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Despite the widespread use of voltammetry for a range of chemical, biological, environmental, and industrial
applications, there is still a lack of understanding regarding the functionality between the applied voltage and
the resulting patterns in the current response. This is due to the highly nonlinear relation between the applied
voltage and the nonstationary current response, which casts a direct association nonintuitive. In this Article,
we focus on large-amplitude/high-frequency ac voltammetry, a technique that has shown to offer increased
voltammetric detail compared to alternative methods, to study heterogeneous electrochemical reaction-diffusion
cases using a nonstationary time-series analysis, the Hilbert transform, and symmetry considerations. We
show that application of this signal processing technique minimizes the significant capacitance contribution
associated with rapid voltammetric measurements. From a series of numerical simulations conducted for
different voltage excitation parameters as well as kinetic, thermodynamic, and mass transport parameters, a
number of scaling laws arise that are related to the underlying parameters/dynamics of the process. Under
certain conditions, these observations allow the determination of all underlying parameters very rapidly,
experiment duration typicallg 1 s, using standard electrode geometries and withouagmmipori assumptions
regarding their value. The theoretical results derived from this analysis are compared to experiments with an
outer-sphere electron-transfer species, RupH", on different electrode materials, and the determined
parameters are in excellent agreement with published values.

1. Introduction the presence of convection, such as impingedfefs.Under
. . . _such conditions, the characteristics of the voltammogram are
Electrochemical sensing methodologies offer excellent spatial geripyted to kinetic limitations because these are assumed to
and temporal resolution as well as superior microfabrication po he rate-determining step of the overall process. The same
possibilities and have attracted considerable attention, eSpeCia”yprinciples are used in nanopore electrodes and scanning elec-
since thg ad"ef“ of miniaturizatio_n, to study and monitor a range trochemical microscopy, where the very small size of the elec-
of Ch_e_mlcal, biological and environmental processeslore . trode and fast diffusion rates allow the investigation of fast
specifically, voltgmmetry, where_the electrode voltage is electrochemical kinetics as well as coupled chemical reac-
perturbed according to a predetermined manner, has been showgons_leﬁ20 Although accurate, such methods require specialized

to offer mcrgased sensitivity and selectivity over glternatwe devices that are expensive and rather restrictive in application,
electrochemical techniquésAs a result, voltammetric meth- . . .
for instance for micro-total-analytical-systethand lab-on-a-

odologies are frequently employed for investigations ranging _ . L o
from the physics of electron transfer (ETtp monitoring the chip appl|cat|on§. )
evolution of reactiorfsand multicomponent systerfis. In this paper, we use ac voltammetry, where th‘? voltagg IS a
The most popular voltammetric technique has been cyclic superposition of a SIOW. ramp with a large-amplitude, h|g_h-
voltammetry (CV) where the voltage excitation imposed on the frequ.ency.har.monlc oscﬂlapon, to §tudy thg electrochemlcal
electrode is a series of cyclic ramps. To study the underlying react|on_-d|ffu5|on process in comlc_)lnanon_wnh a new 5|gnal
electrochemical processes, the shape/symmetry of the Voltageorocessmg method valid for analyzing the mhgrently nonlinear
(input)—current (output) relationship is recorded and translated and nonstgtlonary current respori3é” The aim Is to Qevelop_
in terms of theoretical modefsin electrochemical reaction-  N€W techniques for the fast and accurate determination/monitor-
diffusion processes, a situation very commonly encountered in N9 Of all species- and process-specific parameters. To do so, a
electrochemical dynamics, determination of the species- and S€/es of numerical simulations was conducted for different
process-specific parameters has commonly relied on CV in voltage excitation parameters as well as kinetic, thermodynamic
combination with a number of assumptions regarding the nature @nd mass transport parameters. For these calculations, a number
of the ET or the fluid flow characteristics (for instance, see the Of scaling laws and similarity regions arise that are related to
work by Nicholsoft and Nicholson and Shéin the underlying parameters/dynamics of the process. Under
Another approach for quantification of these parameters has certain conditions, these observations allow the determination
been the combination of CV with specialized electrode geom- of all underlying parameters using standard electrode geometries

etries and methods to ensure rapid mass transport, normally byAd Without anya priori assumptions regarding their value. The
theoretical results derived from this analysis are compared to

