Figure 6, with
intercept equal to C® ;. As noted earlier, the least-square |
fornu?oinuofFigute6yieldsaninwmptofC‘._,= .
uF/em?.

For the case of k°,,,, the analogous linear approximatinr
inadequate to explain Figure 7. For laser-activated sur :
covering a range of I, from 35 to 140 pmoi/cm? (Table !
slope of the log k°,, vs log Ty has a slope of 1.2, imply
proportionality. However, the slope of the line for all poini:
Figure 7 is 1.9, a value inconsistent with proportionality o
and T, These observations are consistent with a line
pendence of C® gy, k® ey a0d Ty, On the fractional coverage
edge plane defects on the basal surface for laser-activated surfac
but the linear model fails for the near-perfect basal plan

Additional insight into the kinetic behavior of HOPG su 1
is provided by the deviation of voltammogram shape on low-de!
surfaces from that predicted by conventional Nicholson and Sh
theory. As shown in Figure 4, peak widths and relative b :
differ significantly from conventional theory as AE, increases 1
distortion could originate in several different aspects of the
periment. First, it could be caused by some inherent basal nl.
property which becomes important only at low defect der t
when edge plane contributions to kinetics are minimizec
example, Gerisher’s and Randin and Yeager’'® concluded t
basal planc HOPG has a low density of states and a low ca
citance, with both reaching a minimum at about -0.2 V
urated calomel electrode. Either effect could lead to slow k
particularly near the potential of zero charge (PZC). Seco
the distortion could be caused by a potential-dependent trans
cocfficient (a) which becomes important as AE, increas .-
For large AE,, the oxidation and reduction are occurring a |t
different potentials, and a nonconstant a is likely. Third,
distortion may be caused by some characteristic of the def:
acting as microclectrodes. For the small and infrequent ¢ f:
present on near-perfect surfaces, the double layer may t ¢
planar, and unusual double-layer effects may occur, particul:
near the PZC. %

The distortion occurs for any voltammogram with AE,
mV, for which k®,, is < 0.003 cm/s. This k®,, is much; :
than the upper limit for k®y,, (107 cm/s), so a voltammog:
with AE, = 200-400 mV bas negligible contribution from b.
plane. Thus the distortion is unlikely to be caused by unus
plane properties, since distortion accurs when the rate '
controlled largely by defects. The possibility of a potential
pendent o was tested by simulating several voltammograms *
an a which depended linearly on potential, according to the ! t
of Corrigan and Evans. Figure 4A shows a simulated
ag = 0.50 and da/dE = 0.25 V!, as well as the conventi
simulation (da/dE = 0). For small AE, (<200 mV), inch

(35) Gerisher, H. J. Phys. Chem. 1988, 89, 4249. ;
(lg‘)lsz. J. D.; White, H. S.; Feldberg, S. W. J. Phys. Chem. |
94, 6772.
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of da/dE made little difference to wave shape (Figure 4C), but
it did significantly affect curves for AE, >S00 mV. Figure 5 shows
experimental and simulation cyclic voltammograms for two scan
rates on a low-defect surface, demonstrating a marked effect of
nonconstant a on the wave shape. The fits of theory and ex-
periment shown in Figures 4A and § and in Table IV are quite
good, supporting the conclusion that a potential-dependent a is
important when AE, is large. Theory and experiment agree less
well for intermediate AE, (Figure 4B), because the surface
is quite defective (f, ~ 1-3%) and irregular. Although these
observations do not prove that a potential-dependent « is the sole
origin of the distortion from conventional shape, they do indicate
that the observations are consistent with a nonconstant a.
Regardless of the details of the shape of the cyclic voltam-
mograms on low-defect surfaces, there is no doubt that the ob-
served kinetics are very slow for Fe(CN)¢>/4 on the basal plane.
We have reported similarly slow kinetics and basal plane for
dopamine* and solution-phase AQDS.} Sufficient data are not
yet available to ascertain the generality of slow basal plane kinetics,
and until such data are available, it would be risky to speculate
an underlying phenomeon causing siow kinetics. The results on
AQDS adsorption, capacitance, and Fe(CN)¢>/* kinetics reported
here establish a means to reduce or climinate contamination of
basal plane behavior by edge plane defects. We are currently
studying a wide range of redox systems on low-defect basal plane

surfaces, in order to determine the phenomena controlling the
electrochemical behavior of the basal plane. The resuits will be
reported separately.

In summary, k®.,, C®.um t2d [, for AQDS are controlled
largely by defects on basa! plane HOPG, and all three obscrvabies
vary greatly for different surfaces. Although perfect basal plane
has a C°,, below 1.0 uF/cm?, a k*,, for Fe(CN)¢>/* below 107
cm/s, and negligible AQDS adsorption, observed values are usually
higher due to adventitious or intentional defects. Since all three
phenomena depend on defect density, they correlate with each
other provided they arc measured on the same plane surface. The
voltammetry of Fe(CN)>"/* on partly defective basal planc is
consistent with a potential-dependent transfer coefficient, which
is a major factor when AE, exceeds about 500 mV at | V/s.
Finally, the reason for the very siow kinetics of Fe(CN)¢*/* on
basal plane is not yet clear, but is currently being addressed by
studying a variety of redox systems on low-defect basal plane
surfaces.
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In Situ Raman Monitoring of Electrochemical Graphite
Intercalation and Lattice Damage in Mild Aqueous Acids

Daniel C. Alsmeyer and Richard L. McCreery’

Department of Chemistry, The Ohio State University, 120 West 18th Avenue, Columbus, Ohio 43210

Sknullanecus Raman speciroscopy and electrochemical
oxidation of highly ordered pyrolylic graghile (HOPQ) permilied
monlioring of lattice damage and siaging. Iniercalation of
bisuliste in concenirated H; 80, resulls in well-known Ramen
speciral changes in the Ey,maode st ca. 1000 om™'. Inaddilion,
damage fo the sp* lallice is revealed by the “D” bend at 1308
cm!, which cccurs when graphllic edges are formed. During
oxidation of HOPG In 96% MH,80, or 1 M NeCIO/CH,CN,
intercalation was cbesrved but accompanying letlice damage
did not occwr at the polentiels examined. For 1 M HPO,,
aclther inlercalation nor lallice damage was obeerved of
poteniiais up 10 2.0 V ve SSCE. Fer 1 M H,80,, 1 M HCIO,,
or 1 M HNO,, however, intercalstion slways preceded or
accompanied lattice damage. The resulls are consistont with
amechaniam where oxidelion resulls in a graphile intercalation
compound (GIC) which oxidizes eliher waler or the graphlle
Roolt 10 produce carbon oxides. The formation of oxides
depends on both the thermodynamic stabillly of the GIC and
the kinelics of inlercalation, which in tum correlste with the
size of the inlercalating lon.

INTRODUCTION
mconuxtofthnnponuuhbhlhdbymkmthr.n

by the solid-state physics community.!-!! The Ramanspectra
of highly ordered pyrolytic graphite (HOPG) and related
materials are sensitive to intercalation, with changes in the
Ex; mode at 1582 cm™! being apparent during intercalation
of anions, cations, and neutrals. In this context, “staging”
refers to the successive insertion of ions or neutrals betwesn
graphite layers, such that “stage V" refers to five layers of
graphite betwoen each layer of graphite, stage IV to four layers,
etc. An E,y’ band appears during intercalation at 16101640
cm™! depending on intercalant identity and stage, and this
phenomenon has been attributed to “boundary layer” graphite
planes adjacent to an intercalant layer.! The split in the Ex
mode upon intercalation arises primarily from changes in

"l‘owhoneonm be addressed.
(1) Dresssihaus, M. S.; Dresselhaus, G. Adv. Phys. 1981, 30, 199.
m(ﬁ-rmnh.ll.l .; Lucovsky, G.; Solin, 8. A. Meter. Sci. Eng. 1977,

I Structure and
Dynamics; Springer
‘“54)Nlehlow , R.; Wakshayashi, N.; Smith, H. G. Phy- Rev. B1972, 5,

(6) AlJishi, R.; Dresselbaus, G. Phys. Rev. B 1982, 36, 4514.
G)MB.S..M-. £Dl~ll|n.,0 Maby,E. W,;
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symmetry at the boundary layer and secondarily from
mo&mdﬂnw& lnmeuu.n

in nonaqueous solutions or strong aqueous acids.'*® Stim-
ulated by work on intercalated batteriss, graphite has been
oxidised and reduced in numerous solvents, notably Li*/pro-
pylens carbonate and >90% HyS0, Twostudies are of direct
relevance to this report. Masda ot al.”® monitored Raman
spectra of carbon fibers during cyclic voltammetry in 98%
HsSO,. They found that 0.0-1.4 V potential cycles did not
change the “D" (1360-cm!) and Ex; (1582-cn~!) modes of the
fibers. However, a potential excursion to +2.3 V increased
the “D" intensity, from which they concluded that the graphite
lattice was damaged by intercalation. “Lattice damage” is
used here to mean breakup of the extended hexagonal sp?
array of carbon atoms in graphitic planes and does not refer
tointercalation perse. The “D” band resuits from breakdown
of the & = 0 selection rule when microcrystallits edges are
formed in the graphite lattice.l2 A more detailed Raman
investigation was undertaken by Eklund et al. on HOPG in
96% HySO0.2 The cell geometry permitted in situ Raman
tpecmtoboobhiudeithnonthhmdﬂombud
plane or on the besal surface just above the H:SO, during
constant-current intercalation. The results showed staging
with well-defined 1582- and 1620-cm Raman modes. Sur-
prisingly, basal surfaces exhibited rapid electrochemical
intercalation, implying that intercalating anions enter the
besal surface directly, probably through defects such as cracks,

only the a-face (i.e. edge plane) of the HOPG was in contact
with HySO,. Thespatial boundary of Raman spectral changes
progressed away from the HyS0, surface as intercalation
occurred, at a rate which depended on imposed current
density. In contrast to Eklund's conclusions, Nishitani's
conditions permitted observation of intercalant diffusion
slong the a-axis.

The third background area of relevance is the large
literature on electrochemical pretreatment (ECP) of carbon

(MWJ.O;M&.EP.W.C&.»L.IM.E‘.MI”‘,

)Bnhnd..l..onl.s
”(17)&-'.&.\?‘8“ .; Dabn, J. J. Electrochem. Soc. 19990,

(IB)B.&.!' Krohn, H. Synth. Met. 1968, 7, 193.

(l’)M“—.I‘MN..KmE.CleM’O
I”('N)MY..OMY.MH.N.JEW 1988,

(21) Ekiund, P. C.; Olk, C. H.; Holler, . J.; Spolaz, J. G.; Arakawa, E.
T. J. Mater. Res. 1988, 1, 361.

(22) Nishitani, R.; Sasaki, Y.; Nishina, Y. Synth. Met. 1989, 34, 315.
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electrodes in milder aqueous media, particularly in the range
from pHO0t07.%% The bulk of electroanalytical applications
of carbon elactrodes occur in this pH range, as well as the

on carbon. As noted by Besenhard in an excellent review,12
the role of intercalation during ECP of carbon in mildly acidic
or neutral solutions is not clear, dus to the formation of
graphite oxides. The redox potential of graphite intercalation
eonpumdl(GlC‘l)uhgh.MthntforO,orCO.fm
in water, so the GIC is unsatable in mild
aqueous acids. The result is the formation of the ill-defined
electrogensrated graphitic oxide (BGO). Parallel to numerous
studiss of intercalation, ECP has besn used extemsively to
modify GC and HOPG surfaces, usually for the purpose of
eloctron-transfer activation. Since ECP often leads to large
increases in &° for many systems, %3 gn understanding of
ECP mechaniams may lead to conclusions about what controls
A® at carbon surfaces. Engstrom et al. 2% characterised the
GC surface following ECP and concluded that surface
contaminants were removed by ECP and that the surface
becomaes hydrophilic. Kepley and Bard®™ used interferom-
etry and elemental analysis to deduce that the film had an
approximately 1.5 ratio of axygen to carbon and that it formed
at a rate of about 45 A per potential sweep (0-1.80 V) in 0.1
M Hy80,. Our group used Reman spectroscopy to conclude
that ECP of HOPG in mild acid caused bresakup of the graphite
hm“.andthootkufundmmtuthm

the numerous electrochemical studies of ECP in mild acid.
Bymulmlym&nnm-ndmdm

chemical offects of ECP. Of particular interest are the effects
of anion identity in mild aqueous acids.

EXPERIMENTAL SECTION

A diagram of the experimental apparstus is shown in Figure
1. The electrochemical measurements were all performed with
& PAR 173 potentiostat which was interfaced with a PC

by a glass frit. The
working electzrode was & piece of HOPG with the approximate
dimensions of 2mm X 2mam % 0.1 mm. 'lhn-oﬁhhw

small electrode was held in place by two pisces of platinum
whkhmhdhahﬁuwhthym.dﬁ'm
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Figwe 1. Schematic of experimental apparatus. Abbrevistions:
CC200, CCD detector; PAR, Princeton Applied Research potentiostat;
B8R, band reject flter; MDR, motor controlier; A/D, computer imterface
and dighizer.

bold the electrods. The working electrode was inserted into the
glnes ceil such that the impinging laser beam could enter the cell
and excite the basal plane region of the exposed HOPG while the
scattered radiation was collected and focused on the spectro-
graph entrance slit. Both basal and edge surfaces of the HOPG
sample were exposed to the solution.

Raman measurements were performed on an Instruments SA
640 s:ngle monochromator equipped with & 300 line/mm grating
operating in second order with a Photometrics PM512 charge-
coupled device (CCD) detectoe.” The CCD was intarfaced to a
second PC to control spectral acquisition and store spectra.
Dielectric band reject interference filtars® were placed near the
entranceslit and collimating lens to reject the Rayleigh scattered
light. An argon ion laser operating at 514.5 nm was used to
illuminate the sample with approximately 100 mW of laser power
at the lsser head. The CCD detector was cooled with liquid
nitrogen to ~110 °C. The CCD was exposed to the scattered
light for integration times varying from 100 to 600 s. The Ra-
man shifts were calibrated using a neon bulb before each set of
maeasurements. The software permitted automatic spectral
mnmmatmypmntmlpomudmouupmnm

the electrochemical PC to the CCD computer. Thus the
qnctnl and current vs potential resuits could be obtained
sutomatically and simuitaneously.

RESULTS

Raman spectral changes accompanying intercalation in
concentrated H;SO, were observed initially, in order to
characterize a well-behaved system and to provide baseline
data in the absence of carbon oxide formation. A slow-scan
cyclic voltammogram for HOPG in 96% Hi,SO, is shown in
Figure 2, with the potential axis unfolded for clarity. The
large oxidation peak at ca. 1.2 V va SSCE is the stage Il to
stage I transition, while the current in the 0.6-0.9-V potential
range is composed of overlapping peaks for stage V to stage
[ transitions. The electrochemical results are similar to those
reported by Besenhard et al.12 At positive potentials the
HOPG sample expanded and turned blue due to intercalation
of HSO,~ and accompanying HySO,. Since this process has
been reported in detail in the literature, ocaly the Raman
results will be discussed further here. 4

Figure 3 shows Raman spectra of the Ey; region obtained |
at various points in the oxidation scan of Figure 2. When the
potential remained below 1.5 V, no D band at 1360 cm™ was
apperentatany time. Raman shifts are also plotted in Figure |
2 for the Eoy and Ey’ bands. Nots that the “boundary layer”
mode at ca. 1620 cm™! is clearly visible next to the Ey, mode
for the potential range from 0.658 to 0.762 V vs SSCE. At |

(37) Alsmeyer, Y. W.; McCreery, R. L. Anal. Chem. 1991, 63, 1289 |
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Figwe 2. Current and Raman shifts during intercaiation of HOPQ In
96% H,SO,. The scan rate was 1 mV/min. Triangies indicate the
s.mmwmme.'. Note scan reverasi at 1.5
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Figure 3. Raman spectra of Ex, region acquired during voltammenric
scan from Figure 2. Stage numbers were deduced from the Exy/Ey’
ratio (Figure 4). Intensities were normalized 10 maximum values for
each spechum.

