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In this work, the direct current vs. voltage (DC) characteristics, and the alternate current (AC) impedance of a 1D
four-electrode electrochemical cell, operating under redox-cycling conditions, are presented and discussed. The
analysis refers to a four-electrode electrochemical system with one positively biased working electrode, one
negatively biased working electrode, one auxiliary electrode, and one reference electrode operating in a redox
cycling mode. This configuration is useful, for example, for electrochemical biosensors that can benefit from the
inherent redox-cycling amplification of the apparatus. An aqueous buffered electrolyte is assumed, containing
electrochemically active species that can be oxidized on the anode, with a positive overpotential. Meanwhile, the
product of the oxidation reaction can diffuse to the other working electrode which has a negative overpotential,
where the product is reduced. The analysis in this paper assumes that oxidation is the dominant mechanism at
the anode, reduction is the dominant mechanism at the cathode, and the transport between them is dominated by
diffusion. Since it is a 1D model, an ideal lossless redox cycling, i.e. both working electrodes’ currents (anodic
and cathodic) are of the same magnitude with opposite signs, is assumed. Next, the small signal (AC) impedance
of the electrochemical cell was calculated assuming that the AC signal modifies the oxidation reaction rate at the
anode while the reduction reaction rate at the cathode is fixed. The impedance under redox cycling is calculated
vs. frequency for various oxidation and reduction rates and both Bodé and Nyquist plots of the impedance are
presented. The last part of the paper presents measured data for both DC and AC (i.e. Bodé and Nyquist plots)
experiments with interdigitated array (IDA) electrodes, 5 & 10 pm spacing, operating under redox cycling
conditions. The DC measurements were conducted in a 6 mM ferricyanide [KsFe(CN)g] in 0.1 M Phosphate Buffer
Saline (PBS) solution, pH 7.4. The AC measurements were conducted in 10 mM & 100 nM ferricyanide (KsFe
(CN)g) in 100 mM KNO3 aqueous electrolyte. A critical discussion follows the results section where the highlights
and problems of the models are discussed.

1. Introduction for DNA sensors [5], and immunosensors [6]. Redox cycling can be

found in numerous variations; for example, conventional [7-9] sensors,

In this paper, we present both DC (direct current) and AC (alter-
nating current) modeling of an electrochemical cell, with two working
electrodes biased in opposite potentials. This configuration allows redox
cycling of molecules or ions that can be reduced on one electrode, and
the product can be transported and oxidized on the other electrode and
converted to the original species. Such devices have been used for
numerous applications, one of them is for biosensing [1-3]. Using
redox-cycling is attractive to biosensing since it offers on-chip amplifi-
cation, improving signal level [4]. This was demonstrated for example
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integrated with microfluidics [10-12], in an “in-vivo two-way” system
using whole-cell bidirectional electron transfer” (e.g. without a second
electrode, with two different molecules [13]), and in “in vivo” func-
tional plant-based bio-electrochemical sensors [14].

This paper focuses on devices with electrolyte systems that are
similar to those in electrochemical biosensors, i.e. with moderate pH
buffer solutions working under relatively low to moderate current
densities. Hence, no high current or high concentration effects are under
consideration.
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We assume a four-electrode system where there is also a counter
electrode and a reference or a quasi-reference electrode. We take into
consideration both the transport effect (e.g. diffusion) of the two species
and the electrochemical reduction/oxidation rates at the electrodes. The
AC modeling assumes a small signal applied to one of the working
electrodes (Fig. 1, W2) while the other one (Fig. 1, W1) is at fixed bias.
This implies unique boundary conditions at the two electrodes following
the laws of conservation of charge and conservation of mass. Ideal
conditions are assumed where each molecule (or ion) that is reduced (or
oxidized) at one of the working electrodes, generates another molecule
(or ion) that can be oxidized (or reduced) at the other working electrode.
Assuming a 1st order oxidation and reduction reactions the electro-
chemical current is proportional to the concentrations of the species at
the electrodes multiplied by the reaction rates:

Iek-C(at the electrodes) (€8]

The concentration units in this manuscript are [cm%], the reaction
rates’ units are [cm/sec] and k-C is the flux of the species towards or from
the electrodes with units of [cm~2-sec™!]. Under DC-only conditions (at
W1) the reaction rate, k, is fixed. However, the concertation still can
fluctuate. Therefore, the AC flux on the fixed bias electrode is not
necessarily zero; Therefore, there is a possibility of an AC component for
the diffusion flux even at the DC-biased electrode. This generates a
“back-flow” of species out of that electrode with the same amplitude as
the species arriving at the electrode but with an opposite phase. The
“backflow” species diffuse to the other electrode (W2) where there is an
AC component for the bias excitation that determines the boundary
condition there. Under very large reaction rates, i.e. under high over-
potentials, the AC fluctuations become very small, and the solution
reaches asymptotic values that can be modeled by a (relatively
compared to the full model) simple approximation. A detailed discussion
related to the effect of the reaction rates is presented in this paper,
starting from the regime where there is no redox cycling to the regime
with fully developed redox cycling.