xperiments with an r-sphere ET i n differen
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2. Materials and Methods ~ . T N C
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2.1. Experimental Methods. All chemicals used in the ko2 Ko F Ko
voltammetric measurements (Ru(RkCl, and KCI) were
purchased from Sigma-Aldrich and used as received. In all yhere D (M2 s79) is the diffusion coefficient assumed to be
experiments the Ru(Ng*"** bulk concentration was 1 mM.  gqual for Ox and Redk, (m s°2) is the kinetic constant and
KCI (1 M) was the supporting electrolyte in a two-electrode- () the ET coefficient according to the ButieWolmer
cell (working and reference electrode). Two inlaid disc elec- theory? F (96485.3 C mot?) is the Faraday constarR (8.314
trodes were used, one carbon fiber electrode Witk 5 um C V mol~t K-%) is the universal gas constant, afid298.15
purchased from CH Instruments (Austin, Texas) and one k) is the temperature. The characteristic properties in eq 10
homemade Au electrode witfy = 5 um. The pretreatment of  are used to define the following dimensionless parameters:
the electrodes included polishing with aqueous 1 andu@n3

(10)

alumina on polishing pads (Buehler) with sonication between _t _zF _rr

each grade. The reference electrode was a Ag/AgCl wire in a 3 r= i = 5 r= E2

M KCI solution. Prior to experiments the solution was bubbled

for 20 min with nitrogen to remove dissolved oxygen from E* — E* Ey* O

solution. The ramped harmonic waveforms were digitally £n= —E £— E ! -7 (11)

generated using Labview 7.0 software (National Instruments,
Austin, Texas) and converted to an analog signal through a NI \herez is the dimensionless time,andr are the coordinates
PCI 6036E card (l6-b|t, 200 kHz bandWldth) interfaced with in Cy|indrica| Spacei* and r* (m) are the dimensional forms
an Axon Multiclamp 700B (Axon Instruments, USA). of the cylindrical coordinates ang in eq 9 is the dimensionless
2.2. Electrochemical Reaction-Diffusion DynamicsWe gjectrode radius), ang; (V) is the formal oxidation potential.
study the case where heterogeneous 1-electron electrochemicathe capacitance contribution to the overall current respaase
reaction between the oxidized, Ox, and the reduced form, Red, qye to the ion re-organization at the electrode surface, often
of an electrochemically active species occurs at the electrodereferred to as double-layer capacitance for high supporting
surface according to electrolyte concentratiorfsis

kf A
Ox + e==Red (1) i _Ejo8
ko R < 4
and diffusion is the governing mass transport process in the
bulk of the solution. The equation for the nondimensional redox With
concentration of this case in cylindrical coordinates assuming

axis-symmetry is _Cyry)’? 12)
2 2 2FCqred0
u_ou, #u Lou @
a9 ar? ror where 4 is the combined contribution of the double layer

capacitanceCq (F m2), the system-specific electrode radius

ry (m), andCreq,0and the species-specifidm). As seen by eq

12, an increase i€y andry, enhances the influence @fxp
hence the benefit of using small electrodes where the capacitance

with U = CredCred,0 Where Creg (Mol m=3) is the solution
concentration of Red an@reqo (Mol M~3) the initial Red
concentration. The initial and boundary conditions:

— ) — contribution is decreased. Here we assume that the overall
uzr,t=0)=1 3) X - .
current response is a superposition of the faradaic and the
uz— oo, r,7) =1 (4) capacitance componentse., i = ifar + icap Though strictly

not true, for a small cell ohmic drop this superposition often
yields a good approximation of the overall current response,
particularly for outer-sphere ET as studied here, and has been
widely used to simulate the capacitance interference in

uzr—ow,7)=1 5)

ou
= =exp{(1— a)é}u—exp—a&}(1—u) (6 voltammetry?2325-27
0Z|z=0,0=r=r,, P End PLask( ) ©) Note that in the theoretical model described above we have
neglected uncompensated resistaRg€Q2), i.e., the solution
@‘ — @) resistance between the working electrode and the equipotential
0Z|z=0r>r, surface that transverses the tip of the reference electrode (for
an insightful review of this phenomenon the interested reader
ou _ 8 is referred to refs 28 and 29R,, which depends on process
ﬁzyrzo_ (8) parameters such as the solution conductivity, the location of
the reference electrode probe, the counter electrode character-
and the faradaic current response: istics and the cell size, may influence the driving force of the
heterogeneous electrochemical reacidn.the present study
i = Ore| (@‘ )r dr (9) we chose to negled, becausg of (i) the use of r.nicrometer.-
0Z|=0,0=r=r,, sized working electrodes and (ii) the presence of high supporting