0.960 and 1.008 V, only stage Il is present (two graphite layers
altemating with one intercalant lsyer), so every graphite layer
is a boundary layer and only one peak is observed. A further
increase in Raman shift occurs in the transition from stage
Itol. Plots of Ramanshift vs the inverse of the stage number
are linear for both the Ey, and Ey’ bands, as noted by Dressel-
haus and others.!® Figure 4 shows that ratio of the Ey and
Ey’ bands is linear with stage number, as would be expected
if By’ is derived from boundary layers. Although the siope
of this line depends on relative cross sections for Ey, and Ey,’
scattering, smaller values of the ratio indicate higher stage
number. The spectra of Figure 3 were normalized to permit
increased during intercalation by a factor of 25 from the initial
Ex intensity to the final Ey’ intansity. As noted by Maeda
‘et al.® and Eklund et al.,® oxidation of HOPG or carbon
fibers above 1.5 V leads to lattice damage indicated by the
“D" band.

While concentrated HyS0, electrolyte leads to well-beshaved
intercalation, it is not very relevant to electroanalytical and
ECP experiments. A series of 1 M aqueous electrolytes was
examined with both voltammetry and Raman spectroscopy
to consider intercalation under milder conditions. The choice
o{chcndyuwudichﬁ‘odinplnbymhhmwoﬁdaﬁon.
For example, CI- is oxidized at potentials lower than that
required for intercalation, so HCl and KCl were not studied.
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Pigwe 4. (A)Ey/E,,' integrated Raman intensity ratio vs stage number
deduced from vokammetry and charge/mass rstio. (B) Raman
frequencies plotted vs inverse stage number for intercalation in 98 %
m&

From the standpoint of feesibility and previous data from
the literature, 1 M solutions of HySO,, HCIO,, HNO,, and
HyPO, in water were examined, as was 1 M NaClO, in ac-
tonitril

Figure 5 shows a slow-scan voltammogram of HOPG in 1
M HCIO, with the current integrated to reduce noise and
stated es a charge per unit mass of HOPG. Oxidation is
evident at ca. +0.8 V va SSCE, and large currents are present
sbove 1.0 V. Raman spectrs obtained at selected potentials
during the experiment depictad in Figure 5 are shown in Figure
6. The D band and a distorted Ey’ mode are readily apparent
st 1.580 V, and some D band intensity is visible at 1.439 V.
Figure 6B shows difference spectra of the Ex; region at several
potentials relative to the spectrum observed at 0.500 V.
Chu-inthoiq.budmammtatl.llav,vhich
increase with potential Figure 5 includes the Ey//Ex
ricdata. Due to inaccuracies in measuring the Eq'/Ey, ratio
in Figure 5, the apparent fluctuations in the ratio may not
be real. However, the onset and general increase in the ratio




Q/m (coul./gremd

1.0
Potential (V vs SSCE)
Figwe 8, E,/E,’ Raman intensity ratio (dashed Ine) and charge/
mass ratio (solid ine) for ivercalation of a 0.1- X 2- X 2.mm HOPG
sample in 96% H,S0,.

with potential are reproducible. Figures5and 6 bothindicate
thntchnuumthoE.modoyrmdoohomblonmd
intensity.

quru 7-9 were taken from potentiostatic pretreatment
Mthmnn.lo{mtonummbdfot2mm,mth

1.8

up to 2.0 V, while HNO,, HCIO,, and H;SO, cause obvious
intercalation and lattice damage at 1.5-1.7 V. The D/Exand
Exy'/Ex intensity ratios are plotted in Figures 8 and 9 for
potentiostatic pretreatment in five electrolytes.

Several useful observations are available from the resuits
shown in Figures 5-9. First, the nature of intercalation in
mild electrolytes is strongly dependent on the solvent and
salt identities. H,SO,, HCIO,, and HNO; (all 1 M) are
qualitatively similar, while NaClO/CHsCN shows interca-
lation but no lattice damage (indicated by the D band), and
HsPOJ/H;0 shows neither intercalation nor lattice damage.
Second, the onset potentials of both intercalation and lattice
damage depend strongly on the electrolyte, on the basis of
the Ey’ and D intensities ahown in Figures 8 and 9. Listed
in order of decreasing propensity to cause changes in the D
and Ey, bands, the 1 M electrolytes are HNO; > HCIO, >
H;S0, > NaClOy/CH;CN > HsPO,. The onset potentials
for both the Ey’ and D bands are listed in Table I, along with
the intensity ratios reached at 2.00 V.

DISCUSSION

Intercalation and related structural changes in HOPG
depend on several variables, including site and rate of initial
ion insertion between layers, mass transport of intercalants
into the bulk lattice, thermodynamic potential of various
stages for different intercalants, intraplanar lattice damage,
and carbon oxidation to form graphitic oxide, CO;,, etc.
Although these factors have been examined in significant
detail, the relstive importance of each effect in a given
experiment depends greatly on conditions. In sddition to
revealing structural changes during intercalation using Ra-
man spectroscopy, our purpose here is to use conditions similar
to those present in the numerous applications of carbon
elsctrodes in analysis and synthesis. The multichannel Ra-
man spectrometer used here to monitor intercalation in situ
is particularly valuable, since it provides rapid spectra in real
time, simultaneously with intercalation.

Before turning to mild aqueous slectrolytes, the resuits in
96% H,S0, provide useful observations. This medium
suppresses oxide formation due to low water activity, so
intercalation can procesd to a low stage index without
complication from sidereactions. Of interwstis the immediate
(<2 min) onset of Raman spectral changes to the E,, band
even when the laser beam is positioned on the HOPG basal

ANALYTICAL CHEMISTRY, VOL. 84, NO. 14, ALY 15, 1902 « 1831

surface far away (1 mm) from edges. [f intercalation occurred
solely through the cut edge of the sampie (the “a” face), there
should be a lag before the Ey’ band is observed in the center
of the sample. As noted by Nishitani et al.? such a delay
occurs when only the a-face is immersed in H;SO,. In fact,
a front corresponding to a stage transition progresses away
from the HySO/a-face junction aa intercalant diffuses into
the sample. When the entire sample is immersed (as was the
case here) intercalstion is rapid near or far from the o-face
and then propagates into the sample interior. This obser-
vation is consistent with intercalant entry through defects
and crystallite boundaries on the basal surface. X-ray results
indicate a microcrystallite sise of ca. 10 um for HOPG,® and
numerous step edge defscts are observed with STM. As-
suming intercalation begins at such defects, the intarcalant
need only diffuse a few microns to completely intercalate the
basal surface. It ahould be noted that differences in inter-
calation dynamics may well resuit from sample-dependent
perameters such as microcrystallite size and long-range order.

On the basis of the optical properties of HOPG, the
combination of beam penetration and scattered photon escape
depth resuits in a Raman sampling depth of about 130 A.Y
Intercalation compounds have lower graphite density and
different optical properties than the initial HOPG, so one
might expect the sampling depth to be greater. On the besis
of Figures 3 and 4A, the cross section for boundary layer
graphite (Ey,) is about 2.5 times that of the inner lsyer (Ey,),
at least for HSO," intercalation. For example, the stage IV
GIC in Figure 3 exhibits a stronger Ey,’ peak for an equal
number of inner and boundary layers., Since intercalation to
stage I yields a 25-fold increase in scattering intensity (for
Ey,’ compared to unintercalated Ey,), the Raman sampling
depth for the stage I GIC must have increased by s factor of
ca. 10 (to about 1500 A) compared to unmodified HOPG.

The data of Figures 2—4 permit an assessment of stage
number from Raman frequencies and intensities, provided
the scan rate (1 mV/min in this case) is slow enough to permit
intercalation to occur throughout the HOPG sample. Since
equilibration can occur, the slow-scan results should reflect
the thermodynamic stability of different GIC’s, provided
intercalation is the only process occusring. Besenhard and
Fritz®® and Rudorff and Hofmann® report that the GIC's
formed in HCIO, or H;SO, are more stable toward oxide
formation than that in HNO,, which is in turn more stable
than that from HyPO, In other words, the reduction
potentials for HC10, and HySO, GIC's are lower thgn HNO,
and HyPO, GIC's, and their thermodynamic propensity to
form oxides is lower. Beck et al.® reported a quasireversible
potential for intercalation of natural graphite flakes which
decreased with increasing H,SO, or HCIO, concentration. It
is not surprising that intercalation is “essier” for more
concentrated intercalants, but the relationship betweea
potanﬂdmdmtnmmthm Thus the
main thermodynamic conclusion available from slow-scan
experiments in concentrated acids is that intercalation occurs
at lower potentials for more concentrated acids, and the order
of reduction potential is HyPO, > HNO, > Hy80, =« HCIO,.
Since oxide formation is thermodynamically unfavorable in
concentrated acids and since intercalation is permitted to
reach equilibrium due to the slow-scan rate, the Raman resuits
reflect the order of reduction potentiais of the respective
GIC's.

|

Conclusions about intercalation and lattice damage in mild !

aqmaadnmbutdnvldodqumﬁhﬂwobomm
distinguishing different intercalants and more quantitative
issues regarding onset potentials and intercalation rates.

(38) Besenhard, J. O.; Frite, J. P. Z. Anorg. Allg. Chem. 1978, 416, 108.
(39) Rudorff, W.; Hoffmann, U. Z. Anorg. Allg. Chem. 1938, 238, 49.
(40) Beck, F.; Jum H. Krolm.H Electrochim. Acta 1981, 26, 799.
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Referring to Figure 7, several qualitative conclusions are
available. First, lattice damage as indicated by the D band
was always preceded or accompanied by intercalation. Inno
case did breakup of the sp? lattice occur without evidence of
sccompanying intercalation. Of particular note is 1 M
H,3PO,, when neither intsrcalation nor lattice damage occurred
at potentials up to and including 2.00 V va SSCE. Second,
it was possible to intarcalate without lattice damage, in the
case of NaClOy/CH,CN or 96% Hy80, Thus intercalation
per se does not cause lattice damage, but rather an associsted
or subsequent process. Third, in all cases atudied where
intercalation occurred in mild aqueous acids (1 M HNO,, 1
M HCIO,, 1 M HjS0,), lattice damage resuited. These
qualitative conclusions indicate a sequence of events in which
intercalation occurs if favorable; then the intercalation
compound undergoes chemical reactions leading to lattice
damage under certain conditions. In CH;CN or 96% H,S0,,
the intercalation compound ia stable toward these chemical
reactions so damage does not occur, and in 1 M H,PO,,
intercalation and any subsequent lattice damage were not
observed. The evidence indicates that the intercalation
compounds formed in mild aqueous acids rapidly form oxides,
a process which generates enough strain to result in lattice

damage and appearance of the “D” band.

Although besed on different evidence obtained in different
media, a mechanism based on intercalation followed by lattice
damage and oxide formation was concluded by Besenhard et
al?? and Beck ot al.® for mild aqueous acids. Aas the acid
strength decreases, the reduction potential for intercalation
increases, in some cases linesarly. Thus weaker acids lead to
& higher potential for formation of intercalation compounds.
Furtharmore, CO, CO,, O3, and graphite oxide formation occur
at lower potentials as the acid concentration decreases. Thus
solely on thermodynamic grounds, the potential for inter-
calation will becoms more positive than the potential for oxide
formation as the acid strength is decressed. The spectral
data of Figure 7 indicate that the intercalation
compound is unstable in 1 M HNO,, HC1O,, or H;80,, it does
form before or simultaneously with lattice damage. Con-
versely, without intercalation (as in 1 M HyPOJ), no lattice
damage is observed even at high potentials. This mecha-
nism is also consistent with that proposed earlier, in which
oxide formation on carbon edges creates strain which resuits
in lattice damage.®? Such a process is also consistent with the
nuclestion and growth mechanism concluded from STM™!
and Raman microprobe® observations. The resulta presented
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Table I. Raman Peak Intensity Ratios after ECP in 1 M
Elsctrolytes

HySOyHO 0.85 on m L0-1.1
HCIO/H{ O 10 10 1.60 09-1.0
HNOyH,0 0.83(1.85 V) 0.96 (1.85V) 1.55 11-1.2
H,POyH0 0.028 0.077 >1.80 -

NaClO4/CH,CN 0.00
¢ A desh indicates that no band was observed. * Volts vs SSCE.
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here add to these previously reported mechanisms the new
information that intercalation of HOPG always precedes
lattice damage and presumably oxide formation.
Thequantitative aspects of intercalation and lattics damage
reveal further factors which control the process. On the basis
of the onset of the Ey’ and D bands noted in Figures 8 and
9 and Table I, 1 M HNO; is & more aggressive medium than
the other dilute acids studied. On the basis of lattice damage
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Table I1. Radii of Selected Anisas

amion ionic radius (pm) hydrated radive (pm)*

Ci0¢ 189 350
80 238 400
NOy- 20 300
PO 28 400
HPO* 400
HePOs 450
¢ Debys Hucksl ion sine parameter.!

and By, appearance, the relative order of electrolytes is HINU;
> HC10, > Hs80, » H;PO. Although HCIO, has bee:
reported to be the thermodynamically most favorable inte:
calant of the group,® HNO; shows intercalation and lattic.
damage at lower potentials in mild media. Apperently, a
kinetic factor is involved for conditions other than a ver
slow scan rete. Since carbon oxide formation accompanie
intercalation in mild acids, the rate of intercalation relative
to oxide formation may be important and a thermodynamic
limit may never be reached. HC1O, may be thermodynar
ically favored to reach a paerticular stage number at a lowe
potential than HNO,, but the more rapid kinetics of NOy-
intercalation lead to both E,,’ intensity and lattice damage
at potentials lower than predicted on solely thermodynam:

grounds.

The ionic and hydrated radii for the anions studied are
listed in T'able II. Intercalation has been observed for both
solvated and unsolvated anions,'2 and the data presented he:
do not indicate which occurs in dilute acids. However, f.
the monocanions concerned, the onset potential for lattice
damage is lower for smaller ionic or hydrated radii. N+
surprisingly, the smaller ions are more aggressive towa
ini

Conclusions about intercalation based on HOPG in mild
2rid should to carbon materials with comparable d,

) such as pyrolytic graphite, spectroscop
graphite rods, and many vapor-deposited carbon films. Thee«
materials are less ordered than HOPG, and their higher
density of graphitic edges may accelerate oxide formati(
nhﬁvotointumhtion.podblyludiutolowunmiﬁvi
to anion identity. As doy increases, intercalation behavior
may differ. Of particular interest is glassy carbon with a doo»
of ca. 3.6 A and much less microcrystalline order than HOP
GC intercalation, if it occurs at all, has not been studied
detail, and GC is not as amenable to the Raman technique
used here because the E;,’ and Eo, bands are not well resclved.
The absence of detectable sulfur in graphite oxide form:
during ECP of GC in 0.1 M H;SO> implies either ti
intercalation of HSO, into GC does not occur or that HSO,-
is lost upon lattice and oxide formation.

Insummary, the behavior of HOPG upon oxidationin m:
aqueous acids is strongly dependent on the identity of t -
anion. If intercalation does not occur (as for 1 M HyPOY), no
changes in the HOPG were observed. If intercalation dc--
occur, the process might be reversible with no damage tot -
sp? lattice (as with NaClOy/CH,CN or 96% H:80). .
intercalation occurs and oxide formation is thermodynam-
ically favorable, lattice damage occurs (e.g. 1 M HCIC
Hy80,, or HNOy). Oxide formation is a function of be
thermodynamic and kinetic effects, and the rate of intercs
lation and subsequent lattice damage appears to be highe:
for smaller intercalating iona.
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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®

Department of Chemistry, The Ohio Siate University, 120 West 18th Avenue, Columbus, Ohio 43210

The basal plane of highly ordered pyrolytic graphite (HOPQ)
s0rves as an ordered model of more commonly used elecirode
surfaces such as giasgy carbon (GC) and pyrolytic graphite.
The defect density on the basal plane HOPG was reduced by
careful cleaving and cell design and was verified to be low
by requiring that AL, for Fe(CN)¢>* (1 M KC1) be greater
than 700 mV for a 0.2 V/s scan rate. Then a variety of redox
systems were examined on “validated” HOPQG surfaces. and
varistions in the eleciron transter rate constant, &,°, were
observed. AN 13 redox systems exhibiled relatively fast
kinetics on laser activated GC (A* > 0.03 cmv/s for eight
inorganic systems), and In several cases k* c=ueeded the
instrumental imit. On HOPG, however, AE, variec grestly for
the 13 systems, ranging from 68 to > 1200 mV. The reasons
for this variation fall into three general claseifications. Firet,
reactions involving proton transfer (e.g. catechols) were all
siow on HOPQ, implying some role of the surface in mediating
multistep processes. Second, the observed rate correlsted
with the exchange rate for homogeneous electron transter,
but the heterogenecus rates on HOPG were 3-8 orders of
magnitude siower than that predicted from simpie Marcus
theory. Third, the physical properties of HOPG, such as density
of electronic states and hydrophobicity, may depress A° relative
to GC and metale.

