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Abstract

There hasbeen an increasing use of both solid metal and microfabricated iridium el ectrodes as substratesfor varioustypesof electroanalysis.
However, investigations to determine heterogeneous electron transfer rate constants on iridium, especially at an electron beam evaporated or
dc magnetron sputtered surface, have not previously been performed. This paper compares the results of these microfabricated surfacesusing
ultramicroel ectrode arrays and steady-state currents. Even though the dc magnetron sputtered iridium surface demonstrated a slightly more
reversible electrochemical behavior than the electron beam evaporated surface, overall the microfabricated microel ectrodesand ring el ectrode

indicated similar reversibility to the polished metallic iridium disk electrode.

© 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Macro- and microelectrodes of all shapes and sizes have
been fabricated from a variety of materials, but most often
from platinum and gold wiresor glassy carbonrodsandfibers.
Recently, there has been increase in the use of both metallic
and microfabricated iridium-based electrodes for avariety of
electroanalytical techniques [ 1-12] . Beforebeing used, solid
metallic poly-crystalline electrodes are polished and treated
chemically and/or electrochemically to improve their elec-
troanalytical response. Microlithographicaly fabricated
ultramicroelectrodes (UMESs) have become popular because
they can provide micron-sized, highly accurate and repro-
ducible surfaces, especially for arraysof ultramicroel ectrodes
(UMEAS). However, aperceived drawback to these types of
electrodeshasbeentheinability to polish or effectively regen-
erate the original surface. The most visible effect of the pol-
ishing procedure is on the electron transfer rate. A smooth
polished surfaceis considered indispensablein providing fast
and easy transfer of electrons between the electrode and the
analyte redox species. The heterogeneous electron transfer
rate constants are usually measured using voltammetric and
impedance based methods with redox species such as ferri-
cyanide and ferrocene, both of which undergo astandard one-

* Corresponding author. Tel.: +1-617-627-3124; fax + 1-617-627-3443;

electrontransfer processand exhibit reversiblebehavior often
highly dependent on the pretreatment of the el ectrodesurface.
For platinum and gold microelectrodes, where rates are usu-
aly two orders of magnitude faster, several groups have
reported using fast-scan cyclic voltammetry to successfully
make such measurements [ 13-18]. However, to date there
have been no reported investigations of heterogeneous elec-
tron transfer rate constants for any type of iridium-based
electrodes.

Rate constants at macroel ectrodes are typically calculated
using the well-known Nicholson method, which is based on
the amount of peak separation between the forward and
reverse scans in a cyclic voltammogram [19]. The method-
ology however is susceptible to errors resulting from ohmic
polarization and charging currents, which can lead to over-
stated rate constants. Alternatively, steady-statevoltammetry
is a powerful method to study electrode processes, by being
able to directly measure rapid heterogeneous rate constants
[20-23]. By using ultramicroel ectrodes, advantages such as
steady-state currents, increased masstransport, and theability
to be used in highly resistive media, can be obtained. More-
over, thereisminimal iR, drop and low background currents
associated with ultramicroelectrodes. The steady-state cur-
rent is a result of the radial diffusion at the ultramicroelec-
trode. The resulting voltammogram is sigmoidally shaped
and under reversible conditions the half-wave potentia E,,»
occurs at the reversible half-wave potential Ej.,:
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and when the diffusion coefficients of the reduced and oxi-
dized species (Dg and D, respectively) are equal, we have
E,=E". The equation that describes the reversible voltam-
mogram is identical with atypical reversible polarographic
wave when the diffusion coefficients are equal, and the plot
of log[i/(ig—i)] versusE can be used to eval uate the exper-
imental data (where E is the electrode potential, i is the
current, and iy is the diffusion controlled limiting current)
[13,23]. A dope of less than RT/nF is an indication that
there is competition between kinetic and diffusion control
and that it is a quasi-reversible system.