electrolyte concentrations>(0.1 M). Under such conditions,
Equations 2-9 are expressed in dimensionless quantities and typically R, = 1-300 Q.327 As seen in Figure 1B, from the
the process-characteristic properties used to nondimensionalizeesulting current responsgthe applied voltage greatly exceeds
the system of equations are the effect of theR,-drop.
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® 4 2 : Figure 2. Characteristic envelopes resulting when eqs 16 and 17 are
f/S applied to a simulated ac voltammogram. (A) fz) vs &(7),
Figure 1. (A) The ac voltammetry (black) and cyclic voltammetry ~ capacitance contributions are absent due to the definitiag,pfThe
(cyan) excitation and (B) the current response gsim 1 mM characteristic envelope properties used in the analys@@rg() and
Ru(NHs)s?>™3* solution in the presencefd M KCIl on a 5um Au (g gh). (B) Fromay(z) vs &(z), (&, &,) and €., a}) are used for the
electrode. The experimental conditions are reported in Materials and analysns The offsetawcap is related to double-layer capacitance
Methods. contributions.

We assume a dimensionless voltage excitation, as defined by Gabd¥, is used to calculate the instantaneous

&= &4 + &ao given by amplitudea,(r) and the instantaneous frequerfgyr) of w(z)
with
E, . .
Ee=&n T r = —»E— + Z—{Eir forO=7 =<1, (13) W(z) + JAW(r)} = 8,(7) exp{ 2jf,(7)} (18)
- = - where j is the imaginary number arv} is the HT. In Figure
_ ut _ Ein | ot : .
=&, + =1y, — 7)==+ =1, 1) 2, the two attributes of the current response versus the applied
E voltage & are shown: in Figure 2Ag(t) versusé(z), and in
for 7, < 7 =< 2z, (14) Figure 2B,a.(7) versust(r). The subsequent sections will focus
on features of these properties of the current response to the
_ N _ AE* ~ . . . g .
£,.= AE cos(2rtf 1) = == cos(2rtf*7) (15) prescribed voltage excitatidh More specifically, four properties
a E are defined:
whereE;, (V) is the initial voltage,v (V s7%) is the dc scan- Agg = 53 — g; AE, = g; — g; (19)

rate, 7ew = (tsw/t) is the dimensionless dc switching timeE*

(V) is the amplitude, and* (Hz) is the frequency of the ac _ n a, — ax
excitation. In Figure 1A, the voltage excitation in C¥qy{) is 0= lg =19l w=——-—"— (20)
shown in cyan and the ac voltammetry excitatighié shown g | + |g+| a, + a:,; = 28,c0p

in black. All reaction-diffusion simulations were conducted using
a commercial software package (COMSOL) on two Linux dual- where&, andg are the voltages at the two extremagng~
processor workstations. Details regarding the performance ofandg, deflned in Figure 2A, andW and &, are the voltages
the numerical integrator are provided in section A in the at the two maxima iray, a, andaw, defined in Figure 2B.
Supporting Information.

2.3. Time-Series Analysis.The analysis applied to the 3. Results and Discussion
numerical results defines two components of the current
response, the temporally “even” componeng(zr), and the
“odd”, w(7):

A series of numerical simulations was conducted to explore
the changes A&y, Aéw, yg, andyy, for different sets of species-
and process-specific parameters. The following species-specific

1. ) parameter space was explored in the numerical simulations:
9(r) =3li(@ +i(2rg, — 7] (16) 105 < (k/m s < 102 100 < (D/m 2 5% < 1079,
0.3 < a = 0.7. For the present analysi§, = 3.5 x 106 m
1. . andCq = 1071 C V"I m~2 These values are typical for medium
w(r) = 3li(@) = i(2rgy — )] a7) to fast heterogeneous electrochemical reaction kinetics in
aqueous solution measured using conventional disc microelec-
The capacitance contributions, as described through eq 12.trodes.
are absent frong(r) and present only inw(z) (for a more To investigate the effect of the voltage input, different sets
detailed description of this procedure see ref 24). To minimize of parameters of the ac voltammetry excitatine, the voltage
the effect of capacitance w(z), the Hilbert transform (HT), parameter space, were studied. The excitations shown are (1)
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v=02Vslf=10Hz, (2Qv=1Vs1f =50Hz (3) 40
v=2Vsf=100Hz and (4y =10V s 1, f* = 500 Hz. A
In all cases, the harmonic excitation amplitudlE* = 0.4 V 30
and the characteristic excitation numb&E#f*/ v) = 20 because 1] é
this particular value has been shown to offer enhanced volta- lﬁ‘é
mmetric detaif! 20 #9
For all simulationsEj was accurately determined from the :
voltage midway between the extrema in both attributes of the é,bé?