INTRODUCTION

Due in part to the widespread use of carbon electrodes in
electroanalysis and electrosynthesis, a large research effort
has been invested in understanding heterogenecus electron
transfer at carbon surfaces. Such investigstions have dealt
with effects of surface structure and pretreatment on elec-
trochemical behavior for a variety of ap? carbon materials,
including pyrolytic graphite, carbon paste, glassy carbon (GC),
carbon films, and highly ordered pyrolytic graphite (HOPG).!-
The ultimate goal of electrode kinetic studies of such materials
is elucidation of structure/reactivity relationshipe 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

* Author to whom correspondence should be addressed.
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attention to surface history.¢12 [n some cases, large changes
inrate constants for benchmark redox systems can be effected
reliably through laser activation !0 heat treatments,’’ ul-
traclean polishing ¢ and electrochemical pretreatment.!%-1¢
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
onan 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.,!’-'% 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)¢*/+ and dopamine at the basal plane and
near-reversible voltammetry at the edge plane.l0:. HOPG
has also been used as a substrate for the spectroscopy of
adsorbates,Z and its unusual adsorption properties and
capacitance have been described.® 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)¢*/+ kinetics, 2,6-anthraquinonedi-
sulfonate (AQDS) adsorption, and differential capacitance,

6) Hu, L F.; Karweik, D. H.; Kuwun,'l‘ J. Electroanai. Chem.
Interfacial Elcctroclum 1988, 188, 59.

(7) Fagan, D. T.; Hu, L F; KumT Anal. Chem. 1988, 57, 2759.

(8) Rice,R. J.; Ponuknl,N McCreery, R. L. J. Am. Chem. Soc. 1990,
112, 4617.
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(10) Poon, M.; McCreery, R. L. Anal. Chem. 1986, 58, 2745.
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depending on surface defect density. 324 Capacitance ranging
from 0.6 to 6.5 uF/cm?, AQDS adsorption from <1.0 to 85
pmol/cm?, and heterogensous electron transfer rate constants
for Fe(CN)¢*/+ from 8 X 10~ to 0.041 cm/s were obtained
depending on the defect denasity of the surface.?® 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. Inthe approachused
here, we first validated a given HOPG basal surface by noting
a very low kO for Fe(CN)¢* /4. Since Fe(CN)¢*/* has a high
ratio of edge to basal rates, a slow rate indicates minimal
defect density. Thissame 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
:ompuinom were made on structurally better defined sur-
aces.

Heterogeneous electron tranafer 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.? 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 spontanecusly. 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 cm?, as determined by
Fe(CN)¢*/+ 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 K Fe(CN)q or 1
mM K;3Fe(CN), were obtained, in all cases in 1 M KCl with the
inverted drop cell. Overall, the peak separation for Fe(CN)g*/+
at 0.2 V/s exhibited an average of 459 mV with a standard
deviation of 331 mV and & range of 58-1200 mV. The large
variability of AE, for Fe(CN)¢*/+ 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)¢*/+ by requiring that AE, be greater than 700 mV. After
observing a AE, >700 mV, the drop of Fe(CN)*/+ 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 (AE, >500 mV for basal plane) it was noted that
theorder of exposure to the test solution and Fe(CN)¢*/+ 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)¢*>/* and the test redox system were
completed within 1 min after the HOPG was cleaved.

(24) Robineon, R. S.; Stemitzke, K.; McDermott, M. T.; McCreery, R.
L. J. Electrochem. Soc. 1991, 138, 2454.

The following redox systems (all in 1 M KCl uniess no
otherwise) were used and are numbered here for reforencein -
figures: 1, 0.25 mM potassium hexachloroiridate(IV) (Aldrich
Chemical Co.); 2, | mM hexsmmineruthenium(IIl) chloride
(Strem Chemicals); 3, 2 mM tris(1,10-phenanthroline)cobalt:
chloride (from 2 mM cobalt chloride hexahydrate (reagent gre
J.T.Baker Chemical Co.) and 6 mM 1,10-phenanthroline (reagent
grade, J. T. Baker Chemical Co.)); 4, | mM msthyl viologer
(MV?+/1%) (Sigma); 5, 2 mM tris(1,10-phenanthroline)iron:
{(from 2 mM ferrous ammonium sulfate (reagent grade, J
Baker) and 6 mM 1,10-phenanthroline); ¢, 1 mM potassiu.c
ferrocyanide (J. T. Baker); 7, 10 mM tris(ethylensdiamine)cobalit-
(I11) chloride (Johnson Matthey) + approximately 5 mM exc ¢
ethylenediamine (reagent grade, J. T. Baker); 8, 1 mM t
(ethylenediamine)ruthenium(Il) chioride (Johnson Mastthey ..
0.2 M HCIO,. HC1O, was used in the case of Ru(en)s>*/** «
avoid degradation by air.®

Quinone systems included: 9,1 mM AQDS (Aldrich) in0.1 !
HaSO,; 10, 1 mM dopamine (Aldrich) in 0.1 M H,SO,; 11,10 !
4-methyleatechol (Aldrich) in 0.1 M H,SO4; 12, 1 mM dihydroxy-
phenylacstic acid (DOPAC, Aldrich) in 0.2 M HCIO,, '*
6-hydroxydopamine (Sigma) in pH 7 phosphate bufferand 1 |
KCL All solutions were prepared daily with distilled Nanopr .
water (Barnstead) and degassed with argon.

For inverted drop experiments, either a silver wire qusai-
reference electrode (QRE) or a Ag/AgCl (3 M NaCl) electrc
with a capillary sait bridge was used. The potential of the Q. .
was typically 0 to -5 mV vs SSCE, but in all cases only AE, was
determined when the QRE was used, so an absolute potentia.
was not required. Reference electrodes for GC experimentaw
either Ag/AgCl or sodium-saturated calomel (SSCE), but all /
values are reported relative to the SSCE. Laser irradiation (o«
MW/cm?) of HOPG was conducted either in situ as described
previously® or ex situ with immediate replacement of soluti
Exsitu experiments were run by directing the laser beam throt
two right-angle prisms onto an inverted drop “cell®. Solut.u:
was removed prior to and replaced immediately following
irradiation. Glassy carbon electrodes (with areas of (2-5) x 1™
cm?) were prepared as described previously? from a GC-20 pl. :
(Tokai) and embedded in epoxy (Eccobond 55, Emerson & - .
Cuming, Inc.) The GC electrodes were polished conventionally
and laser-irradiated (25 MW/cm?) in solution as descrit-+
previously.?

For scan rates of 0.2-20 V/s, linear sweep voltammetry *-
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), w
triggering and data transfer accomplished via locally writy !
software. A conventional three-electrode potentiostat (Advanced
Idea Mechanics, Columbus, OH) was used for all voltammetrv.
with the RC filter value maintained such that RCn» < 4 m\

GC voltammetry was performed with scan rates of 0.2-
V/s, and rate constants were calculated using the method of
Nicholson.? In several cases, the GC rate constants were
sufficiently large that the AE, approached the reversible lix
of 57/n mV. For these cases, the rate constant evaluated fr
AE, was alower limit. In no case was AE, for laser-activated GL
greater than 150 mV. For validated HOPG, large AE, values
bring into question the assumptions of constant transfer co
ficient (a) underlying Nicholson's approach, so rate consta:
were calculated both from AE, and by the approach of Corrig._.1
and Evans.® Experimental voltammograms were compared with
those simulated with potential-dependent «. Uniess not 1
otherwise, all HOPG rate constants were determined from t @
best fit to simulated voltammograms with potentiai-depend: ..
a. ForGC, AE, was sufficiently small that a potential-dependent
a was unnecessary for an accurate simulation and rate constar:ts
determined from simulations equaled those calculated with t :
Nichoison approsch. The experimentally determined rate ct }

(26) Wipf, D. O.; Kristensen, E. W.; Deakin, M. R.; Wightman, R.
Anal. Chem. 1988, 60, 308.

(27) Nicholson, R. S. Anal. Chem. 1968, 37, 1351.

(28) Corrigan, D. A.; Evans, D. H. J. Electroanal. Chem. Interfacial
Electrochem. 1980, 106, 287. |
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Figwe 1. Voitammetry at validated basal plane HOPG for (A) 2 mM

Co(phen)y?*/3*, 1 M KCI; (B) 0.25 mM IrClg?>, 1 M KCI; and at high-

defect density HOPG for (C) Co(phen)y?*/¥*; (D) IrClg*-">. Scan rate

= 0.2 V/s. Potentiais are vs Ag QRE.

stants for laser-activated GC are denoted kgc®, the experimental
rate constants for validated basal plane HOPG determined from
comparison to simulation are k% and those for laser activated
HOPG are ky°. 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-stime scale was used, and background subtraction was
utilized. For methyl viologen and Ru(en)s**/?*, chronoampero-
metric response was slightly nonideal, apparently due to ad-
sorption, and D, was assumed to equal 5 X 10 cm?/s. E,;;'s for
each system were determined as the average of the oxidation and
reduction peak potentials for 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 Co(phen),**/3+
on a surface for which AE, of Fe(CN)¢*/+ was 900 mV, and
Bis for IrClg?~/* on a surface exhibiting a AE, for Fe(CN)¢*/+
of 1200 mV. Note the large difference in AE, for the two
systems, indicating a much smaller k,° for Co(phen),?*/3+
than for IrCls>/*. Voltammograms C and D were obtained
on surfaces which failed the validation criterion, exhibiting
AE; values for Fe(CN)¢*/+ of 455 and 58 mV, respectively.
Note that a decrease in AE, for Fe(CN)¢*/+ for the surfaces
of Figure 1A and 1C from 900 to 446 mV had a large effect
on AE, for Co(phen)y**/3*, implying that Co(phen)y?*/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
IrCle?/3. IrClg?/% 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)¢*/+
and various redox systems is shown in Table I for validated
surfaces. Significant surface-to-surface variation was ob-
served for Fe(CN)g>/4-, presumably due to variations in the
small residual defect density. This variation confirms the
high sensitivity of Fe(CN)¢* /- kinetics to defect density. For
thasystemslisted in Table I, the range in AE, among different
systems is much greater than the variation for a given system.

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

R

with low k,°. We have reported earlier that for Fe(CN)¢*/+,
the voltammogram shape at low-defect HOPG could be fit to
simulations that involve a potential-dependent transfer
coefficient.® 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 Co(en)s?*/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(phen),?*/3*
voltammetry agrees well with the simulation, with a constant
a. Results for all systems examined are summarized in Table
IL. As an additional measure of edge/basal rate anisotropy
for HOPG, rate constants for laser-activated HOPG are
included in Table II. In all cases, A° 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
impurities.!588 Laser activation of polished GC yields
reproducible rate constants for Fe(CN)¢*/+, comparable to
those observed at heat-treated and fractured GC.!142 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.?! Insome cases,
adsorption or ohmic potential error prevented the use of
sufficiently high scan rates to determine kgc® accurately.
However, in all cases the AE, obeerved on GC was lower than
that on validated HOPG. Asshownin Tablell, the difference
in rate constants between HOPG and GC was large in some
cases, confirming and extending the rate anisotropy observed
for Fe(CN)g*/¢.

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 II. In many
cases, redox systems which exhibit fast electron transfer on
GC or damaged HOPG, e.g. dopamine, Fe(CN)¢*/¢, and
Co(phen)y*/3+, are very slow on low-defect HOPG. For all
i3 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, 182021 githough 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 tranafer mechanisms, what controls
the rate on HOPG?

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

(29) Rice, R.; Allred, C. D.; McCreery, R. L. J. Electroanal. Chem.
Interfacial Electrochem. 1989, 263, 163.
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Table 1. Peak Separations on Validated HOPG Surfaces

AE, (mV) AE, (mV) k' © (cr/w)
system system*® Fe(CN)¢* '+ kN (cm/s) (system) (system) = (da/dE)
1 Cl/¥ 137 1200 0.0034 0.0034 0.50
145 910 0.0029 (0.0)
96 1160 0.0083
jv £¥1 00049 + 0.003
2 Ru(NHy)¢**/¥* 285 1230 5.6 X 10~ 9x 10 0.50
215 1370 1.0 X% 107 0.0)
168 1185 2.2x107°?
167 1175 2.0 X 1073
06 + 58 TAXI03£8Xx104
3 Co(phen)y?*/¥* 15 900 8.0 X 10-¢ 2x 10 0.50
875 725 1.3x10¢ 0.25 V-H)
600 940 2.6 % 107
695 9.5 X 10°¢
&M x50 TAX10%+£8x10¢
4 MVi+/3+ 76 1235 0.017 0.017 (0.50)
683 981 >0.075 0.0)
65 1080 >0.054
&B+7 50.045 + 0.029
5 Fe(phen);2*/>* 63 1300 >0.075 >0.075 0.50
57 1045 ©0.0)
60 1024
668 45 >0.042
82x4 50.058
7 Co{en)y?*/¥* 770 695 5.4 X 108 2% 108 0.65
711 1230 9.3 % 10°¢ 0.17 VY
790 938 4.2 %10
8T & 41 TIXI03 +2.7 %10
8 Ru(en)y?*/3* 502 1085 7.0 x 108 1.3 x 10~ 0.62
373 883 2.3 %10~ 0.0)
307 1135 4.5 X% 10~
B9 35X 102+ 1.9 x 10
s All data at 200 mV/s. ® Determined from AE, by method of Nicholson.?” © Rate constant calculated by comparison to simulations, w-
a and da/dE shown.
Ru(NH,);"*’ Fe(phen);** A Colen);¥"
Izo uA 0.0
0.0- r—\/’_/ 100 pA
08 03 o3 08 02 o4 — - 0.0
Colen);™ dopamine 06 02 -02 -06 -1.0
Itoo A 0.0
0.0 I 20 wA
06 00  -0.6 o8 oz -0.4
Fe(phen).""*
4-MC DOPAC
0.0 -0.0 0.0
I 20 pA Izo A
1.1 ofs ‘ -o.L1 ofa o.‘z -0.4 = A A

Potential (V)
2. Vokammetry at vaidated basel plane HOPG: 1 mM
243+ 1 M KCE 2 mM Fe(phenp?*#, 1 M KCI; 10 mM
Colen)y™*/*, 1 M KCL 1 mM dopamine, 0.1 M H,80,; 1 mM
4-methyicatechol (4-MC), 0.1 M H;80,; 1 mM DOPAC, 0.2 M HCIO,.
Scan rate = 0.2 V/s. Potentials are vs Ag QRE.

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

1.2 0.8 0.4 0.0 -0.4

Potential (V) :
Figure 3. Voltammetry at vaiidated basal plane HOPG. swlnov{
oxperimental data in both cases. (A) 10 mM Co(en)?***, 1M K
Dashed ine simulated for &° = 2 X 10~¢ cm/s, ap = 0.65, da/dE =
0.17 V-\. (B) 2 mM Fe(phen)?**, 1 M KCL. Dashed line simuis*=c
for k% = 0.11 cv/s, ao = 0.5, da/dE = 0.0 V-'. Scanrate = 0.2V
Potentiais are vs Ag QRE. !