In a conventional three-electrode electrochemical cell, the oxida-
tion/reduction reactions are associated with the transfer of a finite
number of electrons to or from the electrolyte depending on the valence
of the oxidant/reductant species. Therefore, the immediate current after
applying a bias neglecting transport effects, is a function of the potential
difference between the working electrode and the reference electrode. In
a redox-cycling-based four-electrode electrochemical cell, the products
of the reactions on the two electrodes are recycled, contributing another
electron at each cycle to the cell current. This process can continue
therefore, every molecule (or ion) under redox cycling conditions con-
tributes more electrons compared to the single working electrode cell.

W2: Positive
Electrode Index 2

W1: Negative
Electrode Index 1
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Fig. 1. Schematic sketch of the electrodes’ positions and the ions (or mole-
cules) concentration at a steady state. The subtitles “Ox” and “R” refer to
oxidized and reduced states, respectively.
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Therefore, the typical current/voltage characteristics of a 4-electrode
cell under redox cycling exhibit a higher maximum current, than a 3-
electrode cell. This is also known as redox-cycling amplification.

In the theoretical part of this paper, we look at the case where the
reducing electrode is kept at a fixed negative bias where reducing is
dominant while the potential of the oxidizing electrode is varied. The
same analysis will be valid in the opposite case where the oxidizing
electrode is kept at a fixed positive bias where the oxidizing reaction is
dominant while the potential of the reducing electrode is varied.

In the case where the potential of the oxidizing electrode is varied,
three regimes of operation can be defined where there are: 1. no redox
cycling, 2. strong redox cycling, and 3. weaker redox cycling compared
to the 2nd regime (A transition region). When the potentials at the
oxidizing and reducing electrodes enable redox cycling, the current is
derived from the electrode’s electrochemical surface reactions while
being limited by the transport effects between the electrodes (i.e.,
diffusion and convection). In this paper, we treat the case where there is
no fluid flow, i.e. no convection.

Redox cycling has been discussed in numerous papers. One of the
first papers to analyze this phenomenon is the work by Anderson and
Reilley from 1965 [15]. They refer to it as “Thin layer electrochemistry”.
This name represents the essence of this effect which emerges from the
situation where two working electrodes, under different bias conditions,
are close enough to introduce cross-coupling effects. They cite a few
other papers by Christensen et al. [16,17], Hubbard et al. [18] and
Oglesby et al. [19], which all discuss the issue of “thin-layer
electrochemistry™.

The paper of Anderson and Reilley [15] describes the Redox
Amplification phenomena and provides a simple solution for the steady
state conditions. In their analysis, since the electrolyte is very thin, they
assume a 1D model where the total number of oxidants (Ny,) and re-
ductants (NR) is fixed:

Nox + Np = Nr (2

At steady state, we assume that the concentrations are a linear
function of the distance, and the fluxes of the oxidants (Fy,) and that of
the reductant (Fg) are constant over the sample (Fig. 1).

The following analysis can be applied to an arbitrary initial con-
certation. However, we will follow the same route as Anderson and
Reilley [15] who assumed that the initial amount of the oxidant (Ox) is
Nt and that of the reductant (R) is zero. It is assumed that at the coor-
dinate x = 0, the electrode is negatively biased, so the species marked as
“Ox” are reduced, while at the coordinate x = L the electrode is posi-
tively biased, so the species marked as “R” are oxidized. Both reactions
can be written as: (following the notation by Vivier, V. and Orazem,

[25]):

k,
Ox+ne = R 3)
kax

Where n is the number of electrons transferred. k, is the reduction
reaction rate of the oxidant species (species with the index “ox”) at the
negative electrode while k,, is the oxidation rate of the reductant species
(with the index “r”’) on the positive electrode.