Aw

current response: 10 #
K — + K
~EE£= Bty ;ng and EE fu b ~ a2t (21) 9‘5“*3.'1“‘5"‘3@’?‘2@-1 012 3 4
logyo (Df*/k§)
Because for all voltage excitation investigatéd> v/AE*, 40
given that the capacitance contribution is only present in the B
odd component and from the definition of the instantaneous
) . 30
amplitudeay it can be shown that l [ .
7 W 20 ' &L&f
A -’EQ—AfaW’Cﬁp (22) < ;
where Q = 2xf*t is the dimensionless angular excitation 10
frequency. - sepell ¥
The results of the numerical simulations are illustrated in 0
Figure 3 where the voltage separation of the exxg and the 3 -2-1 0 1 2 3 5
instantaneous amplitude of the odd comporehy of the signal logyo (—Q_D*AE‘ ) (‘“—ﬂ . ) )
are plotted versus two dimensionless groups. It was found Ta™ ¥ ko
empirically that these dimensionless groups collapse the simula-
tion results foro. = 0.5 for all of the voltage excitations. In 4
Figure 3, the circles indicate the position where= 0.5 whereas o )
the bars are the range due to 3o < 0.7. The voltage 15t0°
excitations, according to the definition given above, are (1)
black, (2) blue, (3) cyan, and (4) magenta. i
In Figure 3A,A&,, is shown as a function of the dimensionless Q 1 5
group O f*/ks?) and it is observed that all results align very well g
with this simple scaling. Moreover, it is observed that sluggish 05
kinetics (smallko) result in largerAé, as already known from '
CV.8 For all curves, Df*/ky?) = 1071 represents a limit below C

which A&,, = 0. The fact tha&,, scales with Df*/ kq?) for such 0
a wide voltage and species parameter space indicates the presence 0 200 400 600 800 1000
of a dominant effect/process described by the latter parameter. i / Hz

In ng;e 3*B,A§g ;35 shqwn yersus the_ dlmensmnlgss group Figure 3. Analysis of the odd (A) and the even (B and C) component
(DAE*Irev)(ref*/ ko)”, which is a function of species- and  of a series of numerical simulations. The different colors in (A) and

process-specific parameters as well as the pararfiejis a (B) indicate the voltage excitatiom: = 0.2 V s°%, f* = 10 Hz (black);
parameter that aligns all cases wher= 0.5 and depends on v =1V s f* =50 Hz (blue);v = 2V s7%, f* = 100 Hz (cyan)w
the applied excitation as seen on Figure 3C, witkigshown =10 V s}, f* = 500 Hz (magenta). The circles indicate simulation

versus the applied excitation frequenyfor AE* = 0.4 V results foro. = 0.5, and the bars, the range due to 8.31 < 0.7.

and AE*f*/v) = 20. As in Figure 3A, sluggish kinetics result

in larger A&y with the exact functionality of this behavior the extrema in the two attributes of the current respogseid

depending on the parameters of the dimensionless groupaw’ scale according to different dimensionless groups. For fast
X " o S ) ., " excitations, both attributes of the current response are dominated
(DAE*/re'ZU)(Le'f*/kO)ﬁ’ which is a combination of the ‘slow by (D f*/kg?). This behavior can potentially be related to the
term OAE*/rg?v) and the *fast” term iGf*/ko)”.%® For slower  gpatiotemporal patterns shown in the Supporting Information
excitations,f* = 50 Hz, there is a linear relation betwegn \ynere it is observed that, while a homogeneous concentration
andf*. For f* > 100 Hz,§ = 1.7. As a result, the behavior  gragient is observed for slow excitations, the spatial concentra-

shown in Figure 3B for the voltage excitation (4) whére= tion inhomogeneities become significant for fast excitations.
500 Hz (magenta) is representative of all excitationsffor The following regressions are derived from the scaling
250 Hz. It is interesting to note that for slow excitatiofg, illustrated in Figure 3A,B:

scales with D/kory) whereas for fast excitationsDf*/ko?).