0.5 cm/s.® In a previous publication, these electrodes were
shown to yield reliable A? values of 0.5-0.8 cm/s at 100-{"
V/s, but larger k° values are difficult to measure with¢
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Table II. Composite Redox Potential and Kinetic Data

system Ey2 (VvaSSCE) AE;» (mV) k' (c/s)  ka’c (cm/s) koo 4 (cm/e) Roc®/ e Reye ! (M7 37Y) ref
1 ICle'* 0.74 146 0.003 0.06 >0.5 >200 2x108 47
2 Ru(NHy¢*/** -0.19 285 9x10 0.08 >0.4 >400 4000 25,48
3 Colphen)s**/>* 0.10 75 2x10° 0.002 0.08 4000 40 49
4 MVIve -0.67 7% 0.017 >0.1 >6 107 50
5 Fe(phen)y*/>* 0.86 6  >007 >0.2 3x 108 51
6 Fe(CN)gs-/+ 0.25 700-1370  10°¢ 0.05 >0.6 >6 x 104 2% 104 52,53
7 Co(en)y?*/¥ -0.48 M0 2x10°% 0.001 0.03 2000 8x 10 54
8 Ru(en)y?*/3* -0.08 502  1x10 >0.5 >5000 4000 48
9 AQDS -0.14 870
10 dopamine 0.51 1200
11 4-methylcatechol 0.40 480
12 DOPAC 0.31 a1
13 6-hydroxydopamine -0.31 840

¢ Average of voltammetric peak potentials on laser activated GC. ® On validated HOPG basal plane surfaces. < Laser-activated HOPG, after
three 50 MW/cm? pulses ex situ. ¢ Laser-activated GC, after three 25 MW/cm? pulses in situ. ¢ Ratio of laser-activated GC rate constant to
validated HOPG rate constant. / Homogeneous self-exchange rate, with litersture reference. ¢ Value for HOPG surface exhibiting minimum

AQDS adsorption, from ref 23.

smaller electrodes.® 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 A% is
much smaller and high scan rates were not required. Thus
the HOPG rate constants are not subject to significant error
from solutioniR effects. Inaddition, the relatively high c-axis
resistivity of HOPG (0.17 Q-cm) would yield a typical
resistance in the ca. 3-mm-thick pieces of HOPG used here
of about 0.3 2, 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 devistion for AE, of
Fe(CN)s*/* on unvalidated surfaces indicates that adven-
titious defects can drastically affect observed kinetics. The
requirement that AE, for Fe(CN)¢*/+ exceed 700 mV
significantly reduces this variability (Table I), but it is still
possible that residual defects contribute to the apparent &y’
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 k0. Strictly speaking, the ) values
measured on validated surfaces are upper limits for the true
basal plane k° 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)¢* /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 Fe(phen)y**/3*
ve 670 mV for Co(phen)y?*/3*) on surfaces with similar
Fe(CN)¢*/¢ voltammetry. These observations demonstrate
that the large differences in observed kinetics among the
systems examined on validated surfaces cannot L'~ 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 previously,® the
assumption of planar diffusion will break down if the spacing
between defects is comparable to or greater than (D¢)!/2, where
D is the diffusion coefficient and ¢ is electrolysir 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)!/?) and because
the validation procedure reduces the density of defects to
vary low levels.

Speaking more quantitatively, the fact that the 2 val
are upper limits and the kcc? are lower limits indicates that
the rate anisotropy between edge and basal plane is at least
as large as that reported in Table II. 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 tosystem. 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%2 Although
basal HOPG surfaces were examined within 1 min of cleaving,
some exposure to air and solution impurities was unavoidable.
It was observed that k,° for “fast” systems (AE; < 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, withtime. This observation is consistent with
adsorption of impurities to defects rather than to basal plane,
as is observed with intentional edsorbers such as AQDS.%
Taken together, these technical concerns reinforce the
conclusion that kgc® values are lower limits of the true GC
rate constants, while k,° values are upper limits for the true
basal plane HOPG rate constants. In addition, any errors in
ki 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 2.’ varying
by several orders of magnitude for dopamine or Fe(CN)g>/+
for nominally similar GC electrodes with varying
pretreatment.!4-1¢ 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 in kgc? 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
s wider range. The inorganic complexes exhibit a k.°
validated surfaces ranging from <10 to >0.07 cm/s, while
the organic systems have AE,'s from 76t0 1200mV. A possible
origin for these varistions is differences in mechaniam 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
onbullphno. Considering Table I1, it is clear that all of the

organicsystems with multistep electron transfer mechanisms
involvm.mtommllnw(AE,> 450 mV) on basal plane.
There could be several mechanisms which promote fast
electron trunafer at defects for reactions involving protons.
Cabaniss et al. proposed a proton-assisted electron-transfer
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fog {k* {cm/si]

log [k,, (M's™")]

Figwe 4. Log-log plot for rate constants versus homogensous seil-
omm(k..}formm Triangies are vaildated

HOPG heterogeneous rate constants. Circies are lnser-activated GC
rate constants. Solid ine is from Marcus theory, eq 1 in text. Dashed
ine isleast squares fit for all points, HOPGdata: siope = 0.29, y-imercept
= 4.8, correlation cosfficient = 0.68 Horizontal fine indicates upper
imit of measurabie rate constants for GC experiments, A° = 0.5 cm/s.
Data and number assignments from Table 1.

routs, which would be prevented on perfect basal plane.!¢ It
could be that proton transfer occurs between a protonated
edge plane surface group (or merely adsorbed protons) and
the redox aystem, thus accelerating electron transfer at defects
oron GC. There are several other possible mechaniams, 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+/1+ 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
(Rese), thus affecting their kinetics with presumably any
electrodematerial. 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)¢>/+ to be
unusual because of the well-known involvement of K* in
electron transfer.®3! It has been concluded that K* is
involved in the Fe(CN)¢*/*+ 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 kgc°®
for Fe(CN)¢*/+ by intentional anthraquinone adsorption?
reinforces the importance of surface sites for fast kinetics of
Fe(CN)¢*/* at carbon.

The relationship between kcc®, ky’, and homogeneous self-
exchange rate, ke, is plotted in Figure 4. Marcus proposed
the simplest form of the relationship between X° and k... (eq
1), which is expected to apply in the absence of work terms

(30) Peter, L. M.; Durr, W.; Bindra, P.; Gerischer, H. J. Electroanal.
Chem. Interfocial Electrochem. 1978, 71, 31.
107(3“ Goldstein, E. L.; Van De Mark, M. R. Electrochim. Acta 1983, 27,

(32) Pontikos, N. M.; McCreary, R. L., unpublished work_

introduced by the electrode:33-%¢
R/ 2,0 = k%2, 1

where Z.,. and Z,; are the associated frequency factors (usually
taken as 101! M-! s-! and 104 cm 87!, respectively). Several
investigations support eq 1 for Hg and Pt electrodes for a
variety of apparently outer sphere redox systems.¥ ¥ As
pointed out by Weaver, however, eq 1 neglects several
potentially important work terms which lead to generally
smaller A°values than those predicted fromeq 1.9+ Weaver's
treatment predicts s linear dependence of work-corrected
log Roue? 0D log Ry, With a slope of 0.5. Since the kcc? values
are at or near the instrumental limit, no correlation could be
observed with k., for GC elactrodes. Ignoring Fe(CN)¢* /¢,
the seven apparently uncomplicated systems show a trend
with k. (Figure 4), but the k% values are 3-5 orders of
magnitude lower than that predicted fromeq 1. Inthe absence
of some unknown mechanistic complication which requires
odge 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,s24
has a relatively high resistance normal to the surface,! has a
low density of electronic states compared to metals or GC, 4448
and has unusual double layer effects related to its semimetal
character.17-194445 While the list of “uncomplicated” systems
istooshort 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(pben)s?*/3* and Co(phen),?*/#*), have
very different rates. Furthermore, basal rates are largely
independent of redox system charge. Second, ths 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.17-19.4445 The pzc for HOPG has been reported as
-0.24 V v SSCE for a variety of aqueous electrolytes,!’-1?
and that value was confirmed here for 1 M KCL. As shown
in Figure 5, the observed rates show no obvious perturbations
when E,; 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 kY. 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.% the DOS for HOPG reaches a minimum of 2.2 x 10-?
states atom™! eV-! 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. 1983, 67, 853.

(34) Kawiak,J.; Knhﬂ.P-.Guh-, J. Electmand Chem. Interfacial
Klectrochem. 1987, 226, 305,

(35) Seji, T.; Ymndn.T Anqu.s J. Electroanal. Chem. Interfacial
Electrchem. 1978, 61, 147.

(36) Saji, T.; Maruyama, T.; Aoyagui, S. J. Electroanal. Chem.
Interfacial Ekmthcn 1978, 86, 219,

(37) Sohr, R.; Muller, L. Electrochim. Acta 1978, 20, 451.

l(:a) Penner, R.; Heben, M.; Longin, T.; Lewis, N. 8. Science 1999, 250,

1

(39) Weaver, M. J., Zuehnnn.-l J., Bda. I ic Reactions and
Mechanisms; VCH: New York, 1988; Vol. l&ppl&-lﬁa.

(40) Wenver, M. J. J. Phys. Chem. 1980, 8¢, 568.

(41) Weaver, M. J. J. Phys. Chem. 1976, 15, 1733.

(42) Schrader, M. E. J. Phys. Chem. 1978, 79, 2508.

(43) Schrader, M. E. /. Phys. Chem. 1980, 84, 2774,

(“)Gct:nchr.ﬂ..l Phys. Chem. 1988, 89, 4249
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Figure §. Solids circies are validated basal piene HOPG rate conetants

(log k") plotted versus £,/ (defined in text) for systems involving one-

olectron transfers. Corresponding data and number assignments from
Tadble 11. Crosses sre the DOS for HOPG, from ref 45.

gold (0.28 states atom™! eV-1).¥ 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 ky,? with E;,, does not track the DOS in any obvious way.

5‘;42:)’51(0“0 K.; Ojala, E.; Mansikka, K. Phys. Status Solidi B 1989,

(47) Campion, R. J.; Purdie, N.; Sutin, N. Inorg. Chem. 1984, 3, 1081.

(48) Brown, G.; Sutin, N. J. Am. Chem. Soc. 1979, 101, 883.

(49) Farina, R.; Wilkins, R. G. Inorg. Chem. 1968, 19, 514.

(50) Bock, C. R.; Connor, J. A.: Giutierres, A. R ; Moyu.T.J.:Whim
D. G.; Sullivan, B. P.; Nagle, J. K. Chem. Phys. Lett. 1979, 61, 522.

(51) Ruff, I.; Zimonyi, M. Electrochim. Acta 1973, 18, 515.

(52) Hoddenbaugh, J. M. A.; Macartney, D. H. Inorg. Chem. 1998, 29,

245.

(53) Kurland, R. J.; Winkler, M. E. J. Biochem. Biophys. Meth. 1981,
4, 215.
(54) Dwyer, F. P.; Sargeson, A. M. J. Phys. Chem. 1961, 65, 1862

Although the low DOS for HOPG may be a factor in depressing
ky° compared to kcc?, the dependence of ky° on redox system
fn/zhmtthntptedmadifthDOSilthoonlyith
actor.

CONCLUSIONS

The 13 redox systems exhibit a wide range of electron-
tranafer rates on the basal plane of HOPG, but all are slower
on basal plane graphite thanon 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 seif-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 graphits 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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Scanning Tunneling Microscopy of Carbon Surfaces:
Relationships between Electrode Kinetics, Capacitance, and
Morphology for Glassy Carbon Electrodes

Mark T. McDermott, Christie Alired McDermott, and Richard L. McCreery®
Department of Chemistry, The Ohio State University, 120 West 18th Avenue, Columbus, Ohio 43210

Polished, iractwred, heel-reated, and laser-activaled glssey
carbon (GC) swtsces were examined by scanning tunneling
microscopy (STM) in ambient alr. Polished electrodes, as
well as those which were vacuum heat irealed (VHT) or leser
aclivaled (28 mW/cm*) after being polished, were comparably
smooth In 2.5-um STM scans, exhiblling rool-mean-equare
roughness (RMSR) of ~ 4am. Fracheed, unpolished surfaces
were significantly rougher (RMER ~20 am) and exhibiled
numerous nockiles with diamelters in the range of 50--300 nm.
Polished surfaces leser aclivated at high-power density (70
MW/cm®) showed unexpecied feshwres along polishing scraich-
@8, apparenily caused by local melling. The heterogensous
electron-iransler rale conslant (k°, cm/s) and capecitance
(C°, uP/cm®) ware alno determined for the ST-characterized
surfaces. ARhough rougher sustaces generally exhibiled higher
C®, major diNerences in &° were observed for surfaces with
similar roughness and appearance. The results are consisient
with the dominance of surface cleeniiness in the mechanism
of lsser activetion. Combined with past results based on
adeorpiion, the morphoiogical data indicale that differences

INTRODUCTION

Effective applications of solid electrodes in analysis,
synthesis, and energy conversion result in part from an
understanding of electrode surface properties and their effects
on electyon tranafer. Glassy carbon (GC) ia widely used as
an electrode for analysis and as a substrate for modified
electrodes largely because of its hardness, wide potential range,
durability, and cost. However, the surface properties of a
typdeCoheuodomnotMmhlyundmtooddmw
the variety of procedures used to prepare these electrodes
and the large number of variables at the surface. The many
WMWMMWMM

Surface properties of carbon electrodes which affect
electrochemical reactivity may be classified into four

ork, 1991; Vol. 17, pp 221-374.

m. Soc. 1971, 118, T111-714.
. Electroanal. Chem. 1972, 36, 257-276.

J. Electroanal. Chem. 1978, 58, 313-322.
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categories: carbon microstructure, surface roughness, phy-
sisorbed impurities, and chemisorbed species, pcmculnly
oxides. The microstructural properties of various carbon
materials are determined by their microcrystallite size, which
will in turn determine the relative distribution of besal plane
and edge plans regions at the surface. Graphite edge plane
has been shown to differ greatly in electrochemical behavior
from basal regions on ordered graphite surfaces.!* However,
the electrode activity will also be affected by the remaining
three varisbles: roughness may determine the number of
activesites, physisorbed impurities may cover or block active
sites, and oxides may alter the mechanism of electron transfer
altogether. Whether or not these variables are important to
the behavior of a given electrode is determined by the electrode

Our group and others have reported a number of surface
preparations for GC electrodes. Pertinent examples of
pretreatment methods are polishing,!!-13 1aser activation,1+19
vacuum heat treatment,132°-22 gnd egposure of the fresh bulk
carbon by fracturing a GC rod in situ.1718333¢ The purpose
of these and other preparation schemes is to modify one or
more of the GC surface variables mentioned above in order
to affect electron-transfer rates of target redox systems.
However, the effect of any particular electrode preparation
procedure on the many GC surface factors remains unclear.
For example, fracturing a GC electrode in solution should
yield a surface relatively free of chemisorbed and physisorbed
impurities with a microcrystallite size representative of the
bulk carbon material. A polished surface, on the other hand,

l(b{thMR;MLCm.RLJ.MCMm.Sm. 1989,
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&WMI’M&T'M&M R. L. Langmuir 1989, 5,
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possesses a number of impurities and a microcrystailine
structure quite different from that of the bulk carbon.18333¢
Tha fractured surface exhibits large heterogenscus slectron-
tranafer rate constants (A®) for the ferro-/ferricyanide redox
systam compared to polished GC surfaces, but it is not clear
whether this increase in rats is due to differences in
microcrystallite size, microscopic roughness, surface clean-
liness, or a combination of these variables.

There have been a number of surface techniques employed
to study the surface structure of GC eloctrodes. Techniques

graphite (HOPG) electrodes at stomic resolution, including
examination of the effecta of slectrochemical and chemical
oxidation. 332 [n several cases, defects on HOPG surfaces
have been associated with increased chemical and electro-
chemical reectivity.$3!% In an SEM study of GC by
Bodalbhai and Brajter-Toth,? the electrodeposition of copper
at active sites was correlated with and electron-
transfer kinetics for Fe(CN)¢*/3>-. It was concluded that
treatments which increase the density of copper nucleation
have been useful for understanding carbon electrode struc-
ture/reactivity relationships, but the structural models for
GC surfaces remain incom at the scale below the SEM
resolution limit of ~100 A. A few reports of atomic scale
STM of GC have appeared,®®-* but in no case was the cbserved

morphology related to electrochemical behavior. Further-
more, the variety of GC preparation procedures and test redox
systems has made it difficult to compare the performance of
different surfaces under otherwise identical conditions.
Aeeordmdy t.bommntoﬂortinvolvuthmofSTMto

pretreat-
ment (ECP)* and also used STM to investigate GC surface
pessivation dus to phenol oxidation.® Freund etal. compared
STM images and atomic force micrascopy (AFM) images of
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polished as well as electrochemically pretrested GC.¢! Bot

STM studiss of electrochemically activated GC conclude..
that ECP resultad in a rougher surface relative to the initial
polished surface. We report here an STM study of a numbe -

The surface morphology and relative roughness of conver.-
mllypolnh.d.lmr-undhhd.hmd.mdvmumh-t
treated GC surfaces are correlated with the electrochemic:
behavior as determined by the hetsrogensous electron-tranafe
rate constant, k®, for ferro-/ferricyanide and differentia
capacitance, C°, for these surfaces. An essential component
of our approach is observation of both STM images an
electrochemical behavior on the same GC surface in order t
reduce common problems with surface reproducibility. By
comparing STM morphology and eloctrochemical activity for
polished, laser-activated, fractured, and heat-treated G(
insights into electrode structure/reactivity relationships we:
obtained.