The reaction rates on a given electrode depend on the overpotential
drop on that electrode:

gn(l-a),

kox = kox,O'ez(’liTu.” & kr = kr,0'67 kT n (4)

Where 7 = E — E° is the overpotential [20], E° is the electrochemical
redox potential of that reaction as given by the Nernst law [20], q is the
electron charge, k is the Boltzmann constant, « is a symmetry factor, and
T is the temperature. Note that the electrochemical redox potential is
slightly different from the potential at steady state, as explained by the
derivation of the Butler-Volmer equation [20]. An alternative way to
write the reaction rates appears in the paper of Vivier and Orazem, [25]:



T. Dotan et al.

kox = kox.O'eba-V and kr = kr.o'eibc‘v )

Where b, =47 and b, :% . The voltage V is the same over-
potential 5 that has been defined before. Using this notation, the Faradic
current of each electrode can be written, assuming a 1D model for an
electrode with an area A, as:

IF = [Kox,O'ebﬂ.V'Cr(Xm t) - Kr.O'eibc.V'Cox(xm t)] (6)

Where x, is the coordinate of the electrode, K,y o = qnAk,, and Ko =
qnAk,. Also, in this manuscript x, = x, = O for the cathode (negative
electrode) and x, = x, = L for the anode (Positive electrode).

Note that this paper deals with electrochemical cells with two
working electrodes, therefore, there will be two sets of indices. We
assigned the sub-index “1” for the negative electrode, where there is the
reduction, and the sub-index “2" for the positive electrode where there is
oxidation. This notation was selected to avoid confusion with the indices
a and c chosen for the anode and the cathode in reference [25] that are
used to assign the indices for oxidation and reduction on the same
electrode.

The redox cycling model assumes ideal conditions where under a
steady state, the same number of electrons is being transferred over both
electrodes. This is an idealization of the system which is justified since it
highlights the effect of redox cycling and explains most of the effects that
are being measured in a real device. Note that in most “real-life” situa-
tions, the electrochemical biosensor also contains species that do not
participate in the redox cycling. Therefore, we can get currents that can
be due to “only oxidation” at the anode, or “only reduction” at the
cathode in addition to the currents of the redox cycling where the same
species experience both reduction and oxidation. Hence, they can
maintain a fixed DC current while “shuttling” electrons from the cathode
to the anode. This current occurs when the concentration of the re-
ductants R is zero at x = L and the concentration of the oxidants Ox is
zero at x = 0. In that case, the limiting current, iéis’", at steady-state under
high enough over-potentials at both oxidizing (index “2") and reducing
(index “1") electrodes (i.e. oy 5, — 1,14 ), where the current is diffu-

sion limited, is calculated by [1]:

5 CSS C
i — quapg T _ guap,, (%) @

Where Dy and Dy, are the diffusion coefficients of R and Ox,
respectively, (Cg),_, is the concentration of R under steady state at x =
0 and (C%,) _, is the concentration of Ox under a steady state at x = L.

Using the mass conservation law (eqn. 1) they showed that the limiting
current is given by:

; C
ilim — q'n'A'Deff'TO (8)

Where the effective diffusivity is defined as:
1 1 1

=t )
Deff DOx DR
and Cy is the initial concentration of the oxidant in the system:
Ny Ny
= = 10
° ™ Volume ~ A-L (10)

The analysis of Anderson and Reilley [15] showed that the current
limit of a thin electrolyte cell reaches a steady state which is inversely
proportional to the distance between the electrodes, L. This is compared
to a single working electrode using the conventional Cottrell’s model
[21,22], where the anodic current (in the case of oxidation only) de-
creases with time until it diminishes to zero.

2. 1D steady-state model

A model that takes into consideration all the electrochemical
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reaction rates at the electrode is presented here. This model can be used
to describe the DC characteristics of such a device under redox cycling at
both diffusion-limited conditions (“full redox cycling”) and also where
the electrode reaction rate is not high enough (at relatively low over-
potentials) so the current is limited by both transport and surface re-
action rates (“weak redox cycling™).

The model of Anderson and Reilley [15] assumes a diffusion-limited
device. This model could be extended to take into consideration the
electrode surface reaction rates k,c and k, (Assuming a lst-order
chemical reaction) determining the species flux at the electrodes. The
flux of reductant species to the anode, F.(L), (The electrode at x = L with
the index “2"), is given by:

Fi(L) = Dy =0 = kox 2 Cr(L) — kr2-Cox(L) (1n

While the flux of the oxidant species to the cathode, F,.(0) (The
electrode at x = 0 with the index “1") is given by:

[Cox(L) — Cox(0)]

FOX(O) = Dox‘ L = krAl'Cox(O) - kox.l'cr(o) (12)
From those expressions, we get:
_ kox,Z'L kr.2
C.(0) = G, (L)- (1 +Tr> 2 CunlL) 13)
_ kr.l -L kox,l
Cox(L) = CDX(0)~<1 + Dux > — Dy -C(0) (14)

Since the fluxes are fixed and equal we can define a flux, F = F,,(0) =
F.(L) and write the following equality:

[Cox(L) — Cox(0)] _ Dy [Cr(0) — Cr(L)]
L L
= Dg-[Cr(0) — Cr(L)] s

DDX

Dox' [COX (L) - COX(O)]