This effect is attributed to the spatiotemporal concentration [D AE*[rif ]
profiles close to the electrode surface, as indicated in the analysis Agy=aIn (23)
shown in section C in the Supporting Information. lel o\ ko

From these results we can see that this signal processing Df*
method offers new insights into voltammetric reaction-diffusion Ag, = |”{ } (24)
dynamics. For slower excitations, the voltage-spacing between
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TABLE 1: Interpolation Parameters for Different Voltage 0
Excitations A
vV st f*IHz a b1 as b, 01
0.02 1 3.71 2.05 2.39 11.81 -02
0.2 10 4.25 -0.39 2.39 11.81
0.6 30 3.04 368 219 1133 & 03
1 50 2.39 5.37 2.15 11.38 04
2 100 2.17 5.79 2.18 11.01
5 250 2.00 6.08  2.07 11.33 05
10 500 1.95 6.16 2.09 11.03
20 1000 1.89 6.33 2.10 10.83 _0_%
2 0.4 0.6 0.8
whereay, a, by, andb, are parameters of the regressions and Q
B is the aligning parameter introduced #éy shown in Figure
3C. It has to be mentioned that these regressions are for 0.2
(DAE*Iri2u)(refl ko)’ > 1 and Df*'ke?) > 1072 Table 1 0.1 B
illustrates the values of the regression-parameters for the 0 A é
different voltage excitations and the trends mentioned earlier 4{;
can be clearly observed: fét > 100 Hz, all excitations result =01 b ‘I’
in the sameA&g-scaling &y ~ 2 andb; ~ 6) whereas thé\&,- ?3\ -0.2 B ‘{’
scaling depends only on the characteristic excitation number -0.3 f <1>
(AE*f*/v) (a2 ~ 2.1 andb, ~ 11). From egs 23 and 24 it is -0.4
possible to determine the kinetic constémthrough 05
()2 B P\ D) 08 0.4 06 0.8
B AE* Q

1 ( Agg — b1 Agw — bz Figure 4. Effect of_ o on the leox'[ezmelsymmetry fact(_)yg (A) andyw
— (25) (B). Results forD = 5 x 107 m? s* and three variations d, are
2- ﬁ\ 3 &

shown: ko = 10°m s! (0); 10*m s! (O); 103 m st (A). The
symbols represent the mean for the voltage excitations(@)where
The extent to which eq 25 adequately predictskhdepends  (2)v=1Vstandf* =50 Hz, (3)v =2V s andf* = 100 Hz, and
on the excitation characteristics as well as the particular speC|es(4) v=10V s*andf* =500 Hz. The bars represent the range. For
investigated. Nevertheless, it is observed thatffor 20 Hz all cases, there is a linear relationship between both symmetry factors

and a with the variations due to the different excitation being less
where, according to Figure 3, = 1, eq 25 becomes pronounced inyu Vs o.

%
_ [ Te? Agg —b _ Aé, — b, regarding the accurate determinationkgfalso apply for the
= ~| ex (26) L9
AE =N a, determination oD.

For electrochemical systems wifbvky?2 < 1072 s, such as
In general, the fact that faster excitations have a lafgealue IrClg?~/3~ 33 where the determination of the individual param-
can lead to errors in the determination lof because of the  eters becomes problematic, determining the species-specific
presence of in the exponential function in eq 25. As aresult, characteristic timeD/ko? can provide an attractive alternative
measurements with species whare 0.5 are predicted to have o the individual determination db andko for two reasons:
a larger effect on fast excitations. The same applies for (j) becauses ~ ((2), both attributes of the current responge,
experimental inaccuracies, which can lead to erroneous predic-and a,, provide information about this ratio, which enhances
tions, especially for fast excitations. Another important feature the level of confidence, and (i) because the diffusion coefficient
arising from eqgs 25 and 26 is that, while small electrode sizes D in aqueous solutions normally varies within 1 order of
favor the measurement of large(Figure 3A), this also depends  magnitude D = 101°—10°m2 s 1), ky can be determined from
on the voltage excitation; while for slow excitations this ratio alone within approximately 50% accuracy.