EXPERIMENTAL SECTION

from a Nanopure [I system (Barnstead, Dubuque, IA). Potassium
ferrocyanide was used as received from Baker (Phillipsburg, NJ
Potassium chloride was used as received from Jenneile Chemic:
(Cincinnati, OH). Solutions of 1 mM KJFe(CN)q in 1 M KC.
were made fresh daily and purged with purified argon prior to
use.

Electrode Preparstion. Glassy carbon (GC-20) workin
electrodes were obtained from Toksi and employed in one .
three different mechanical shapes: s 3-mm-diameter GC rod, a
GCthﬁomnz-m-Mphundundodtolhnm.m"

GC microelectrodes fabricated as described AN A
eloenodu(GCdnhmdmmhctrodu)uudmthcornhm
of roughness and morphology with electrochemical behavior
(Figures 1-3 and Tables I~III) were manufactured from a single
2-mm-thick plate of Tokai GC-20. The high-resolution ST?
images of fractured GC in Figure 4 were taken on a 3-mm-diamets
Tokai GC-20 rod because of the ease of mounting and lack of
sample tilt compared to fractured GC microslectrodes. No
differences were observed in the STM images between fracture
3-mm GC rods and fractured GC microelectrodes. The ele
trochemical cell was made of Teflon and was equipped with a
quartz window through which the electrode could be laser
irradiated. Disk electrode areas were defined by a viton o-rin
and microeloctrode areas (ca. 0.5 X 0.5 mm) were defined by tt
exposed electrode face surrounded by a sheath of epoxy. Th.
three-electrode cell was completed with a Bioanalytical Systems
(West Lafayette, IN) Ag/AgCl (3 M NaCl) reference electrod-
and a platinum wire auxiliary electrode.

Polished electrodes were prepared by polishing with 600-gr..
silicon carbide paper followed by 1-, 0.3-, and 0.05-um alumina
(Buehler, IahBh:ﬂ.n.)ﬂmoandothpoluhluclotk
(Buehler). Slurries were prepared from dry alumina and Na:
opure water. Pdhhddocuudummudmhhnopu.
water for ~5 min before placement in the electrochemical cell.
Care was taken to ensure that a drop of water remained on the
polished electrode during insertion into the Teflon cell until aniyt
solution was added. In-situlaser activation of polished electrod:
in Nanopure water was performed with a Nd:YAG laser (Model
580-10, antol)opcnungatl(ﬁlmmths-mwhl. In order
to partially average spatial and temporal variations of the lem
mumty,thmwnpuh-mupplndtothuhctmd
Focthlcmdy power densities of 25 and 70 MW/ cm? were utilizea.

procedures wers as described previously.!s)723
ﬁmmmmud-mbybmhuacv :
Mmmmm«mw
(Eccobond 55, Emerson and Cuming, Inc., Wobumm, MA,
Electrochemical measurements were taksn unmodmdy after
fracturing. Heat treatment procedures were similar to those «*
Fagenetal® Rate constant and capacitance data were obtaine

(41) Freund, M. S.; Brajter-Toth, A.; Cotton, T. M.; nmr.n
Anal. Chem. 1991, 63, 1047~1049. ‘
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on & polished surface first and then this surface was removed
from.oluuonundducunudbymtomhummfot
~12h. Afterelectrochemical kinetics and and capacitance were again
M&mwfmmtﬁn“hﬁdm&um
of electrochemical data was obtained. Vacuum heat treatment
(vmmmmhnunvm:mo;wvrm .GC
disks were mounted on a sample probe temperature
was raised by ohmic Hoeating and temperature sensing
oeeundonthohckndodnGthkoke&odo(lethwk).
such that a 700 °C temperature was achieved 1-2bh. Heat-treated
electrodes were exposed to ambient air for ~30 s while being
morudmmtboTcﬂonedlmdbaMhnmlmnolm

Highly oriented pyrolytic graphite (HOPG) was obtained from
Arthur Moore (Union Carbide, Parma, OH). HOPG electrodes
were cleaved with adhesive tape or with a razor blade as described
previously.10

Measurements. Eloctrode arees were

WMW@nhmmmlw

o in Linear sweep cyclic voltammetry
mhmhnndk‘dmimﬁonmptrtomndudumbod
previously®10.183¢ utilising a function generator (Tektronix Inc.,
Bnnrton.OR)mdmAdvmudlduMmma(Columb\u,
OH) potenticstat. Differential capacitance
performed by the method of Gileadi®™3 and described by us
previoualy® 17183 yging o 100-Hs, 20-mV peak-to-peak triangle

5“(.42) Gileadi, E.; Tashernikowski, N. Electrochim. Acta 1971, 16, 519~

(43) Babei, M.; Tshernikowski, N.; Gileadi, E. J. Electrochem. Soc.
1972, 119, 1018-1021. rochem-

Mi. Images. 10 000 nm (lul-ecale x and ), of GC elsctradss afier different prefreatment conditions: (A)
(B) polished/laser-activated (25 MW/cm?) GC, 2 scele 0-50 nm; (C) polished/laser-activated (70 MW/cm?) GC, z scale 0-200 nm; (D) fractured

(A) polished GC, z scale 0-80 nm;

wave centered at 0.0 V. All reported C* values are normalized
wthnmpcudehehodomudcmmmdﬁmchmno-
amperometry. All potentials stated are relative to the Ag/AgCl
(3M NaCl) electrode. Simulated voltammograms were calculated
with the finite difference approach, and the computer program
was provided by Dennis Evans,* with s constant value of the
transfer coefficient.

STM Coaditions. STM images were obtained with a Nano-
scope II (Digital Instruments Inc., Santa Barbara, CA). Moat
images were obtained with electrochemically etched 0.01-in.-
diameter tungsten wire tips, as recommended by the manufac-
turer. Mechanically cut Pt/Ir (80/20) tips (Digital Instruments)
were also used for comparison, but no significant differences
batween the two types of tips were observablein the STM images
at the relatively low resolution utilized for most of this work. All
images were taken in ambient air, and no changes were noted in
the images for many hours after initial scans.

Low-resolution images (150-nm full scale and greater) were
obtained with the 12 X 12 um scan head in the “height” image
mode (constant current) with a bias voltage of 500 mV and s
set-point current of 0.5 nA. High-resolution images (25-nm full
scale and lower) were taken with a 0.7 X 0.7 um scan head in the
“current” image mode (constant height) with bias voltages of
20-100 mV and set-point current of 2-5 nA.

GC samples were mounted with silver paste to a thin metal
plate through which the bias voltage was applied. All polished

m(«)cm D. A; Evame, D. H. J. Electroanal. Chem. 1988, 106,
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Figwe 2. Images, 2600 nm, of electrades under different

surfaces yielded similar STM images, at the resolution employed,
regardless of the electrode configuration (large disk or micro-
electrode). Images of fractured surfaces were obtained on the
piece fractured from the electrode rather than the electrode itself,
since the electrode would not fit in the STM sample region.
Different surfaces as well as several different arees of each surface
were examined to obtain representative images.

RESULTS

Figure 1 shows 10 X 10 um survey scans of typical GC
surfaces that were evaluated i . Duetoimage
curvature which occurs with large scan aress, the images were
software flattened but not smoothed or filtered. STM height
scales are shown on the right sides of the plots along with the
wmmmpﬁumuﬁﬁurm
The images shown in Figure 1 are polished, polished/laser-
irradiated at 25 MW/cm? (denoted P/L 25), polished/laser-

prefreatiment condiions: (A) polished GC, 2 scale 0-50 nn: (B) polished/laser-activated
(25 MW/cm®) GC, z scale 0-50 nax: (C) polished/laser-activated (70 MW/cm?) GC, z scale 0-100 nm; (D) fractured GC, z scale 0-175 nm; (F\
polished/vacuum heat treatad GC, z scale 0-50 nm; (F) highly ordered pyrolytic graphite, z scale 0-10 nm.

irradiated at 70 mW/cm? (denoted P/L 70), and fractured
surfaces. The polished (Figure 1A) and P/L 26 (Figure 1B\
surfaces appear similar in morphology, with polishing scratcl
es visible in both images, and in height, with features nc.
exceeding 50 nm in height. The P/L 70 (Figure 1C) and the
fractured (Figure 1D) surfaces cover a greater height rang
and exhibit distinct morphological features. The P/L 7
surface exhibits isolated protrusions (shown as bright lines)
that appear to originate from the polishing scratches that
were present on the surface before laser irradiation. Tt |
fractured surface displays protrusions or nodules with d |
ameters ranging from 50 to 300 nm. We have previously
reported nodules on fractured GC electrodes based on SEM
iml‘

Parta A-D of Figure 2 show the same types of surface.
plotted in a 3-D perspective and on a amaller x, y scale. In

1
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Table I. STM Results for Seves Carbon Electrode
Surfaces

surface samples images RMSR(nm) Zou(om)

polished [ 13 41%1 WBxr
P/L 28 4 10 44%1 37410
P/L70 (] 17 114 96 & 33
fractured 5 10 208 140 £ 30
P/DEAC 2 4 47%1 8Bx7
P/VHT 3 8 45408 3Tk4
HOPG 1 1 04 20

¢ Standard devistion of RMSR and Z,, for the number of images
examined.

Figure 3. Image, 2600 nm, of (A) fractured GC plotied In a 1: 1 aspect
ratio compared 10 a similar image of (B) polished GC. zscale is 0-750
oam.

addition, images of polished/VHT (denoted P/VHT) and
highly oriented pyrolytic graphite surfaces are shown in Figure
2E and F. Note the difference in z-axis scale from image to
image. With this mode of image display, the differences in
the surface morphologies are particularly noticeable. Pol-
MP/L%.MPNMWM%B and E)
appear similar, with all images smploying identical height
scales and exhibiting polishing scratches. The distinctive
morphologies of the fractured and P/L 70 surfaces (Figure
2C and D) are apparent and will be discussed in detail below.
Again, these surfaces exhibit greater height variation than
the other surfaces. Figure 2F is a typical HOPG basal plane
surface containing a step defect for comparison with the other
images.

To provide a quantitative comparison of surface roughness,
the root-mean-square roughness (RMSR) function of the
Nancscope I software was employed. RMSR is defined as
the standard deviation of the beight of the surface calculated
from all points obtained during a given scan. For example,
the image of HOPG in Figure 2F yields an RMSR of 0.24 nm,
while that of fractured GC (Figure 2D) yields 20.4 nm.

N M e e M eafie e st E ¢ e Wy v

Although RMSR has not been established as a rigorous
quantitative measure of surface roughness, it does provide a
comparison for different surfaces. An additional but less
statistically useful parameter is Z,,, which is the difference
and RMSR results are listed in Table L Nots that both values
also include standard deviations of Z,,, and RMSR for the
number of images indicated.

Figure 3 illustrates how the fractured surface, which exhibits
the higheat 2., and RMSR, would appear if plotted with a
1:1 aspect ratio between the z, y scale and the z scale. In
Figure 2, and in typical STM images, the z scales are expanded
in order to enhance surface features. In Figure 3, the distance
on the z axis was adjusted to equal those of the x and y axes.
A polished surface (from Figure 2A) is plotted similarly for
comperison. Without expansion of the z-axis scale, both
surfaces appear much smoother.

The unusual morphology of the fractured GC surface is
shown st successively higher magnification in Figure 4. Image
4A shows the variation in nodule diameter, while 4B shows
an intersection of thres nodules with ca. 200-nm diameters.
Images C and D show the top of the upper left nodule of
Figure 4B, with a full-scale scan range of 25 nm. Note that
the apperent roughness persists even on a scale of ca. 1 nm.

Electrochemical Results. Table II shows electron-
tranafer rats constants and capacitance for the six types of
surfaces examined by STM. The relatively large area of
several electrode types limited the scan rate to 10 V/s or less,
80 rate constants above 0.1 cm/s are lower limits of the true
values. Asmdbyumnlauthal,m”thnmbnhtyof
k® for Fe(CN)¢*/* on polished GC is quite large due to
variations in cleanliness but is often in the range of 10-3-10-2
cm/s. The k® values obtained here are somewhat higher than
typical, but do show a large standard deviation (50% ) typical
of polished surfaces.

Laser activation at either 25 or 70 MW/cm? or ¢ -turing
led to reliably large A° values. Since the AE,» hese
surfaces were near the reversible limit of 57 mV, « ieter-
minations based solely on AE; are of limited accuracy. Figure
5shows a comparison of the experimental voltammogram for
Fe(CN)¢*/> at a fractured GC surface and a simulated
response for A® = 0.40 and » = 10 V/s. A k® of 0.40 was the-
lowest which yielded a good fit to the experiment, so a A°
estimate of >0.4 cm/s is reliable in this case. The aberrant
background on the experimental voltammogram is due to the
differences in the background current between the Fe(CN)g*/>-
voltammogram and that obtained in supporting electrolyte,
leading to inaccurate background subtraction. The back-
ground current on activated GC varies with time, making
background subtraction incomplets. A more rigorous inves-
tigation of Fe(CN)¢*/* kinetics has been performed on these
surfaces at scan rates which yielded a more relishle rate
constant of 0.5 cm/s.!” The fractured GC and the P/L 70
surfaces exhibited rate constants at least 6 times greater than
that of the initial poli electrode (>0.4 vs 0.060 cn/s).
The rate constant value for the P/L 25 electrode is larger
than that of the original polished surface by more than a
factor of 5 (>0.3 v 0.060 cm/s). Recall that although the
STM datashow that the fractured and P/L 70 surfaces possess
distinct morphologies with high Z.... and RMSR values, the
morphology and the Z,., and RMSR values of the P/L 25
surface are very similar to those acquired for the polished
surface.

Finally, the P/VHT surfaces yielded rate constant values
similar to the polished surface. These resuits are consistent
with thoss of Kuwana et al.® The AE, for Fe(CN)¢*/* at
10 V/s incressed from 98 to 230 mV upon deactivation in
ambient air, but after heat treatment, reactivation of the
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Pigwe 4. Fractured GC under higher resochution conditions: (A) 500-nm scan with z scals 0-70 nm; (B) 200-nm scan with 2 scals 0—40 nm; (C)
25-nm scan with 2 scale 0-20 nm; (D) 25-nm scan with z scele 0-20 nm. Images C and D were acquired at the upper lsit comer of sample

in image B.
Table II. Electrochemical Results
A® of
RMSR Fe(CN)¢*-/>- C*

surfsce (nm)* AE,(mV) (cma/s) wF/ecm® N¢
polished 4.1 98+£29 0.06+003 B+ 14
P/L25 44 71+£12 >03 MUx7 4
P/L70 11.0 626 >04 120£31 3
fractured 20.0 584 >04 /16 4
P/DEAC 4.7 232+£42 (8424 X107 15%2 3
P/VHT 4.5 96 & 13 0.085 + 0.020 05 3
HOPG* 0.24 >1200 <1 x 104 <1.0

¢ Values repeated from Table L * » = 10 V/s. < Based on chrono-
mﬁm‘?awmmkm ¢ Values
8

electrode occurred to a level equal to or greater than that of

Differential capacitance (C*) values are also shown in Table
IL. The fractured and P/L 70 surfaces exhibit higher C° values
than the other surfaces as well as the largest variation in
capacitances. C* values for polished, P/L 25, and VHT
surfaces are similar. Nots that deactivation decreased C° by
a factor of 2 while decreesing A° of Fe(CN)¢*+/* by a factor
of 7 from the original polished surface. The significant
influence of adsorbed airborne impurities on the activity of
GC is illustrated in thess decreases in &°® of Fe(CN)¢+/> and
C* from the polished to the P/DEAC surface. We have
observed that exposurs of a polished GC surface to air for
oven a few ssconds leads to lower rate constants for
Fo(CN)¢*/*. As noted in the Experimental Section, great
care was taken to ensure that a drop of water remained on
the electrode surface during handling after polishing and
sonication. Also note that the marked decrease in electro-

/i,

-1 3
0.5 0.4 0.3 0.2 0.1 0.0
Potential (V)
Figwe 8. Experimental (solid ine) and simulated (dashed line) cyclic
of 1 mM FE(CN)*'* on fractured GC In 1 M KCi at

» = 10 V/s. Simulation assumed a = 0.5, k° = 0.4 cnv/s, and Oy
= §.32 X 10-* cm?/s.

chemical activity through exposure to ambient conditions
followed by reactivation via VHT was not accompanied by
significant morphological changes.