In the work reported here, rate constants for ferricyanide
and ferrocene were cal culated using cyclic voltammetry and
the Nicholson method at a solid iridium disk electrode, as
well asuntreated iridium electrodesthat were prepared using
electron-beam evaporation and dc magnetron sputtering.
Peak potential separations (AE,) were measured at several
microfabricated electrodes over several days. In addition,
steady-state currents were used to calculate rate constants at
ultramicroelectrode arrays prepared by electron beam evap-
oration or dc magnetron sputtering.

2. Experimental

2.1. Apparatus

A model 263 potentiostat/galvanostat (EG&G PAR,
Princeton, NJ) interfaced to a DEC p420-SX microcomputer

UMEAz2

using model 270 software (EG& G) was used to apply tech-
niques and collect the data. All voltammetric experiments
were carried out in a Faraday cage using a three-electrode
cell comprising the working electrode and either aAg| AgCl
(3M NaCl) referenceelectrode and Pt wire counter el ectrode
for the agueous media experiments, or a large Ag wire
(99.99%) pseudo-reference and Pt wire for the non-aqueous
experiments. All experiments were carried out at 298 K.
Nitrogen gaswas used to deoxygenate the DM SO. All poten-
tials are reported versusthe Ag|AgCl (3 M NaCl) reference
electrode.

2.2. Working electrodes

Five different types of working electrodes were used. A
solid iridium inlaid disk microelectrode (MICRO#1) was
fabricated using a127 pm diameter iridium wire heat-sealed
in a glass sheath with a copper wire soldered to the iridium
to make the electrical connection [11]. A microfabricated
ring electrode (RING#1) and three ultramicroelectrode
arrays (UMEA#1—#3) were made using standard micro-
lithographic techniques by electron-beam evaporation (e
beam E) or dc magnetron sputtering (dcMS) to deposit
approximately 2000-3000 A of iridium onto an oxidized
siliconwafer. Thefabrication processeshavebeen previously
described in detail [1,4-6,10].

Thering electrode (RING#1), shown in Fig. 1, consisted
of a 140 p.m wide ring with an outer diameter of approxi-
mately 2.5 mm. The area, determined chronoamperometri-
cally using ferricyanide, wasfoundtobe5.1x 10~ 3cm?. The

UMEA#]

RING#1

Individual UME

Fig. 1. SEM images of the microfabricated UME arrays (UMEA#1, UMEA#2, RING#1) and an AFM image of an individual UME.
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Tablel
Dimensions of electrodes determined electrochemically using potassium
ferricyanidein KNO; and a potential step experiment

Area/10° cm? Diameter/um
MICRO#1 Ir-disk 0.126 127
RING#1 e-beam evap. 511
UMEA#1 e-beam evap. 0.0249 8.9
UMEA #2 e-beam evap. 0.110 89
UMEA#3 dcM sputtered 0.015 10

UME arrays consisted of 177 (UMEA#2, e-beam E) ele-
ments arranged in a honeycomb pattern (Fig. 1), 40
(UMEA#1, e-beam E) elements arranged on the same chip
as the ring electrode arranged in aring pattern (Fig. 1), or
20 (UMEA#3, dcMS) elements arranged in a5x 4 array.
In al casesthe individual ultramicroelectrodes were 10 wm
in diameter. Dimensions for the UMES were also verified
with an atomic force microscope (Nanoscope-E, Digital
Instruments). Their dimensions and areas are summarizedin
Table 1.

The microelectrode (MICRO#1) was polished with 400
grit, then 30, 6, 1, and 0.25 pm diamond paste (Buehler,
LakeBIuff, IL) onacarbimet-polishing pad. It was sonicated
in deionized water containing 5 ml Micro® cleaning solution
(International Products, Burington, NJ) and then in pure
deionized water for an additional 2 min. All the microfabri-
cated electrodes UMEA#1-UMEA#3 and RING#1 were
used asreceived (Fig. 2).