ra = (1), for fast excitationsrg, = (/(0.3) and thus the The symmetry parameteys andy, defined through eq 20
are used to determine the ET coefficienas a function of the

electrode size-effect is damped.
The formulation used to determine the diffusion coefficient symmetry of the extremi. In Figure 4,y4 (A) and y (B) are
shown as a function of. for a number of simulations where

D is also derived from eqgs 23 and 24:

IR —af(artan D =5 x 1019m? s ! and three values df: 105m s1(O),
| AEx([ref PR e [ 104 m s (@) and 10°m st (a). The results for the voltage
- 2\ ko Ez excitations (2)-(4) are illustrated, and the symbols represent
el the means for the three valueskgfand the bars the range due
Aég + A§, — (b, + b)) to the different voltage excitations. As observed, for all cases,
a, +a, ) there is a linear relation between both symmetry factorscand

Moreover, it is shown that the variations due to the different
In this expressionD exhibits the same voltage excitation- excitation are less pronouncedin versuso than inyq versus
dependent functionality om}, as k,. However, D is only o where there is significant overlap in the range. This is due to
implicitly dependent on paramet@rthroughko. Because the  the fact that the reference gwersust is also a function of the
order of the dependence &f on kg is always greater than 1  mobility of the specied? Therefore, determination af from
(see eq 27 and Table 1), inaccuracies in the determinatig of the a, versus oo representation offers enhanced accuracy
result in large errors in the value bf Hence, the considerations compared ta versuso.
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TABLE 2: Experimental Results Based on Figure 5 (7) From the offset of the instantaneous amplitage., and
RU(NHy)s 23+ RU(NHy)s 23+ eq 22, determine the double-layer capacita@ge
on Au on carbon fiber The results of this analysis are shown in Table 2 and are
refs 33, 35, based on the even and odd attribute of the current response
Figure5 refs3and35 Figure5 and 37 shown in Figure 5, which is representative of three consecutive
= 9% 104 29x10° 6x104 2x103 experiments with the same electrode. It is (_)bserved t_hat the
DIm?s? 4x10%° (5-7)x 1020 4x 1020 (5-7) x 10710 values determined are in good agreement with those given by
a 0.6 (0.5) 0.5 (0.5) Khoshtariya and co-workef8,who measured, on bare gold
EymVvs  —190 —218 —-190 —-185 electrodes using CV and Nicholson’s analysis with the same
Ag/AgClI supporting electrolyt The same applies for the measurements
Ca/Fme 02 0.0+-0.3 0.1 0.+0.7 using carbon fiber electrodes. The species-specific parameters

he th ical s h ar are in good agreement with the ones measured by Cher#®t al.
Based on the theoretical analysis presented here, RN . who used glassy carbon electrodes and the software package
which has been shown to undergo outer-sphere ET, was studie igisim® to determinek, by fitting the peak-to-peak distance
using ac voltammetry and two disk microelectrodes with "5 given, and assuming. = 0.5 a priori. Nevertheless, it
different mate”alst Au and c_arbon fiber. The C\./ response for has to be noted that because for RughH 3" the characteristic
both experiments is shown @ versuss (cyan) withv being timet = 104-10"3 s, it is in the region where the accurate
the same as for each ac voltammetry excitation. Two voltage yetermination of the species parameters becomes difficult
excitations were used; for the Au electrades 2 V s~t andf* according to the analysis shown in Figure 3

= 100 Hz (the overall current response is shown in Figure 1B) The double-layer capacitan@y, estimated through eq 22,

ngll?rgoarntzleZ%aiﬁgré;'bsrznifﬁ:;??;é %h\é fol?oa\:\r/}gf*st_e SSOWGI’e is in good agreement with literature values, although the
c ar. fied out'y P ' g step assumptlon.that the overall capacitance contribution is present
: . only in w(t) is shown not to be true. Nevertheless, as seen in

(1) Decompo;e the current response into the COMPORKIMS Figure 5D, even an irregular capacitance contribution is

andw(t) according to eq 16.and L. ) minimized very efficiently using the HT. As observed there,
(2) From the representatiagversuss, define Ay, eq 19, the capacitance current contribution changes by approximately

and the ratioyg, eq 20. 0 — 10 10 i
(3) Calculate the instantaneous amplitugieof the analytic 22;;:?;2?”“” 12> 1070 Ato 6 > 1070 A during the

signal ofw,3%34to suppress the influence of capacitance and
from the representatioa, versust define the voltagé\&,, eq