DISCUSSION

The STM results discussed above are relevant to two issues
regarding GCsurfacestructure: morphological characteristics
of GC electrodes under different pretreatment conditions and
the quantitation of microscopic roughness and electrochemical
activity. Previousinsight on the morphology of GC electrodes
pnpnndmdingwthomthodlnporudh-nh-orig-
inated from scanning electron microscopy.18382 Although
SEM provides the necessary magnification for elementary
image analysis, the resolution (particularly in the vertical
direction) is poor compared to STM. Electrode roughness
has been investigated previously by indirect means such as




Table I11. Effect of Laser Power on Surface Protrusions
for P/L Surfaces

powsr density Bo./ % avht

(MW/cm® image* coverage? (nm)
25 0
30 0.5 13 20
40 2 4.5 20
50 5.6 10 26
70 12 42 57

¢ Average number of protrusions per 10 X 10 um scan image based
on four images. ® Percentage of the total area in a 10 X 10 um scan
covered by protrusions. ¢ Average height of protrusions for a given
power density.

adsorption and differential capacitance measure-
ments.!71820.20.4 One would expect that k° and capacitance
should scale with microscopic area of the electrode, all else
being equal, and that activation mey be caused in part by
increases in surface roughness.

Atfirst glance, there does appear to be a correlation between
the STM detarmined RMSR, &°, and C°. The surfaces with
the largest k° and C® (fractured and P/L 70) also exhibit the
highest RMSR. Further consideration, however, reveals that
the correlation is inconsistent. Polished, P/L 25, P/VHT,
and P/DEAC surfaces have RMSR values which vary by less
than 15%, while their k°’s vary by at least a factor of 50.
Laser activation at 25 MW/cm? leads to an increase in &° of
more than a factor of 5, yet the RMSR increase is only ~7%.
These resuits are consistent with those presented previously
based on SEM and phenanthenequinone (PQ) adsorption.17.18
They also confirm the conclusions from other laboratories
that changes in microscopic roughnees are not sufficient to
explain the effects of activation procedures on kinetics and
adsorption.®4 Large increases in A° occurred upon laser
activation with only minor changes in morphology and
microscopic area as determined from phenanthrenequinone
adsorption.!” In the case of the fractured surface, the higher
RMSR is due to nodules and obviously implies higher
roughness. On the basis of PQ adsorption, the fractured
surface has about twice the microscopic area of the polished
or P/L 25 surfaces.!® Thus variations in roughness could
reasonably account for a factor of ~2 in k°, but the major
source(s) for k° variation must lie elsewhere.

We have previously attributed A° increases caused by laser
activation to the removal of adsorbed impurities.!” This
conclusion is reinforced by the VHT experiments of Fagan
et al.? and Stutts et al.,?! repeated here with the addition of
STM characterization. Deactivation and subsequent VHT
led to minimal changes in RMSR from the polished surface
yet yielded large variation in k°. As expected for impurity
adsorption, the capacitance decreases for the P/DEAC surface.
The low C® values reported by Fagan et al. were not observed
here, probably due to the very different frequency domains
used in the capacitance measurements. Taken together with
results from other laboratories, the STM and electrochemical
results strongly support the conclusion that the major factor
controlling &° for Fe(CN)¢*/3- on GC is surface cleanliness,
with surface roughness playing a minor role. Stated semi-
quantitatively, roughness accounts for a factor of ~2 in
observed k° on GC, while surface cleanliness can affect &° for
Fe(CN)g*/* by factors as large as several hundred.

The second major issue addressed by the STM examination
deals with the morphological effects of various pretreatments,
particularly laser activation. The unique features of the
fractured surface are obvious from SEM or STM. The
increased roughness ieads to increases in capacitance and A*

(45) Bodalbhai, L.; Brajter-Toth, A. Anal. Chem. 1988, 60, 2557.
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for fractured surfaces compared to P/L 25 surfaces, but these
eoffects are not large (a factor of ~2). The major consequence
of in-situ fracturing with regard to A® enhancement is the
avoidance of impurity adsorption. At least at the resolution
employed here, the morphological differences between frac-
tured and polished surfaces do not appeer to have major
consequences for observed kinetics. The effect of polishing
is to flatten the tops of nodules, yielding the surfaces of Figures
1A and 2A, accompanied by the undesired consequence of
impurity adsorption.

While laser activation at 25 MW/cm? had no observable
morphological effects at the resolution employed, higher power
densities led to qualitatively distinct features. The protru-
sions apparent in Figure 2C formed along polishing scratches
(apparent in Figure 1C). Atomic force microscope images of
these features were very similar in appearance, indicating
that they are not an artifact due to multiple tunneling points
as the STM tip negotiates the scratches. The density and
height of the protrusions increase with power density (Table
III). At 30 MW/cm? and lower, they are very infrequent or
not present, while at 70 MW/cm?, they cover more than 40%
of the surface. We have reported previously that significant
excursions in C° and PQ adsorption occur at powers above
30 MW/cm?'® and that a surface temperature simulation
predicts that local melting should occur with a threshcld
between 30 and 40 MW/cm? for GC.* It is likely that the
protrusions are caused by local melting, perhaps followed by
expansion of heated, entrapped gases. The localization of
protrusions on polishing scratches may result from the lower
reflectivity inside the scratches, resuiting in more efficient
coupling of the laser light into the GC. In addition, the
thermal conductivity near scratches could be different, leading
to localized temperature variations.

The high-resolution images of the top of a nodule on the
fractuzed surface (Figure 4C and D) are not of sufficient
resolution to image individual atoms. The apparent rough-
nees, which is on a much smaller scale than that shown in
Figures 1 and 2, could be due to genuine morphological
features or to variations in electronic interactions between
the tip and the surface during ccanning. Although these
features are reproducible, it is not yet clear what they
represent. A few reports here appeared on high-resolution
STM of disordered carbon materials.3-3 Atomic resolution
was achieved, although the polishing procedures employed
leaves some doubt abotrt the condition of the surface. Unusual
arrangements of carbon atoms were observed, perhaps because
of deviations of the electronic structure of disordered carbons
from that of HOPG. The high-resolution images on the
fractured surface obtained here are of value because the
fractured surface is unmodified by polishing and should be
more representative of bulk structure. Attempts to obtain
atomic scale images of the fractured surface are currently
being made.

SUMMARY

The foremost conclusion drawn from the correlation of
electrochemical properties with STM images is that some
phenomenon other than surface roughening is responsible
for increases in electrode activity toward Fe(CN)¢*/3- upon
laser or VHT activation. This statement is especially apparent
with comparison of the polished and P/L 25 surfaces. Results
show that laser activation at 25 MW/cm? causes no changes
in capacitance and roughness, but causes a drastic increase
in activity as evidenced by the heterogeneous rate constant
for Fe(CN)g+/3. These resuits are consistent with a mech-

(46) Rice, R.J.; McCreery, R. L. J. Electroanal. Chem. 1991, 310, 127~
138.
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apiam in which slectrode activity is determined by exposure
of active sites and activation oocurs through a cleaning process.
STM images of polished, P/L 28, P/VHT, and P/DEAC
electrodes show them to be similar in morphology, indicating
that any changes induced by laser activation at low power
densitiss and vacuum heat treatment at temperatures of ~ 700
*C are minimal. Fractured and P/L 70 surfaces exhibit
distinct morphologies with a large amount of roughness and
some variability in elactrochemical behavior. Morphological
characteriatics of the P/L 70 surface are attributed to possible
malting of the GC substrate at high laser power densities,
beginning at 30-40 MW/cm?. Investigation of these surfaces
with AFM and with STM at higher resolution is currently

ACEKNOWLEDGMENT

The authors thank Robert S. Roiason for assistance with
STM techniques and initial STM examinations of GC surfaces
and Roy Tucker for assistance with UHV heat treatment.
The work was supported by the Air Force Office of Scientific
Research, an ACS Analytical Divigion Fellowship sponsored
by Eli Lilly and Co. to C.A.M., and an Amoco Foundation
Doctoral Fellowship to MLT M.

RECEIVED for review July 27, 1982. Accepted December
30, 1992.

[ ] - L] [ -




Repnnted from JOURNAL OF THE
Vol. 140, No. $. May 1993

Soaery

Laser-Induced Transient Currents on Glassy Carbon Electrodes

Double Layer and lon Adsorption Effects
Robert K. Jaworski® and Richard L McCreery*
Department of Chemistry, The Ohio State University, Columbus, Ohio 43210

ABSTRACT

Intense laser pulses delivered to a glas-- carbon (GC) surface in situ result in a transient current which d
on electrode potential and the electrolyte solution. The transient decayed with a time constant of several hun

nds both
microsec-

onds, much longer than the laser optical or thermal transient. The linear dependence of the transient charges on potential

implies that the mechanism involves perturbation and restoration of the double la
contained in the current transient was a small (<10%) fraction of the total double

r and adsorbed ions. The charge
yer charge indicating incomplete

disruption of the double layer. In addition, the magnitude of the response is hi%er for surfaces with higher oxide coverage.
e

The observations are consistent with adsorption of electrolyte cations with
order H* > Li* > Na* > K* > Et,N*. The cation interaction increases with increasing

interactions with surface functional groups.

Understanding the structure of the electrode/solution in-
terface is of paramount importance in investigations of
electrode kinetics at carbon electrodes. It is well-known
that the rich surface chemistry of carbon materials con-
tributes to the complexity and irreproducibility of kinetic
measurements. Several electrode pretreatment procedures
have been proposed to alleviate this problem and obtain
more controllable surface structures and faster electrode
kinetics, particularly for glassy carbon (GC). These include
polishing,'? electrochemical activation,™® vacuum heat-
ing,'>" fracturing,'*"" and laser activation.'** Of rele-
vance to the current report is the observation that intense
laser pulses (ca. 25 MW/cm®, 9 ns, 1064 nm) delivered to
glassy carbon in situ results in a ca. 100-fold increase in the
electron transfer rate for the Fe(CN); ¥ ~* couple.'"" Rough-
ness changes and gross microstructural changes have been
ruled out as mechanisms for the observed activation, and
the rate enhancement was attributed to effective surface
cleaning for the case of GC.'*" A unique feature of puised
laser activation compared to conventional pretreatments is
the ability to monitor an active surface very quickly after
its creation, with microsecond time resolution if degired.
The current effort was undertaken to investigate transient
eiectrochemical phenomena initiated by laser activation,
not only to learn about carbon surface properties, but also
to investigate electrochemical events occurring very
quickly after exposure of a reactive carbon surface to elec-
trolyte solution. The overall objective of the work is an
understanding of the factors affecting electrode kinetics on
carbon electrodes and particularly the mechanism of laser
activation.

¢ Electrochemical Society Active Member.

of interaction decreasing in the
ace oxidation, probably because of

Much lower energy pulses which cause only a slight tran-
sient increase of the electrode surface temperature were
employed in studies of the electrical double layer on mer-
cury electrodes®™* and more recently to probe the electrode
kinetics of fast reactions.?* It was shown that pulsed irra-
diation of the electrode in supporting electrolyte solution
produced current transients when the electrode was held at
constant potential.® Analysis of the total charge of the cur-
rent transients at various potentials gives the charge vs.
potential curve. This technique did not become widely ac-
cepted for routine analysis of double layer properties on
mercury, mainly because the existing classical techniques®
were simpler, cheaper, and offered superb accuracy. Open-
circuit potential measurements after laser pulses, however,
were successfully employed to study thermal properties of
the double layer.?** It should be emphasized that the laser
pulses used for activation of carbon electrodes have much
higher power density and shouid be much more disruptive
to the interfacial region. :

A significant difference between mercury and solid elec-
trodes (including carbon) lies in the fact that the surface of
a solid electrode is not easily renewable. This probiem
significantly complicates double layer studies on carbon
electrodes using classical methods.** Differential capac-
ity and surface tension on carbon materials were studied by
Soffer and co-workers'’* using differential cyclic voltam-
metry and spatial measurements of the electrodes.

In this paper we present a different approach for study-
ing double layer properties on carbon electrodes. It is based
on the application of laser pulses to probe the properties of
the carbon electrode/solution interface and takes advan-
tage of in situ surface cleaning by the laser pulse. The tem-
perature transients generated by laser pulses with power
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densities of 10 and 20 MW cm ! are too low to cause major
structural changes on GC and highly oriented pyrolytic
graphite (HOPG) electrodes, but high enough to cause tran-
sient disturbance of the interfacial region and induce cur-
rent transients. Short laser pulses also renew the surface by
impurity desorption, thus activating the surface toward
electron transfer. Therefore, the laser pulse provides not
only a way of probing the properties of the interface but
also in situ renewal of the electrode surface. Of particular
note is the time resolution of the method compared to other
pretreatment procedures. Since the laser pulse and result-
ing temperature transient occur on a nanosecond and mi-
crosecond time scale, respectively, the electrode may be
monitored within microseconds after perturbation by the
laser. A variety of electrochemical effects, including double
layer relaxation, adsorption, and electron transfer may
thus be examined within microseconds of the laser pertur-
bation. In the case of laser activation of kinetics, the time
resolution is many orders of magnitude faster than heat-
treatments, polishing, or chemical pretreatments. In this
study, we examined laser-induced perturbation of the
double layer, with particular attention to the effects of elec-

trolyte composition.
- Experimental

The experimental apparatus is shown in Fig. 1. The
Nd:YAG beam (Quantel 580-10) operating at 1064 nm (9 ns
pulse length) was used to illuminate the electrode surface.
Before entering the electrochemical cell through a quartz
window, the laser beam passed near a photodiode (Scien-
tech) which generated a trigger for the LeCroy 9400 digital
oscilloscope. A conventional three-electrode potentiostat
with a 0.1 us time constant was used to monitor laser-in-
duced current transients. The time constant of the cell was
measured with a 5 mV square wave potential applied to a
polished electrode in 0.1M KCl, and equaled 120 ps. In all
cases, the charge resuiting from a laser pulse, Q, was deter-
mined by numerically integrating the current vs. time tran-
sient. The Nd:YAG beam was aligned with a 632.8 nm HeNe
pilot beam to allow positioning of the Nd:YAG beam on the
electrode. The beam passed through approximately 5 mm
of solution before striking the electrode, and totaily illumi-
nated the GC surface exposed to electrolyte. The measure-
ments with GC were performed by applying a given elec-
trode potential for 1 s before irradiating the electrode
surface with the laser puise. The measurements were per-
formed in series of ten laser puises separated by 1 min
intervals. The working electrode was at open circuit be-
tween the measurements. Each series was carried out with
a freshly polished and, where noted, further pretreated
electrode (see below).

Commercial GC-20 electrodes (Bioanalytical Systems),
GC-20 disks (Tokai), and HOPG (a gift from Arthur Moore
of Union Carbide) were used. Standard procedure for the
GC electrode surface preparation consisted of polishing
with silicon carbide paper (600 grit) and then with 1.0, 0.3,

photodetector slactrochemical
cell
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and 0.05 um alumina. Electrodes were sonicated for 5 min
between the polishing steps. Where noted, electrodes were
further pretreated by anodic oxidation in 0.1M NaNO, at
1.8 V for 3 min, oxidation in a saturated solution of
(NH,),Ce(NO,), for 5 min, or ultrahigh vacuum heating at
600°C and 2 X 10" Torr for 2 h. Basal plane HOPG elec-
trodes were prepared by cleaving superficial layers with
adhesive tape. All working electrodes used in this work had
surface areas equal to 0.071 cm?®. Platinum wire served as
the auxiliary electrode. All potentials were measured and
reported vs. Ag/AgC) reference electrode (BAS). Cathodic
currents and charges are reported as positive values in
tables and figures.

All chemicals were of reagent grade and were used with-
out further purification. Solutions and rinses employed
house distilled water, further purified using a Barnstead

“NanoPure” System.
Results

The major effect of a short, intense, 1064 nm laser pulse
on the electrode surface is a transient temperature excur-
sion. With the significant assumption of no phase changes
in electrode or solution, the surface temperature may be
simulated, as noted previously by us and others.*** The
transient in Fig. 2 should be considered the maximum ex-
cursion of surface temperature for a 10 MW/cm’, 9 ns,
1064 nm laser pulse on GC, and it provides an estimate of
the duration of the transient. Even when solvent vaporiza-
tion is ignored, AT decreases to 100 K in about 1 us, and to
12 K in 100 ps.