2.3. Measurements

For the MICRO# 1 and RING# 1 electrode, cyclicvoltam-
metry was used with a scan rate of 3.5V s~ %, a6 mV scan
increment, and a step time of 0.0017 s. Data were collected
using the UMEAs at ascan rate of 0.1V s™% 2 mV scan
increment, and a step time of 0.2 s. The potential window
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Fig. 2. AFM images of theiridium (A) e-beam evaporated (UMEA#1) and (B) dc magnetron sputtered (UMEA#3) surfaces.
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was0.5t0 —0.3V in KNO; and 0.15t0 0.89 V for DM SO.
The switching potential was kept constant throughout the
experiments. Background currents and iR, drop, which tend
to distort voltammograms asaresult of charging currentsand
double-layer capacitance, are usually minimized by the use
of ultramicroelectrodes. However, to insure a more accurate
measure of faradaic current, supporting electrolyte concen-
trations were kept at 1 M, a three-electrode el ectrochemical
cell was used, and background subtractions were made using
data from a cell containing only supporting electrolyte. An
IR compensation of 50 () was used with the RING#1 elec-
trode during the non-aqueous experiments.

Diffusion coefficients for the ferricyanide and ferrocene
redox couples, determined by chronoamperometry at a Au
disk macroel ectrode of 3mmdiameter usingal10 stimescale,
were calculated to be 7.71x 10" ® and 1.88X 10~ > cm? s~ *
respectively.

2.4. Solutions

The aqueous el ectrolytes consisted of 6.0, 1.0, and 0.6 mM
concentrations of potassium ferricyanide (Sigma) in 1.0 M
potassium nitrate (EM Science). The non-agueous el ectro-
lyte consisted of 1 mM ferrocene solution (Aldrich) and
0.5 M tetrabutylammonium hexafluorophoshate (Aldrich) in
dimethyl sulfoxide (DMSO, Aldrich). All chemicals were
reagent grade and solutions were prepared using 18 M{) cm
deionized water from a Barnstead Nanopure system (Barn-
stead Co., Dubuque, 1A).

3. Resultsand discussion
3.1. Microfabricated ring electrode (RING#1)

The Nicholson method [ 19] was used to evaluate therate
constant (k) at both MICRO#1 and RING#1 €electrodes.

:
.00
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Anodic and cathodic peak separations from a background-
subtracted voltammogram were used to evaluate ¢ from
which k was obtained using the expression:

k

di: (aDO)l/Z

where Dy is the diffusion coefficient and a=nFv/RT (v
being the scan rate). For this experiment v=35V s~ * and
thus linear diffusion should dominate. Table 2 shows the
resultsfor k for MICRO#1 and RING#1. The e-beam evap-
orated surface of RING#1 yielded a rate constant the same
asthat for the polished surface of MICRO# 1 for ferricyanide,
even though the surface of RING#1 was not pretreated in
any way. Multiple runs resulted in minimal deviation (stan-
dard deviations for an individual electrode were small).
These data suggest that both types of surfaces are apparently
equivalent in terms of nature and morphol ogy.

However, for ferrocene, the RING#1 electrode yielded a
lower rate constant in DM SO. Even though the supporting
electrolyte concentration used was 500 times greater than that
of ferrocene, some uncompensated resistance may still
remain in the cell. This resistance would shift the cathodic
and anodic peak potentials so that larger peak separations
(AE,) would result with an increase in scan rate. Additional
IR compensation was attempted, but AE, never attained a
value of below 96 mV. Since we do not know of any reports
in the literature investigating the utility of microfabricated
electrodes in non-aqueous environments, a more thorough
investigation may be warranted.

To demonstrate that the peak potential response at the
iridium surface is stable, AE, was measured using RING#1
in6 mM ferricyanideand 1 M KNO; over several days. Table
3 shows the average values obtained over the course of the
study. The data show a consistent and uniform response for
all the UMEAs. The AE, value is very similar to that of the
solid iridium electrode MICRO# 1 which had been carefully
treated and polished using diamond paste prior to use.

To test the effects of a pretreatment on AE,,, RING#1 was
subjected to both an electrochemical (cyclic voltammetry in
a0.1 M perchloricacid solution) and chemical (concentrated
and 3M sulfuricand nitricacids) pretreatment. Nosignificant
qualitative change was observed and an average AE,= 80.9
mV was measured with the smallest separation attained being
AE,=74.4 mV. It should be noted that after a week of con-
stant use, AE, did increase, in some cases up to 125 mV.
Degradation of the thin iridium surface is a possible cause.
However upon applying adrop of concentrated nitric acid for
30 s, AE, was reduced to below 90 mV. In this way, partial
restoration of the response could be achieved.