Note that we define both fluxes as positive. Both fluxes can be written
by their surface reaction rates:

kox,Z'Cr(L) - kr.Z'Cox(L) = kr.l'Cax(O) - ux.l'cr(o) (16)

It is assumed that the initial Oxidant concertation is, Cy, and the total
initial oxidant molecule is Ny = Cy-L-A where A is the device area cross-
section and L is the distance between the electrodes. The mass conser-
vation law is given by Ny, + Nr = Ny, where Ny, and Ny are the total
number of the Oxidant and the reductant molecules, respectively; This
can be written as:

{CDX(O) —;—CDX(L)} AL {C,(O) ;—C,(L)} LA

= CO‘L'A_’COX(O) + Cox(L) + Cr(o) + Cr(L) = 2’CO (17)

Where L-A is the volume of the device (L is its length and A is its
area).

To simplify the calculation, and also since this paper relates to de-
vices where 7,,, 7;7,>>"7T we can assume that : Kox2-Cr(L)> kr2-Cox(L)
and kr.1-Cox(0)> kox.1-Cr(0)

Using those expressions the flux F and the current I due to that flux
can be found (See supplementary material, SM1):

G C nAk-C,

F= ° ! OL _’I:anF:q eLffk °(18)
L +L+é~<L+L) Ry oy 1+52
kox2 ' ke1 ' 2 \ Doy ' Dg eff

Dy was defined in Eq. (9), and the effective reaction velocity, k., is
defined as:
1 1 1

S a9
keff kax.2 kr.l

This model shows that the flux in a thin electrolyte is bound by
Flux = kg-Co which occurs for cell length less than the critical length L.:
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Dy

L<L = (20)

ke

Note that the reaction coefficients, k,, and k,, depend exponentially
on the overpotential of each electrode, therefore, they can vary signifi-
cantly during experiments. For longer devices, the limiting flux con-
verges to the solution presented in the paper of Anderson and Reilley
[15]. Note that this model assumes that there are no side reactions
causing loss of the reductants or oxidants ions.

The model that is presented here is an approximation since it as-
sumes that at one working electrode there is only oxidation, and at the
other electrode there is only reduction. This assumption leads to a result
with a small non-zero current at equilibrium when the overpotentials are
zero. However, this error is observable only at a very low current, when
the applied overpotential is low. This error is negligible for most ap-
plications where a large overpotential is applied and only one term, with
the bigger exponent, is taken in the Butler-Volmer equation. Therefore,
in cases where a more accurate model is needed, for a very small current
it can be done by adding the components related to the reverse current
on each one of the working electrodes, i.e., adding a reduction compo-
nent on the oxidizing electrode and an oxidizing term on the reducing
electrode. We neglected this here on purpose to simplify the model and
make it implantable onto advanced electronic circuit simulators like
SPICE and using high-definition languages such as VERILOG A. This is
justified in the case discussed in this paper which relates to bio-
electrochemical sensors. In most bio-electrochemical sensors operating
under redox cycling mode, the overpotentials are determined to allow
“almost” only oxidation on one electrode and “almost” only reduction on
the other.

The current in the case where the cathode is at very negative bias and
the positive electrode bias is varying in such a way that kg ~ Kox0.2-€PaV
is given by:

_ qnACo-Kexp2-€""

k, .eba'V
1 - [, Kexo2
+ Doy

eV
— e @1

I
]+ agyeebaV

Where the index 2 means that it is related to the positive (right)

electrode. The constants Iyq and a,, are defined as In =

qnADy;Co ebav
L

Lk . .
and a,, = ﬁ” . That expression can be written as: ’"‘% -1=
»

Qox

or alternatively as: ln(""T‘“ - 1> = — In(ax)— bg'V. Note that we

ignored the serial resistance (Ohmic polarization). Assuming an applied
voltage V, and serial resistance R the voltage drop on the anode is V=V,
—IR. This means that as the current increases the I-V plot shifts to a more
positive bias and its slope decreases. In most cases of biosensors, the
current is in the range of 1 nA-10 pA, and the serial resistance is in the
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Diard et al. [26].

First, we will calculate the derivative of the current vs. voltage of the
device under redox cycling conditions. It is assumed that a small signal is
applied to the oxidizing electrode while the other electrode is at a fixed
bias. Therefore, the reaction coefficients are: ko = kox + dkox and kg =
kr where the notation k refers to steady state condition of the variable
k and dk is the change in k due to a small signal excitation. Using this
notation, we find the small signal admittance of the device under redox-
cycling condition, neglecting diffusion effects, is given by:

oI Aox-bae?V
VT g >

This function has a maximum where a,.-¢’V = 1 and its maximum
value is g = ‘mebe,

Next, we calculate the response of the device to sinusoidal excitation:

V() = V + e (23)

This will result in small signal variations in the concentration of the
reductant and oxidant species C(t) = C+ ¢-¢** and will result in sinu-
soidal fluctuations in the current I(t) = I+ i-¢*t. V,C, and I, are the
steady state (DC) values of the voltage, concentration, and current while
¥, € and i are the phasors of those variables, respectively.