The current transient resulting from a 10 mW/cm? laser
pulse delivered to a GC electrode at a fixed potential of
—-0.2 V vs. Ag/AgCl is shown in Fig. 3A (points). The cur-
rent represents a response to the laser perturbation in the
absence of any intentional electroactive species and is pre-
sumably due to restoration of the surface and double layer
after thermal disturbance. The integrated charge under the
current transient is 0.59 .#C/cm? in this case. For compari-
son, a GC electrode with a typical capacitance of 30 nF/
cm? '*!" held at a potential 280 mV away from the PZC has
a double layer charge of 8.4 nC/cm’. Thus the laser pertur-
bation is small relative to the total charge present. Al-
though the current transient follows a roughly exponential
decay, a plot of log i vs. t is nonlinear. Figure 3b shows three
exponential decays which are summed to yield the smooth
curve of Fig. 3A. The three time constants indicated in
Fig. 3B vary only slightly with potential and remain ap-
proximately an order of magnitude apart.

Figure 4 indicates the reproducibility of the integrated
charge following the laser pulse (Q) for different surfaces.
Figure 4A is a Q vs. laser pulse number for three physically
different freshly polished electrodes, and Fig. 4B is a simi-
lar plot for a single electrode polished a total of four times.
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In both cases, several laser pulses (3 to 5) were required to
reach a constant value of Q for subsequent pulses, probably
due to removal of surface debris or oxides by the laser.
After this induction period, fairly constant Q values were
observed for pulses 6-10. The relative standard deviation
for the 6th to the 10th pulse on the same electrode polished
four times was 13% (N = 18), while that for four different
electrodes polished once each was 20% (N = 19). In subse-
quent measurements and plots, the Q of pulses 6 to 10 was
averaged for a given surface unless noted otherwise.

As shown in Fig. 5, the laser-induced current transient is
strongly dependent on the applied potential. For Epp =
0.1V, the transient is quite small, while Q was positive or
negative at potentials away from 0.1 V. As shown in Fig. 8,
Qus. E,,, is linear, with an z-intercept of 0.18 V in this case.
The slope of this plot is 2.8 uF/cm? much less than the
differential capacitance of ca. 30 wF/cm®. Note also from
Fig. 6 that a higher laser power density changes both the
siope and x-intercept of the Q vs. E,,, plot. Figure 6 was
based on the average of 6th to 10th laser pulses after pol-
ishing, where Q was weakly dependent on puise number.

0.30 R |
Q . A
] 020 ..
- ‘ ° ° L]
o 0.10 "::g::,
0.00
0 2 4 6 8 10 12
pulse #
0.30
o B8
2 0201 »
-~ s | § '
o 0.0 Vlyg,t,
0.00
0 2 4 6 8 10 12
pulse #
4. The effect of the polishing the
Py oy pdare v laser power denshy of 20
cm 2, (A} Physically different elecirodes before pules no. 1
{B) A single GC electrode, repolished sach pulse series.
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3. recorded at GC elecirode in 0.1M KC solution at —0.2 V. Laser power density was 10 MW an 2. Plot
A shows the experimental tronsient (points) ond the sum of the three component exponentials (smooth
poramelers.

curve). Plot B shows the thres exponentiol

When the first pulse after polishing was used to construct Q
vs. E, the plot was linear but with a higher slope. The x-in-
tercept did not depend on laser pulse number, showing no
trend with repeated pulses, and a mean and standard devi-
ation of 0.19 = 0.02 V (N = 10). The potential of zero re-
sponse (PZR, where Q total = 0), is listed in Table I for
several electrolytes.

The effect of electrolyte concentration on the transient
response was examined briefly for KCl electrolytes, but the
available range of concentrations was limited. For a range
of concentrations from 1.0 to 0.01M KCl, the observed time
constant increased greatly with decreasing concentration,
as expected due to increasing solution resistance, and
therefore RC. For example, the time constant increased by
a factor of eight when the KCl concentration was decreased
from 0.10 to 0.01M. Concentrations other than 0.1M were
not studied in detail due to the poor signal to noise ratio for
lower concentrations and potentiostat saturation for high
concentrations.

Finally, several modifications to the carbon electrode sur-
face were considered to explore their effects on the laser-
induced current transient. Figure 7 shows transients for
Ey = —0.1 V for polished GC (b), heat-treated GC
(c, heated for 2 h at 600°C, at 2 X 10~* Torr); HOPG freshly
cleaved (d), and anodized GC (a, 1.8 V, 3 min, in 0.1M
NaNO,). Note that Q for HOPG is much smaller than for
polished GC, and heat-treatment reduces Q for GC
significantly. Anodized GC has a much larger Q than any
other surface considered. The charge, PZR, and AQ/AE for
these surfaces are listed in Table II.
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The first question which arises about the laser-induced
current transient at a given potential is its origin. Su-
perficially, the transient behaves as expected for reestab-
lishment of the double layer after thermal perturbation by
the laser pulse. The charge invoived is only about 7% of
that stored in the double layer, implying that the double
layer structure is only partially disrupted. The time re-
quired for recharging is roughly a millisecond or so, much
longer than the microsecond scale of the surface tempera-
ture transient, implying that most of the double layer
restoration occurs at the ambient solution temperature.

Upon closer inspection, the transient is not simply an
exponential decay expected for double iayer charging, but
rather consists of at least three tials with difterent
time constants. The shortest (<40 us time constant) involves
very little charge (<10% of total), is weakly potential de-
pendent, and may reflect a thermal or even electronic effect.
It will not be considered further, except to say that it ac-
counts for the initial rise during the first 50 ps of the ob-
served transients. The remainder of the current decay is
empirically accounted for by two exponentials with
roughly equal contributions to the total charge, but time
constants which differ by about a factor of ten. The time
constants do not depend on the applied potential, but the
charge attributable to each exponential does, approxi-
mately linearly. The faster of the two has a time constant of
about 300 us, close to the cell time constant observed for a
small potential step (120 us). It would be premature to as-
sociate these exponential decays with particular or even
distinct chemical phenomena, but it appears unlikely that
the observed decay is related to a Faradaic process. One

Hlol.lbﬁdd d-:nlyb the

polished GC m ot 10 MW an?

) Qat-0.1V Qato3vV PZR AQ/AE
Solution* (Ccm™?) (Cem™) [\2) (Fem™)
HC 76 x 1077 -3.2x 107 0.18 28 x10°*
LiCl 4.5 x 1077 -3.5 %1077 0.:2 2.0 x 10
NaCl 4.8 x 10”7 -4.5 x 10”7 010 23x10"*
KQ 33 x 1077 -4.4 %107 0.08 2.0x 10"
(Et)NBr 2.4 x 1077 -39 x 10”7 0.08 2.2 x 10
NaF 1.3 % 107 -2.1x10°* -0.08 5.5 x 10°*
NaClo, 2.7 x 1077 -9.6 x 107 -0.01 3.1x 10"
NaNO, 4.5 x 1077 -5.8 x 107 0.08 2.8 x 10°*
NaCl 4.6 x 1077 -4.5 x 1077 0.10 2.3 x 10°*
NaBr 4.9 x 1077 ~8.3 X 1077 0.08 28 x10°*
Nal 5.6 x 107 -42x10°° 0.13 25 x10°*

* 0.1M concentrations.

180

i/ uA

would expect a redox process (surface or otherwise) to be
strongly potential dependent, and not to show a linear pro-
gression through Q = 0 as the potential is varied around the
PZR (Fig. 6). The potential dependence will be discussed in
more detail below, but suffice it to say for now that Q vs.
E . has the behavior expected for a capacitor, without in-
volving any Faradaic processes. Whatever the origin of the
nonidealities in the exponential decay of the transient, the
results are consistent with an origin based on thermally
induced disruption of the double layer. There is no evider.ce
for Faradaic processes, but the transient may involve both
classical double layer effects and adsorption.

Surface reproducibility is a well-known problem with
solid electrodes and was tested here by repetitive trials on
several electrodes. Figure 4 demonstrates that the variation
in Q is smaller for repetitive polishing than for physically
different GC pieces. Previous experiments demonstrated
that laser puises of 25 MW/cm® and less have minimal ef-
fects on microscopic area.' The variability observed here
for repetitive experiments is much smaliler than the effects
of potential, electrolyte, and carbon type on the current
transients.

The potential dependence of the current transient shown
in Fig. 5 and 6 demonstrates a linear dependenceof Qon E.
Both the overall Q and the charge attributed to both “slow”
exponential decays show the same linear potential depend-
ence. It is useful to define a potential of zero response (PZR)
as the applied potential where Q is zero. Figure 6 shows
that the PZR i; about 0.18 V for 10 MW/cm? in 0.1M HCL
The PZR depends weakly on pulse number, with no trend
observed i1 PZR for ten successive pulses. The PZR does
vary with power density, as does the slope of Q vs. E. Like
the total charge, the slope of the Q vs. E,, plot decreases

in 0.1M NoNO, ot 10 MW cm 2.

Q(lt -01V Qlt03V PZR AQ/AE

Surface’ Cem™?) (Cem™ V) (Fem™

GC oxidized® 75x10"* -12x10"* 02¢ 22x10°

GC oxidized® 3.8x10* -23x10"° 015 14x10°*

GC polished 45x107 -58x10"7 008 26x10°*

GC vacuum heated 25 x 1077 -32x10"7 008 14x10*
9.7 x 5.3 X

HOPG* 107" -12x1077 0.09

* See text for the details of surface tion.
Anodic oxida

 Oxidation in saturated -oluﬁnnof(N’H.),Cc(NO ), for 5 min.
“In 0.1M KCL. !
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with puise number. reaching a steady value after ca. five
ulses.

P Although the PZR does not necessarily equal the PZC, it
is analogous in several ways. At potentials positive of the
PZR, the transient resulting from the laser pulse is in the
anodic direction, indicating electron flow away from the
interface, and a buildup of excess anionic charge in the
double layer. Similarly, a positive charge excess occurs
when the potential is negative of the PZR. The linear
change of Q with E,,, is expected for an ideal capacitor, but
the slope is less than the full double-layer capacitance be-
cause the double layer is not completely destroyed by the
pulse. If such experiments were possible, complete destruc-
tion of the layer should yield a Q vs. E,_ slope equal to that
observed if an electrode were suddenly exposed to the solu-
tion and the double layer is formed.

In order to evaluate the ability of the current technique
to study the properties of the electrode/solution interface, a
series of experiments with various supporting electrolytes
was performed. The results (Table I) are divided into two
groups. The first one contains solutions of alkali metal
chlorides, tetraethylammonium bromide, and hydrochloric
acid to test the effect of cations on the transients and PZR.
Sodium halides, nitrate, and perchlorate solutions consti-
tute the second group, selected to test the effect of anionson
the PZR. It is reasonable to assume after Barker and
Cloke® that the PZR is related to the potential of zero
charge (PZC), and that the direction of PZR shifts is the
same as that of PZC. Therefore, the shifts of the PZR value
can be used as a test of adsorption of ions on the electrode
surface. It is well known (see, for example Ref. 31), that
adsorption of cations will shift the PZC in a positive direc-
tion and adsorption of anions will shift it in negative direc-
tion. The variation in the PZR with cation (Table II) is con-
sistent with adsorption of cations on the GC surface, with
the strength of the interaction decreasing in the order H' >
Li’ > Na* > K* > Et,N". In studies of ion uptake on electro-
chemically pretreated GC, Nagaoka et al.*** reported a
similar sequence Li’ > Na* = K* > Ba*’. At this point we
cannot completely explain the nature of interactions lead-
ing to apparent adsorption of cations on the carbon elec-
trode surface. However, it is not unreasonable to assume
that the functional groups present on the surface of GC*
are at least partially responsibie for the observed behavior.
Carboxylate or semiquinoid groups on carbon are either
anionic or can exchange cations, and the strength of the
surface interaction should vary with the cation size and
charge density. Oxides are also known to affect the polariz-
ability of the carbon surface, thus enhancing interactions
with polar or ionic species. Such a mechanism could also
enhance ion adsorption for cations with high charge den-
sity such as H* and Li".

Variation of the electrolyte anion does not produce a
trend similar to the cations. Except for fluoride, the sodium
halides show no trend in the PZR with anion size. The PZR
for NaF is substantially more negative, implying a stronger
anion interaction for F~ than for C17, Br™, or I". This obser-
vation is opposite to that observed for Pt, where larger
halides chemisorb more strongly. In addition, fluoride
would not be expected to interact more strongly with car-
bon via dispersion interactions, since it is less polarizable
than iodide. However, these observations are consistent
with ion adsorption mediated by surface oxides. The re-
sults in Table I imply that the cation is the major determi-
nant of the PZR, probably due to cation interactions with
anionic surface groups. Variation of the anion has a small
effect for the sodium salts due to the relatively stronger
interaction of Na* with the surface. In the case of fluoride,
a bridging mechanism may be possible

>C=0" .. M.-.. A
In such a case the stability of the structure is expected to be
greater for F- than for large anions, due to the stronger

interaction of the F~ anion with metal ions compared to
Cl",Br,orlI".

To test the hypothesis that surface functional groups play
a part in adsorption of ions on GC electrodes, the sur_face
concentration of those groups was intentionally modified
by either oxidation or vacuum heat-treatment of the elec-
trode. Oxidation of a GC surface will increase the amount
of surface functional groups,’*'* while vacuum heat-treat-
ment reduces the surface O/C ratio.'>" In addition to the
specially treated GC electrodes, highly oriented pyrolytic
graphite was employed as an electrode material. HOPG is
known to have very low surface oxide concentration with
the surface functional groups (if any) located on defects in
the lattice structure. It should be emphasized that there are
significant differences in structural and electronic proper-
ties between GC and HOPG which have to be taken into
account when comparing these two materials.** However,
these materials can be used to qualitatively correlate the
chazrges observed in laser-induced current transients with a
surface concentration of functional groups. The results for
HOPG and GC after various pretreatments are shown in
Table II. The Q for HOPG was much smaller than for GC, as
would be expected for its smaller capacitance. More impor-
tantly, the substantial decrease in Q for vacuum heat-
treated GC compared to polished GC supports the hypothe-
sig that surface oxides play a role. Since heat-treatment
does not affect surface morphology or roughness,* its main
observable effect is reduction of surface oxygen. The much
larger Q observed for anodized GC also indicates the strong
dependence of surface charge on surface oxides.