3.2. Ultramicroelectrode arrays (UMEA# 1—#3)

For the evaluation of k on the ultramicroelectrode arrays,
the method used by Oldham et a. [22] was applied with k
given by the expression:
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Table2
Rate constants for the Ir-disk and microfabricated electrodes

k for ferricyanide/ k for ferrocene/

cms™t cms*t
MICRO#1 Ir-disk 0.0717+0.0214 0.197+0.044
RING#1 e-beam evap. 0.0739+0.0131 0.0606 + 0.0147

Table3

Peak potential separations for evaporated Ir UMEA#2. Averages were
84.7+7.0, 829+7.1, and 84.7+5.6, respectively. Data obtained using
RING#1 with 6 mM ferricyanidein KNO; (n=11)

Day UMEA#1/ UMEA#2/ UMEA#3/ MICRO#1/
mV mV mV mV
1 84.0+2.0 799+14 82.1+25 82.7+2.0
2 821+11 82.6+4.5 83.0+2.6
3 89.0+4.6 80.0+4.5 87.1+4.1
4 87.3+4.9 89.1+3.2 86.7+1.2
nF(E»—Ep) 2Dg
1—exp =
RT ka

where E, ,, isthe experimental half-wave potential and Ej, is
the reversible half-wave potential. The value of k for the
UMEAs was calculated using E,=0.117 V and T=298 K.
Current—potential curves were generated by plotting log[i/
(ig—1)] versus E (Fig. 3). Theoretically, the data for a
reversible system should yield a straight line for which the
inverseslopeequals59.2mV. A linear rel ationshipwasfound
for all UMEAS tested as shown in Table 4. Fig. 4 shows
typical steady-state cyclic voltammograms (CVs) obtained
for the three electrode types. The CVswererecorded using 6
mM ferricyanidein 1 M KNO; with ascanrateof 0.1V s™*
for electrodes UMEA#1 (- - -), UMEA#2 ( ) and
UMEA#3 (- - -). Currentsfor UMEA #1 and #3 weremul-
tiplied by afactor of 5 and 8, respectively, for comparison to
UMEA#2. The forward slopesfor all three are basically the

2.5

—_
w
T

log[i/(i4-1)]
=4

|
g
w

-157

231 02 0.3 0.4
Potential / V
Fig. 3. Conventional log plots using 6 mM ferricyanidein 1 M KNO; with
ascan rate of 0.1V s~ * using the e-beam evaporated UMEA#1 (¢ ), e
beam evaporated UMEA#2 (@), and dc magnetron sputtered UMEA#3
(/) electrodes.
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Table4
Linear regression resultsfor Ir UMEAS

Table5
Average rate constants using Ir UMEAS (n = 10)

Regression  Average Average
coefficient  slope/mV intercept
(R?)
UMEA#1 e-beam evap. 0.998 7312 3.05
UMEA#2 e-beam evap. 0.995 7312 2.66
UMEA#3 dcM sputtered 0.999 59+2 4.27

same. Some hysteresisisevident in thevoltammogram result-
ing from the possible presence of a stray capacitive current.

In order to insure that the UME arrays exhibited minimal
overlap of thediffusion layer, the dominant modeof diffusion
at amicrodisk electrode was evaluated using the dimension-
less parameter, p, which is related to the radius of the elec-
trode, r, the scan rate, v, and the diffusion coefficient of the
electroactive species, D, asfollows:

nFriy |'?
P [ RTD ]