The fluctuations in the concentration of the reductant and oxidant in
response to sinusoidal excitation can be solved using the diffusion
equations:

0Cox *Cox _ d%Cox  d%Cox  Cox
= x* j ox — Dox' - = 2

a0 IS o & 1B, 0 (24)
ac; C . %, d&%, ¢

Fra Dr-ﬁ—ymc, = Drv@e B i, =0 (25)

Where the complex diffusion length is given by:
Doy Dr

Lyox = TG0 & Lpp = T (26)

The solution for this set of equations under the boundary conditions
of the device with two working electrodes where the AC bias is applied
to the positive electrode yields the following expression for Warburg
impedance (See supplementary material, SM2):

Lpo.

range of a few 100 Ohms, therefore the IR drop is below a few mVs,
hence it is negligible.

3. Small signal modeling

In this section, the small signal impedance model of the two-working
electrode device operating under redox cycling conditions is presented.
Similar solutions to other devices exist in numerous papers, for example:
Lasia et al. [23], Sluyters-Rehbach [24], Vivier and Orazem [25], and

Dox i L
+ Kr1-Lpox sinh <LD.OX) ]

L kT 1
Z(0) = (@) =" @7
qnAD,-2-C, qa Ipc
Where the function h is given by:
! 28)

Where o is the angular frequency that is defined as: w = 2zf where f
is the frequency of the ac signal. K,y is the DC oxidation reaction co-
efficient at the anode, K;.; is the DC reduction reaction coefficient at the
cathode, D,y and Lpox = \/IT/]w are the diffusivity and the complex
diffusion length of the oxidant species, D, and Lp, = /D, /jo are the
diffusivity and the complex diffusion length of the reductant species and
L is the spacing between the two working electrodes.

Here is a brief exploration of the function h(w) for p-nitrophenol
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Fig. 2. The absolute value and phase of h(f) (Eq. (28)) for K,x =0.01,0.1,1,10 and 100 cm/sec when K;=100 cm/sec. (D;=Dyx=9.2 x 10® cm/sec, L= 5 pm).
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Fig. 3. Nyquist plot of h(f) (Eq. (28)) for Kr=100 cm/sec and K,y varies in the
range of 0.01 to 100 cm/sec, (D;=Dyx=9.2 x 107 cm2/sec, L =5 pm).

(PNP) which is a common product in a few useful bio-electrochemical
sensors [14]. PNP diffusivity in aqueous solutions is about 0.92x107°
em?/sec [32]. Let’s assume the same diffusivity for both the oxidant and
reductant states of p-Nitrophenol during the redox-cycling situation.
First, a short exploration is presented regarding the effect of the oxida-
tion reaction coefficient (K,,) on the positive electrode (where the ac
excitation is applied) for a device with a 5-micron space between the two
working electrodes. Redox oxidation becomes significant when the
oxidation rate is significantly large (Eq. (18)): Koy > Degy /L 0r Koy > Doy
/2L. Hence for L = 5 pm, we get that the redox cycling becomes domi-
nant when Ko > 0.92x1072 cm/sec. Therefore, the simulation was
done for Koy = 10_2, 10_1,1,10, and 10? cm/sec while the reduction rate
coefficient at the fixed bias electrode was kept fixed at K, =102 cm/sec.
(Fig. 2, Bode plot and Fig. 3, Nyquist plot). The dependence of the

functon h (Eqn 28) on the reduction rate of the non-excited working
electrode, where there is only DC bisa and the oxidation rate on the
ac-excited electrode is 100 cm/sec, is shown in Fig. 4 (Bode plot) and
Fig. 5 (Nyquist plot).

The frequency response depends also on the space between the two
working electrodes. As the distance shrinks the cutoff frequency, where
the impedance drops by 3 dB is shifting to a higher frequency. An
interesting effect is observed on the Nyquist plot (Fig. 6) for spacing in
the range of < 0.1 pm (for D;=Dyx=9.2 X 10° cm?/sec) under redox
cycling conditions where Koy & K; are high enough.