Summary

The current vs. time and charge vs. potential responses to
an in situ laser pulse on glassy carbon result in the follow-
ing conclusions: first, the laser-induced temperature tran-
sient causes disruption of the double layer and adsorbed
species, but the perturbation is small compared to the total
double layer charge. Second, the potential dependence of
the transient is consistent with double layer effects, but not
a Faradaic process. Third, the potential dependence shows
a trend with cation size, implying adsorption of cations in
the order H’ > Li* > Na* > K* > Et,N°, similar to that ob-
served by Nagacka et al. for anodized GC.**** Finally, the
response increases greatly with surface oxidation, imply-
ing increased cation adsorption to oxygen containing func-
tional groups. The importance of both cation adsorption
and surface oxides to activation mechanisms is currently
under study.
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Electron Transfer Kinetics of Aquated Fe*¥/*2, Ey**/*?,
and V*¥/*2 at Carbon Electrodes
Inner Sphere Calalysis by Surface Oxides

Christie Alired McDermott, Kristin R. Kneten,* and Richord L McCreery**
Department of Chemistry, The Ohio State University, Columbus, Ohio 43210

ABSTRACT
The electron-transfer kinetics for three ac%xated metal jons with low self-exchange rates were examined on well-char-

acterized carbon surfaces. All three ions exhi

consistent with those predicted
increased the electron-transfer rate constant to values si
increase was greatest for Eu;})** and was eliminated if

1 f highly ordered lyti hite (HOl’ié}e)cl 'Is:lhow i onp:l:;na trllbe
plane of highly ordered pyrolytic graphi . The reactions a to be outer
gam the self-exchange rates. Elegtrochemical oxidation of either GC or
ificantly greaMthan redicted for outer-sphere reactions. The
e surface was si

carbon (GC) and on the basal
sphere and had rates %fgroximately
PG greatly

ized. 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.'® Most
previous studies have been dominated by characteristics of
the carbon surface and by pretreatments which alter the
structure and reactivity of 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.'+!!
In general, previous efforts have dealt with relatively few
redox , particularly Fe(CN);¥~*, ascorbic acid,
Ru(NH,);***, and several quinones. Of relevance to the cur-
rent report are the observation that GC exhibits much
higher heterogeneous-clectron-transfer rate constants (k°)
than the basal plane of HOPG,*'*"* and that thermai** or
laser'*" activation or ultraclean polishing®® greatly in-
creases k° on GC. In addition, the observed kinetics for
Fe(CN);¥~* and similar benchmark systems do not corre-
late with surface oxidation provided the GC surface is ini-
tially clean.!*® A variety of arguments support the conclu-
sion that activation of HOPG toward Fe(CN);¥™* 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
redcx 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° values 1 to 5 orders of magnitude lower on HOPG
than on activated GC,' as expected from the Fe(CN);¥*
regults 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'**? 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 and ascorbate, due
largely to discrimination of the oxidized surface for cations
over anions.'* 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 aeeelanun, electron transfer.®* Cabaniss et al., "
Kepley and Bard,” and Nagsoka et al.®* glso have at-
tributed kinetic activation of electrochemically pretreated
GC to surface oxides. These resuits imply that different
redox systems are affected differently by carbon surface

* Electrochemical Society Student
** Electrochemical Society Active Memper
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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° and homoge-
neous-electron-transfer rates, particularly in the context
of Marcus theory.®* 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 (k.,.) as pre-
dicted by Marcush theory.’’** 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 k.. ***' While significant progress has been
made toward understanding and predicting k° 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/0),' 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.'* Although it is rougher
than polished GC,*? 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**? Eu*? and V¥ 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 preparation.—Glassy carbon (GC-20) elec-
trodes were prepared from GC-20 plate as described previ-
ously.'™** Polished GC electrodes were prepared by initial
sanding of the epoxy (Eccobond) mounted GC with SiC
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grinding paper, then polishing with successive 1, 0.3, and
0.05 um 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.* 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®. 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.'*** To average spatial variations
of the laser, three successive pulses were applied to the
electrode. Power densities were 25 MW/cm® for GC sur-
taces and 50 MW/cm’ for HOPG surfaces. For both HOPG
" and GC, laser activation was performed in 1M H,SO,. Elec-
trochemical pretreatment procedures were all performed
by cycling from 0 to 2.2 V vs. Ag/AgCl at 0.2 V/s. For HOPG
electrodes, this procedure was performed in 0.1M H,SO, for
20 cycles. For GC electrodes, this procedure was performed
in 1M H,SO, for 1 to 13 cycies, as discussed later. Generally,
éxt:o 5 cycles were necessary to observe full activation on

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'** were not employed. The term validation is
used here to tefer to HOPG basal plane surfaces which were
verified to have high AE, for Fe(CN);*~* (AE, > 700 mV) as
an indication of low defect density.'*

The procedure for surface modification with organosi-
lanes was similar to literature techniques.2'42 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 chlorotrimethyisilane 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

43 L1 03 0.0 03 06 -09
Potential (V)

washes. The electrode then was placed in saturated KOH/
methanol solution for 1 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 tetramethylisilane 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,* with an
analog triangular 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/AgCl (3M NaCl) reference electrode
and a platinum wire auxiliary electrode. Electrode areas
for HOPG were defined by an o-ring and were approxi-
mately 0.02 cm®.

Rate constants for GC were calculated by the method of
Nicholson,*’ assuming a = 0.5; k° values for HOPG were
obtained through comparison of experimental voitamme-
try to simulations involving a potential-dependent a.* The
rate constants were calculated with literature values for
diffusion coefficients: Fel;, Dy = 9 X 10™* cm?/s (0.1M
HCIO,);** Eug, D, = 7.9 x 10~* cm?/s (pH 0.3, 1M NaClO,/
HCIO,);"" Vi, D, = 5.2 x 10~ cm’/s (1M HCIO,).** In all
cases, it was assumed that D, = D, for the rate-constant
calculations.

Reagents.—Fel; and Euj solutions were prepared
at 5mM concentrations for GC experiments and at
10 mM concentrations for HOPG experiments from
Fe(NH,),(SO,), - 6H,0 (J.T. Baker, Inc.) and Eu(NO,); -
(H,0), (Aldrich). V; solutions were prepared at 3 to 5 mM
concentrations for GC and HOPG experiments from VCl,
(Aldrich). Supporting electrolyte solutions were prepared
with 70% HCIO, (GFS Chemicals) at a concentration of
0.2M unless specified otherwise. HC1O, was used as the
supporting electrolyte due to its weak interaction with
aguated metal ions.”™**** Electrochemical pretreatment
and laser activation procedures were performed in H,SO,
(Mallinckrodt). All solutions were prepared with NANOp-
ure water and were degassed with argon or nitrogen prior
to use. C1SiMe, and SiMe, were obtained from Aldrich, and
ClSiMe, was distilled before use.
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Toble L. AE, (mV) values of GC and HOPG electrodes undar different prefreciment conditions.®
Polished GC/
laser activated Fractured
Polished GC (3 X at 25 MW/cm?)® GC Frac/ECP* GC HOPG HOPG/ECP*
Fes 258 = 39" (51" 263 [2) 186 = 19 (9) 93 = 11 (6] 1062 = 225 {9) 162 = 22 (4]
Eu.’;”" 428 = 27 (7] >531 (3} 509 * 42 (8] 70 =4 (4) 936 = 168 (5] 193 = 18 (3]
v 441 = 72 [6] . 314 = 13 {4} 95 =9 (4] >835 [4] 372 =6 (3]
‘v=02V/s.

* Laser activation performed in 1.0M H,SO,.

¢ ECP prucedure for GC consisted of cycling from 0 to 2.2 V at 0.2 V/s for 3 to 5 cycles.

4 ECP procedure same as GC, but 20 cyeler.
‘S deviation.
! Number of trials.

Resulis

The first issue to consider is the kinetic behavior of
Feyy"?, Eug™?, and V;3** on carbon surfaces which are as
well characterized as currently possible. When considering
the voltammograms of Fig. 1 to 3, a visual indication of
increased electron-transfer rate is a decrease in AE,, which
is then reflected in the k° results. Figure 1 shows voltam-
mograms for the aquated systems and Fe(CN);**on a GC
surface immediately after exposure to the solution by frac-
turing. It is clear that the aquated ions are kinetically
slower than Fe(CN),¥"* on fractured GC. As indicated in
Table I, laser activation of a polished GC surface has little
effect on Feyy*! and Eul** kinetics, in contrast to the large
increase in rate observed for Fe(CN);¥~*. " Figure 2 shows
voltammograms obtained on HOPG, with all four redox
systems exhibiting much larger AE; values than on GC.
Although the use of a conventional cell prevented valida-
tion of the HOPG surfaces,'® the AE, values listed in Table I
were reproducibly high, exceeding 800 mV for the aquated
ions. Thus the behavior of Fely?, Euit*, and V;)*? on either
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*¥*? and Eu'*** on GC. After
even this minimal treatment, AE, for Eu***? decreased from
440 mV for the fractured surface to 76 mV (Table I). Fe*¥**
and V*¥* also exhibited major decreases in AE, on ECP.
Figure 4 shows the effects of successive ECP cycles on AE,,

with the greatest changes occurring in the first few cycles.
A qualitatively similar effect was observed for HOPG, al-
though a larger number of ECP cycles was required (20 vs.
1 to 3). The voltammetry for Fe*? and Eu~*’ on HOPG
before and after ECP is shown in Fig. 3C and D, and the
results are listed in Table I.

To test whether the kinetic effects of ECP are mediated
by surface oxides, the surface was silanized with ClSiMe,.
The unreactive SiMe, acted as a control. The effects of
silanization on Eu'¥*? voltammetry are shown in Table II,
with entries A to E representing successive treatments,
starting with fractured GC. Cl1SiMe, compietely negates the
effects of ECP-induced activation on Eu"**? kinetics (entry
C), while hydrolysis of the silanized surface with base re-
stores most of the reactivity of the ECP surface (entry E).
The SiMe, reagent increases AE, somewhat, but its effects
are much smaller and probably due to adsorption of or-
ganic impurities. Table II demonstrates that the ECP-in-
duced activation of Eu'*** charge transfer on GC is elimi-
nated by silanization.

The possibility of C1~ catalysis™*" on GC was tested by
adding small amounts of C1" to the electrolyte. For Au and
Pt electrodes, C1- chemisorption greatly accelerates Fe'*'
electron transfer even at low (107°M) C1™ concentrations.
Neither 107 nor 0.2M Cl1- had any observable effect on
Fe'¥* yoltammetry at fractured GC. High (1M) C1~ did in-
crease k° for Eu*¥*? on fractured GC, probably via forma-
tion of a chloro complex of Eu™? rather than a bridging
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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 1M HCIO, saturated with
air. No change in the behavior of Fe'**® was observed, nei-
ther initially nor after 1 h in air-saturated electrolyte.

Di .

Past efforts to characterize carbon electrode surfaces
have led to the proposal that fractured GC is the GC surface
least modified by impurities, oxides, and intentional sur-
face chemical changes.'**** Accordingly, the fractured GC
surface should represent the closest approximation cur-
rently available to a pristine GC surface. Similarly, low-de-
fect HOPG basal plane is an ordered surface of kmown
structure which has been characterized electrochemically.
These two electrode materials provide good reference sur-
faces for evaluating the kinetics of various redox systems
on carbon electrodes. We reported previously the heteroge-
neous rate constants for several redox systems on HOPC:
and laser-activated GC." Although the rate constants on
HOPG were significantly lower than thoge on GC, they did
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correlate with homogeneous-self-exchange rate constants
(k). Unfortunately, the k° values on laser-activated or
fractured GC are near or above the upper instrumental
limit for the systems studied previously, so reliable correla-
tions of k° and k.. were not possible for GC.

First for the unoxidized carbon surfaces, it is possible to
relate k° to k., for Fel?, Full*?, and V3", in part because
their k° values are well within the measurable range. The
first four columns of Table III compare kinetic data and
predictions for five redox systems on fractured GC and
basal-plane HOPG. The theoretical k° values, (k) were
caliculated from the simplest Marcus equation

where Z.. = 10" M™'s 'and Z, = 10* cm s, Several impor-
tant work-term and double-layer corrections have been de-
veloped for this expression by Weaver et al., but both the
simple and corrected expression predict that k° tracks
k'3 3% Since these corrections are not yet possible for car-
bon electrodes due to their unknown double-layer proper-
ties, we shall use Eq. 1 as a first approximation for predic-
tions of kg from k...

Several observations are available from Table III. First,
the five redox systems cover a wide range of predicted kg,
with the aquated ions easily within the measurable range
of rate constants. Second, the k° on fractured GC (kg,.) is
within a factor of 18 of that predicted from Eq. 1. Third,

Table . Effects of sianizotion on Eul)/*? vollammelry.

AE, (mV)*
Reagents
CISiMe, SiMe,

A. Fractured GC 490 492
B. Fractured after ECP 70 68
C. B. +silane + MeOH wash 442 149
D. C. + second MeOH wash 470 202
E. D. + KOH/MeOH wash 123 110

* AE, values were acquired at 0.2 V/s and are averages of two
trials for both reagents.
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Table 1. Kinetic results for fracured GC and HOPG.

k k§® Koo © kiioes ¢ kicrroc
System M-S (cm/s) (co/s) (cmi8) tcmy/s)
i - -3 2.3 = 0.5) 1.4 X 1073} (1.2 = 0.3)
Fe..“ 1x10 1x10 . (xal’o"gl 25 x 10 2 ‘: :)0-1(3511)
Bul™* 2 x 107 4x10° * 5 x 0=0.
V:.' s . ;o"éag) 3 x 107 {1 @ b zé‘:})
ol . X 10~ 5= < Tz 0
p 0.05 Tx1 4350 B oo te
Fe(CN); ¥~ * 2 % 10* 42 =05 <10
Ru(NH,)¥ * 4 x10° 1.9 0.3 9x10°*

* k., data from Ref. 34.
® Calculated from Eq. 1.

‘ Rate constants indicate mean and standard deviation, number in brackets is number of trials. )
¢ HOPG rate constants obtained from comparison to simulations for HOPG C-V%; surfaces were not validated.

‘ Data from Ref. 16.

kg, is lower than kg for all cases except Fe'¥*?, consistent
with Hupp and Weaver’s observations of the effects of work
terms on k° for mercury electrodes.’ Fourth, k° on HOPG is
much lower than both k° on fractured GC and kg as ob-
served previously for numerous nuter-sphere systems.'* The
most likely cause of this difference is the low density of
electronic states in HOPG. As noted in the Experimental
section, the HOPG surfaces were not validated due to the
use of a cell rather than inverted drop (resulting in strain-
induced defects), so the kfop; Values represent upper limits
of the true basal-plane values. Fifth, a least squares line for
a plot of log k¢, vs. log k.. 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 tl : fit is not as good as
that for a more sophisticated treatment of the aquated re-
dox systems on a mercury electrode,* the slope and inter-
cept are near the values of 0.50 and - 1.5 predicted from
Eq. 1. 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. 1. 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 ECP is that Fe****, Eu*?, and V" behave approxi-
mately the same as outer-sphere systems such as
Ru(NH,);***, IrC1;¥~?, etc. In particular, the observed k° for
fractured GC (when it can be measured) is within an order
of magnitude of that predicted from Eq. 1, and the devia-
tion from kg is generally on the low side. As was the case for
previous outer-sphere systems, aquated ions exhibit sub-
stantially slower kinetics on HOPG, probably because of
the unusual electronic properties of HOPG. Figure 5 shows
the aquated ion results from fractured GC and HOPG plot-
ted together with previous data for other redox 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 III (tifth column), ECP
significantly increases k°, by factors of 5.2 (for Fe**?), 19
(V') and 500 (Eu***?). For Eu'¥*?, the ECP-induced rate
increase is eliminated reversibly by silanization, indicating
that the rate enhancement is mediated by surface oxides.
The intent of using HOPG basal plane and fractured GC
was to compare ECP surfaces with reference surfaces as
low as possible in surface oxides. Low defect HOPG is cer-
tainly low in oxides, and fractured GC also has zero oxide
coverage, at least at the instant of fracture. Schrader®*
used x-ray photoemission spectroscopy (XPS) to demon-
strate that argon-ion-damaged HOPG does not react with
H,0 to form surface oxides in UHV conditions. That satu-
ration of the solution with air before fracturing has no ef-
fect on the Fe*¥*! rate implies that oxidation by air does not

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. ! and 2 and the third and fourth columns of
Table III 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 cor-
rection should depend strongly on the position of E,, rela-
tive to the pzc (~0.2 vs. Ag/AgCl for HOPG,**ca. +0.1 V
for GC).* Yet all three systems show rate increases even
though they have E, , values ranging from ca. +0.5t0 —-0.7V
vs. Ag/AgCl. 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.*° 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-integration.”’ 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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ily 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.'*

The key observation leading to the origin of the ECP-in-
duced rate increase is that ECP yields k° values above those
predicted by Eq. 1 for outer-sphere electron transfer. Fur-
thermore, inner-sphere catalysis via bridging groups has
been reported for Fe¥* on Pt and Au in C1~ media, " and
for Fe***! in cytochromes on polished graphite.? In the lat-
ter case, catalysis was blocked by silanization or cationic
species such as Mg**. The observations lead to a proposal
that surface oxides on carbon provide an inner-sphere
route for electron transfer to Fel}*?, Euz*?, and V.}*? which
increases the rate constant substant‘il;lly over the outer-
sphere value. Oxide catalysis at GC is analogous to Cl~
catalysis of Fe""? at Au and Pt, and likely invoives 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 kg, values differing
by a factor of 28 and k&cace by a factor of 5. For a bridging
mechanism to be significant for Fe?*?, Eu:l”, and V;¥, 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”, 6.64; Fe®,
2.20; V3, 1.9; V** 2.7, and Ru*?, -1.84; Ru*, -5.3.% Eu'¥?
water exchange is too fast to measure, but similar lan-
thanides have water-exchange rate constants in the range
of 107 to 10° M~ 5!, * Thus Fe;¥*?, Eu;¥**, and V¥ exhibit
fast ligand exchange rates compared to the substitution
inert Ru'¥*? 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" 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
0

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

tution labile, while the acac complexes are
quite strong (e.g., Kim for [Fe{llDacac (H,0),)*? is 10'°).° It
is reasonable to p: that inner-sphere catalysis of
Feyy**, Euy’, and VZ*? involves an intermediate such as
structure 3. The relatively strong interaction of the metal
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ion with the surface acac group may provide the drniving
force for inner-sphere catalysis, and possibly for displace-
ment of the proton in structure 2.

In summary, the Fe;2*}, Euy”?, and V:¥? redox systems
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 ra‘ »
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 mechan‘sms
based on double-layer or hydrophobic effects cannot be
ruled out completely.
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