19, and the ratigny, eq 20. 4. Conclusions

(4) From the midway-voltage ig versust anday versusg, In this paper, new tools for the time-series analysis of
determineE; using eq 21. voltammetric experiments are applied to numerical ac voltam-

(5) From the two characteristic valueség and A&y, deduce metric reaction-diffusion data simulating the spatiotemporal
ko andD separately from egs 25 and 27 (or, if impossiliiék? dynamics at microelectrodes. Sensitivity analyses are conducted
from the same equations). both on the voltage excitation space (2 orders of magnitude in

(6) From the characteristic ratigg andy., determinex from the excitation-characteristic time fy and in the species
Figure 4. parameter space (1& < (D/m?2s1) < 10°and 0.3< a <

12

B

§

Figure 5. Experiments with 1 mM Ru(NE¢™3t in 1 M KCl on ar} = 5 um Au electrode, (A) and (B), and onrg, = 5 um carbon fiber
electrode, (C) and (D). In (A) and (C) componegnis shown whereas in (B) and (@), is given. For the Au electrode the voltage excitation used
wasv = 2 V s7%, f* = 100 Hz whereas for the carbon fiber electrade 1 V s7%, f* = 50 Hz. In both experimentAE* = 0.4 V. In (A) and (C),
the CV response for both systems is shown (cyan) for the saasefor the ac voltammetry experiments.
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0.7). These values are commonly encountered in voltammetric
experiments. The analysis offered new insights into the func-
tionality and scaling of these processes: whNé,-scaling
proved robust for all voltage excitationA5-scaling depends

on the applied voltage. These scaling-laws enabled the fast and
accurate determination of all species-specific parameters, the

heterogeneous kinetic reaction constigtthe diffusivity D,
the ET coefficiento, and the formal oxidation potenti&f;, as
well as the capacitandgy, without anya priori assumptions

or any specialized electrode geometry. Despite the use of a

simple model,.e., Butler—Volmer kinetics in parallel with a
linear capacitor, experiments using Au and carbon fiber micro-

J. Phys. Chem. A, Vol. 111, No. 50, 2003059

* . dimensional system- and voltage-excitation parameters
— : extremum foré, < 0

+ : extremum for&, > 0

Subscripts

cap : capacitance component

far : Faradaic component

Physical Constants

F : Faraday constant (C md)

Ry : universal gas constant (C V malK™?)

T : temperature (K)
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Supporting Information Available: In section A, details
regarding the method and the performance of the numerical

determination of the species-specific parameters that is importantintegration are provided. In section B, the MATLAB algorithm

for a number of chemical, biological, and environmental
monitoring applications.

Nomenclature

Latin Symbols

a;, ay : regression slope parameters)(

a, . instantaneous amplitude wof(7) (-)

by, b, : regression offset parameters (-)

Cred (Cred,0 : Solution concentration of the reduced species
(initially) (mol m~3)

Cq : double layer capacitance (F 1)

D : diffusion coefficient (nd s7%)

e : electron charge (1.6022 1071° C)

E*, E : imposed voltage and formal oxidation potential (V)

*, f, . ac voltage excitation frequency{$ and instantaneous
frequency (s%)

g : temporally “even” component~)

94} - Hilbert transform

I, i: current ) and dimensionless current)

j : imaginary number

ko, ki, Ky : Kinetic constant (ButlerVolmer theory) and of
the forward and backward reactiorr s

@ : order

Ox : oxidized species

r, e : radial coordinate and electrode radius (m)

Red : reduced species

u : dimensionless solution concentration of Red (

v . voltage dc scan rate (V%)

w : temporally odd component~)

z : vertical coordinate

Greek Symbols

o : charge-transfer coefficient)

S : alignment parameter)

y : envelope maxima ratio~)

AE* : voltage excitation amplitude (V)

A& : dimensionless voltage difference)

A : dimensionless double layer/electrode radius contribution
(=)

&, &, : dimensionless voltage and normalized voltagg (

7, Tsw . dimensionless time and dc switching time)(

Q : dimensionless angular excitation frequeney) (

Accents and Superscripts

A : characteristic properties

for the numerical calculation of the instantaneous amplitude is
given, and in section C, spatiotemporal concentration profiles
numerically calculated for two sinusoidal voltammetry excita-
tions are shown. The material is available free of charge via
the Internet at http://pubs.acs.org.
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