Under redox cycling conditions, the reaction rates, Kox and K; are
high enough and we see that there is no effect of the shape of the fre-
quency dependence of the impedance. Under this regime of operation,
we can provide an approximation for h(f). The function h can be written
also as:

1 1
hX,) = h(X, -sinh(X,)] —
X) =3 snh(x,) {[cos (Xr) + Pr-sinh(X;)] [cosh(Xox)+ﬂox.sinh(Xox)]}
(29)
_ _ D _ Do Dy \/iDexw .
Where /jr " KoxzIpr  Koxzr ’ ﬁox T Kalpex K and:
L 1 w-L? 12
sz—:'.r2 = = wTp, F=—
Ion (j-6r)2 and 6, D, ®-Tp, Where 7p, D, (30)
L 1 L2 12
Xox = = (j-0ox)2 and Op, = oL W-Tpox Where 7p o = — (31
LD‘ox 0x o0x

Note that the impedance depends on four unitless factors: ., f,., X;,
and X,,. All of them depend on the diffusion length which is a complex
number with a value that is proportional to the square root of the fre-
quency and a phase of 45° The absolute values of the hyperbolic sinus

- 2
. . kox,
terms with f,& f,, are small when the angular frequency is @ < %,

- \2

k. .
%. In that frequency range, if we assume Lpr =~ Lp ox = Lp we get the
following approximation:
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Fig. 5. Nyquist plot of h(f) (Eq. (28)) for Ko,=100 cm/sec and K, varies in the
range of 0.01 to 100 cm/sec, (D,=Dyx=9.2 x 10°° cmz/sec, L =5 pm).
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the function, h(X;) is shown vs the normalized parameter 6, in Fig. 7.

The maximum of the Nyquist plot (Fig. 8) occurs where 0,0, =~ 2.54.
The value of h(f) at that frequency is: 0.5817 - 0.4172i (in polar co-
ordinates: 0.7158« — 35.65°). Converting Ome. to frequency, we get
fmax = 0.4/tp = (0.4-Dyy /L?). Hence, as the inter-electrode spacing
dimension shrinks, that frequency increases.

0.5 T T T T T

0.45

041 y

-Imagfh(f)]

0.4
Real[h(f)]

Fig. 6. : the Nyquist plot for various distances between the two working
electrodes (D;=Dox=9.2 x 10~® cm?/sec).

4. Experimental

To demonstrate the Electrochemical Impedance Spectroscopy under
redox cycling conditions we present here both experimental results,
using an interdigitated electrode array (IDA) implemented in a micro-
fluidic device, and the results of a 3D simulation of the same device.

The experimental results were obtained using interdigitated (gold)
electrode array chips, purchased from Micrux® Technologies. The chips
under study were selected to have the same effective area for both
generator and collector electrodes (Table 1).

The chips are composed of four electrodes: two working electrodes, a
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Fig. 8. Nyquist plot of the normalized impedance function, see (Eq. (32)).

Table 1

MicruX® Technologies interdigitated electrode array parameters (Single elec-
trode length = 1640 pm).

IDA1-Au IDA6-Au
The gap between WEs [um] 10 5
WEs’ width [um] 10 5
WEs’ height [um] 0.15 0.15
Number of WEs pairs 15 30
Generator/collector area [cm?] 2.46E-03 2.46E-03

reference, and an auxiliary. The working electrodes are structured in a
comb shape, with equal spacing and widths, of 5 and 10 ym. For each
generator/collector electrode, the total length (of all the fingers that are
exposed to the electrolyte) is 1.64 mm. Finally, the quasi-reference Ag/

AgCl electrode was prepared by silver electroplating from a standard
nitrate bath followed by anodization in HCI 0.1 M. The materials were
purchased from Sigma Aldrich Inc. All measurements were repeated
three to four times, and the average value was used for data analysis.

The electrochemical characterization was performed using a
Palmmsens-4® bi-potentiostat. The cyclic voltammetry (CV) was ob-
tained for 6 mM ferricyanide [KsFe(CN)g] in 0.1 M PBS, pH 7.4 solution,
where the first working electrode’s potential was scanned between —0.8
Vand 1V ata 100 mV/ sec scan rate, and the second was biased with a
constant 1 V potential. Three potential scans were performed for each
measurement and the data was captured from the second scan. For the
electrochemical impedance spectroscopy (EIS) measurements, 10 mM
and 100 mM ferricyanide in 0.1 M KNO3 were used and the details of the
scan conditions appear in the “Impedance” section. The simulation
model was designed to study the electrochemical behavior of a ferricy-
anide sensor with an interdigitated electrode array. The model was built
using COMSOL Multiphysics 5.5 with an electrochemistry module, as
described in detail in a previous publication [28].