At values of p<0.6 radial diffusion dominates while at
values of p> 17 linear diffusion dominates [ 24]. For micro-
disk arrays, assuming the UMEs are spaced far enough apart,
the steady-state limiting current | yisgiven by | ;= 4mnFDCr,
wherer is the radius of the microdisk, and mis the number
of microelectrodes [ 25,26]. Thisexpression holdstruewhen
Dt/r?>100 and the separation between microelectrodes is
greater than 10 times the diameter. The smallest separation
for thearraysused in thisstudy is 10 timesthediameter. Since
the radius of one UME isequal to 5X 10~ * cm then p would
be 0.35, whichisconsistent with radial diffusion. If however,
there was diffusional overlap, the combined radius would be
equal to 0.0787 cm (UMEA#1) yielding a p of 8.8 (the
average of 17 and 0.6) , which suggests adeviation from both
types of diffusion. To examine whether a total steady-state

current was obtained, a CV was obtained in astirred solution
using the UMEA#?2. The separation between forward and

1500
1300 . ) s it
900 |
700
500 |
300 [
100
100

Normalized Current/nA

05 04 03 02 01 00 -01 -02 -03
Potential / V
Fig. 4. CVsof 6 mM ferricyanide in 1 M KNO; with a scan rate of 0.1 V
s tusing UMEA#1 (- - -), UMEA#2 ( ), and UMEA#3 (- --).
Currents for UMEA#1 and #3 were multiplied by a factor of 5 and 8,
respectively, for comparison with UMEA#2.
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k for ferricyanide/ k for ferrocene/
cms*t cms*t
UMEA#1 e-beam evap. 0.0423 +0.00076 0.0868 + 0.00025
UMEA#2 e-beam evap. 0.0434+0.0042 na
UMEA#3 dcM sputtered 0.0345+0.0013 0.0769+ 0.0002

reverse scans decreased dlightly and the limiting current
increased dightly (7.5%) upon stirring. This suggested that
atotal steady-state current was not completely achieved. In
thiscase, only afraction of thediffusion current can beattrib-
uted to alinear component. However, only the forward scan
isused in the data analysis.

3.3. Comparison

Using the resultsin Table 5, al arrays yield very similar
rate constants, as the UME radii are nearly identical. The
sputtered Ir array UMEA#3 had a reciprocal slope of 60.7
mV suggesting areversible behavior. The deviation fromthe
theoretical valueis1.5mV. The cathodic transfer coefficient,
a, was calculated to be 0.58 for the UMEAS, which is very
similar to the theoretical cathodic transfer coefficient
of 0.5 or literature value of 0.58 for a reversible
[Fe(CN)g]®~ < [Fe(CN)g]*~ system at aplatinum micro-
electrode [14]. This suggests a nearly reversible system.
However in contrast, the reciprocal slopesfor the evaporated
Ir arrays show larger deviations from the theoretical value of
59.2 mV, suggesting a quasi-reversible behavior.

Rate constants in Table 5 are consistent with the values
obtained at platinum microelectrodes using ferricyanide
(0.07cms ' [14] and 0.066 cms™ 1) [27]. In general, the
rate constants for ferrocene were greater than those for fer-
ricyanide and were also consistent with the literature value
of 0.11 cm s~ * [13,18]. Reciprocal slopes of the conven-
tional log plot analysis showed adeviation of only 5mV from
thetheoretical value. Thus, ferrocene shows reasonably good
reversibility at the microfabricated iridium electrodesusedin
this study.

4, Conclusions

Heterogeneous electron transfer rate constants for ferri-
cyanide and ferrocene were calculated using the Nicholson
method at a solid iridium substrate as well as at a surface
prepared using electron beam evaporation. Peak potentia
separations at the electron beam evaporated iridium surface
demonstrated reproducibility and uniformity among several
different microfabricated electrodes over a four-day period.
Also, rate constants were calculated for ultramicroel ectrode
arrays using steady-state currents. The dc magnetron sput-
tered surfacebehaved morereversibly and could becorrel ated
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to theoretical values better than the e-beam evaporated sur-
face. Thus, it appears that microfabrication techniquesallow
for metal surfaces to be prepared that are nearly identical in
terms of electron transfer kinetics to a solid polycrystaline
metallic surface that has been carefully polished and treated.
The rate constants determined for ferricyanide and ferrocene
at theiridium microel ectrode (MICRO#1) werecomparable
to literature values for a platinum microel ectrode.
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