5. DC characteristics

We present here two types of results; both are related to the device
under test which is described in the next figure. We present here the
experimental result of a real device and the results of its simulation using
COMSOL. The system was characterized for a 6 mM ferricyanide [KsFe
(CN)g] in PBS buffer, as a function of the first working electrode while the
second working electrode was kept at +1 V. Hence, the system is under
full redox cycling below about —0.3 V, in the interim weak redox cycling
mode in the range of —300 mV to ~100 mV and without redox cycling
above ~ 100 mV. We present the cyclic voltammetry results that were
measured in the experimental setup at 5 and 10 pm distances between the
first and second working electrodes. Additionally, we created a model
that simulates the electrochemical behavior at various distances of 0.5, 1,
2, 3, and 10 pm. As expected, the current at the redox-cycling regime is
inversely proportional to the distance between the working electrodes.
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We show both the theoretical modeling using COMSOL Multiphysics
(Fig. 9) and experimental results of an Interdigitated Electrode Array
(IDA) with identical dimensions to that of the simulation (Fig. 10). There
is a slight shift of about 150-200 mV between the simulated IV char-
acteristics to the measured one. It is because in “real life” we use an Ag/
AgCl quasi-reference electrode while the simulation was performed
where the potential is assumed to be calibrated vs. a Standard Hydrogen
Electrode (SHE). Other than that, the simulation fits nicely the data.

According to the model, the admittance, that was defined as g, = dI
/0V, reaches a peak at the transition region between no-redox cycling to
full redox cycling. Therefore, the impedance, which is 1 /g, reaches a
minimum that depends on the distance between the electrodes (Eq.

(22)).
6. Impedance

The electrochemical Impedance spectroscopy was measured in three
bias points of the 1st working electrode (W1) while the bias of the other
working electrode (W2) was kept at +1V:

e Strong (full) redox cycling: Vyy; = —0.3 V

e Weak (partial) redox cycling: Vy; =—0.05 V for the 10 um electrodes
and Vy; = —0.1 V for the 5 pm electrode. (The slight difference in
bias voltage was administered to compensate for a small lateral shift
between the experiments due to experimental variations)

e No redox cycling: Vyy; = +0.5 V.

Therefore, the dual-electrode system was measured at full redox
cycling mode, weak redox cycling, and no redox cycling, respectively.
The aqueous electrolyte included 10 mM ferricyanide (KsFe(CN)g) in
100 mM KNOs3. We present both the Bodé plots (Fig. 11) and the Nyquist
plots of the measurements. (Fig. 12).

The measurements presented in Figs. 11 and 12 show the results for
the three regimes. First, we analyze the Bodé plots. Without redox
cycling the impedance was capacitive for almost 5 orders of magnitudes:
from 0.1 Hz to 10 KHz. Above 10 KHz all the impedance measurements
converged to the serial resistance which was in the range of slightly
above 100 Ohms. It was also found that the low-frequency impedance is
increasing as the redox cycling increases. It was also observed that the
absolute value of the phase at low frequency is much higher than —45°,
and closer to 0°. This is predicted by our model which anticipates a more
resistive behavior at low frequency than for the case of a single electrode
system which is typically characterized using the Warburg impedance.

The Nyquist plot shows the same data and shows that the impedance
at full redox cycling is much higher than that at weak redox cycling. The
Nyquist plot with full redox cycling has two regimes. At high and in-
termediate frequencies, it is a half-circle, as expected from the effect of
the charge transfer impedance in parallel to the double-layer capaci-
tance. However, at lower frequencies, the Nyquist plot of devices under
strong redox cycling does not increase at a 45 slope as predicted by the
Warburg model. Especially for the 5 pm spacing electrodes, where the
redox cycling is more pronounced the Nyquist plot at the low-frequency
regime differs significantly from the classical Warburg model and looks
more like a semicircle as predicted by the model developed in this work.
However, that observation must be critically examined since the pro-
posed model is only for one effect, the diffusion-related impedance,
while the real device impedance is affected also by other effects such as
the double layer capacitance and the serial resistance of the solution,
wires, and contacts.

The impedance of the same electrodes was explored for two different
KNOj3 concentrations (Fig. 13).

The left side of the Nyquist plots in Fig. 13 can be approximately
modeled using a simple equivalent network with a serial resistance, R,
connected in series to a capacitor, Cp, that is connected in parallel to a

resistor, R, [27]In this model, the impedance is R, + ijjﬁ A slightly
better fitting is achieved by assuming that the impedance is modeled by:

RP
+ [1+ (R, G, )]
The values of the frequency at the maximum of the semi-circle and the
lumped components values are shown in Table 2. Note that the error in
the estimated value is rather high, > 10 %.

where p was assumed to be in the range of 0.8-0.9.

7. Discussion & conclusions

In his work, we present DC and AC models for a 1D four-electrode
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electrochemical cell and experimental results for an interdigitated
electrode array. The results indicated that there are three regimes of
operation: 1. No redox cycling, 2. Transition region (weak cycling) and
3. Full redox cycling. Full redox cycling occurs when the reaction rates at
both working electrodes exceed a critical value of approximately k > D
/L. (her k refers to both anodic and cathodic reaction rates, D is the
active species diffusivity and L the distance between the two working
electrodes). Since the diffusivity of the species in our experiment is in the
range of 10~° em?/sec [32] and the distance between the electrodes is
5-10 pm the critical reaction rates to achieve full redox cycling should
significantly exceed ~1072 cm/sec.

The impedance results indicated that when there is no redox cycling,
the dominant component that affects the impedance is the double-layer
capacitance. In that case, the impedance is mostly capacitive, it is
inversely proportional to the frequency and the phase is close to —90°
for almost 3 orders of magnitudes. All the measured Bodé plots converge

at high frequency to the residual resistance at high frequency which is in
the range of ~100 Ohms. That serial resistance is mostly attributed to
the gold electrode array wire resistance. Each finger out of the 15 fingers
in the interdigitated electrode array, has a resistance of a few Ohms.
Other sources for that serial resistance are the contacts and the external
wire-to-contact interface.

Under redox cycling, in both weak and strong conditions, there is a
significant reduction of the imaginary part of the impedance at low
frequencies. The effect also depends on the spacing between the elec-
trodes. As predicted by the model, the low-frequency impedance at the
transition region (V~0.05 V) is less than that at the “full” redox cycling
regime (V = 0.5 V). This effect is noticeable for both solutions with 100
mM and 10 mM “Ferri/Ferro” compounds [29]. The measurements were
limited to above 100 mHz and did not reveal the full extent of the
transport effects on the impedance at lower frequencies.

Finally, a few comments regarding the validity of the model
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Table 2

The parameters of the equivalent circuit that fits the “left-side semicircle” of the
Nyquist plot of the IDA with 5 ym spacing (Fig. 13). (Area = 2.46E-3 cm?,
Table 1).

Concentration fpeak Rs Rp Cp [F] Cp [F/

[mM] [Hz] [Ohm] [KOhm] em?]*

10 3.9 170+10 280+30 1.45E- 5.9E-5
7

100 16.9 60+10 70+10 1.34E- 5.4E-5
7

" the capacitance per unit area was calculated as the measured capacitance
divided by electrode area. However, it is an interdigitated device with signifi-
cant fringing fields, hence this result is a rough approximation.

presented here for real interdigitated electrodes. The model that is
presented here is one-dimensional. However, interdigitated electrodes
are long and narrow with a three-dimensional geometry that can be
described with cylindrical symmetry for each electrode. This may affect
the device characteristics since transport effects, which are dominant for
interdigitated electrodes operating under redox-cycling conditions, may
affect the functional behavior of 1D, 2D, and 3D systems [30,31].

The experimental DC results and the 3D models yielded similar
behavior to that of the 1D model, showing that the 1D may be useful for
qualitative DC analysis. For devices longer than a critical length L, (see
Eq. (18)), the limiting flux converges to the solution presented in the
paper of Anderson and Reilley [15]. That critical length depends on the
redox species diffusivity and the surface reaction velocity that depends
on the electrodes’ overpotential. Note that this model assumes that no
other side reactions are causing the loss of reductants or oxidant ions.

The model that we present here aims only to the case where there is
redox-cycling and the system is not in equilibrium, although it can be in
steady state. It assumes that at one working electrode, there is only
oxidation, and at the other electrode there is only reeducation. This
assumption leads to a small non-zero current at equilibrium when the
overpotentials are zero, which is an error. However, first, this error
current is small compared to the currents in the redox cycling regime
this it can be neglected. Second, this error can be corrected by adding a
reducing current, like in the derivation of the Butler-Volmer model. That
effect on the model that is presented in this paper is observable only at a
very low current, when the applied overpotential, on one of the working
electrodes, is low. This is negligible for most applications where a large
overpotential is applied and only one term, with the bigger exponent, is
assumed dominant in the Butler-Volmer equation. Therefore, in cases
where a more accurate model is needed, for a very small current it can be
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done by adding the components related to the reverse current on each
one of the working electrodes, i.e., adding a reduction component on the
oxidizing electrode and an oxidizing term on the reducing electrode. We
neglected this on purpose to simplify the model and make it implantable
onto advanced electronic circuit simulators like SPICE and using high-
definition languages such as VERILOG A. The impedance measure-
ments also showed qualitative behaviors like that of the 1D model.
Hence, we can propose that the 1D model provides a useful explanation
for the various phenomena observed even for real structures with
higher-dimension structures.
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