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Abstract. A model of spectroelectrochemical cell design based on alauatworking
electrode with optical fibers connected to a spectromettrieg it from two ends is
built. Both current and absorbance responses of the celareerically simulated and
the operation regimes are determined in terms of ranges \@rgimg parameters for
chronoamperometry and linear sweep voltammetry.
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1 Introduction

Spectroscopical methods coupled with usual electrocteE@chniques allow additional
advantages compared to purely electrochemical measutsrttenugh independently
measured absorbance of the solution and/or its dependentteeovave length of the
light shone through the system. There exist a variety oftspelectrochemical methods
designed to achieve particular goals and enhance theiggnsf measurements [1].

In this paper we present a model of a tubular spectroeldutra@al cell (TSC)
(Fig. 1) aimed at precise characterisation of the solutmmosition within a gold tube
working electrode under various electrochemical cond#tio The TSC consists of a
tubular working electrode filled with a solution of an eleetctive species A and with two
optical fibers entering the tube from both ends and conneéatedpectrometer in order to
measure the overall absorbance of the solution filling the t0he reference and counter
electrodes are not shown in the scheme in Fig. 1 but it is asduhat their positioning
allows for uniform accessibility of the tubular electrodalls to mass transport of species
A and the product of the electrode reacti@h(i.e. the potential distribution along the
working electrode may be assumed uniform).
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Fig. 1. Scheme of the spectroelectrochemical setup based tbular working
electrode.

A number of studies have been published previously on hydrawhic tubular elec-
trodes [2-8]. The latter have many advantages for elecatgtcal purposes but gene-
rally do not allow spectroscopic measurements to be peddimsitu except electron
spin resonance spectroscopy (ESR) [9] which is not witheagbope of the proposed
experimental setup. Therefore these works are mainly &xtos purely electrochemical
measurements.

Two essential advantages of the TSC setup can be mentiohedanount of solu-
tion in the tubular reactor can be as smallas* cm?®. Atthe same time the concentration
of a component (depolarizer) can be low due to long (1 cm)}appath length. For this
reason the tubular electrode configuration for the first tivas used for the investigation
of biological systems [10, 11].

The task of our investigation is to model the current resparfsthe TSC and the
corresponding absorbance distribution under potenggl ahd linear sweep voltammetry
conditions.

2 Mathematical mode

Consider an electron transfer reaction
A—-nez=B (1)

taking place at the inner surface of a tubular electrode diusr, (see Fig. 1) un-
der chronoamperometric or voltammetric conditions andattarized by the forward,
k¢, and reversel;,, rate constants which are potential-dependent and fot@Butler-
Volmer kinetics:

a)F

1—
kf = k() exp <TL(7

=T (EEO)), kbk()eXp<M(EE0)>a (2)

RT

wherek is the standard electrochemical rate constarthe number of electrons trans-
ferred,a the transfer coefficienty the applied potentialz® the standard potential of the
redox coupleA /B, F is the Faraday constar®, is the universal gas constant, afids
the temperature.
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Diffusion mass transport of the speciasinside the tubular electrode follows the
second Fick’s law formulated in the cylindrical coordirgate

dc &%c 10c
a%w*za)v )

wherec = [A] is the concentration of speciés with uniform initial concentration in the
solution bulk:

t=0: ¢(r,0)=co (4)
and the following boundary conditions for> 0:

r=0: Jc/dr=0; o
r=rg: — Ddc/dr =ksc—ky(co — c). D)

In writing the latter boundary condition we have assumed tte diffusion coeffi-
cients of specied andB are equal so that at any time and any position in the space the
sum of their concentrations remains constant,[iAé+ [B] = ¢o.

The electric current flowing through the surface of the tabelectrode is given by
the following expression

de

)
or|,_

To

I(t) = —2nnFroLD (6)

where L is the length of the electrode. Note that the minus sign agpea6) due to
the multiplication of the fluxj = —Ddc/dr, by the outer normal unit vector to the
simulation domaing, which in this case points “to the right”, i.e. = 1 (this is opposite
to the majority of classical cases where the electrode iatémt“on the left” and then
n = —1 giving a “plus” sign in the current expression for the anaticrent).

The changes in the concentrations of spedieendB are monitored using a spec-
trometer through two optical fibres inserted into the tubelactrode from both ends as
described in the Introduction. Such a configuration alloegistering variations of the
average concentrations, i.e.

To

P(t) = % (5,4 70(7", Hrdr+ep / (co — c(r, t))rdr) . @)
0 0

7o

where(t) is the absorbance at tinte L is the optical length of the solution sample
which is taken equal to the electrochemically active patheftubeg 4 ande 5z are molar
extinction coefficients (in M'cm—1) of speciesA andB respectively.

Since absorbance is proportional to the sum of amounts afiepd and B in
the solution with the corresponding weighting coefficienisande s in the absence of
homogeneous reactions involving either of specieandB, the same quantity may be
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obtained by integrating the flux of speci&éqor, equally, that oB) to obtain the changes
in the amounts of speciegs andB as:

Y(t) =ealcy — (e —€a) L /I(t) dt

nFnrd

0
t
2D
L<€AC()(€B€A)—/<%> dt>
ro ) or) .,

3 Dimensionless model

(8)

In order to define the main governing parameters of the systemtroduce the following
dimensionless parameters and variables

r Dt c koro Frd
R=—; 7==" OC=—; Ky=—2 o= 9
ro’ ’ g’ co’ 0 D’ ° RTD Y ©)

wherev is the voltammetric scan rate (%).
The mathematical model in the dimensionless coordinakestthe form:

oc  9*C 100

97  OR®  ROR (10)
with the initial condition

7=0: C(R,0)=1 (11)
and boundary conditions (> 0):

R=0: 0C/OR=0; (12a)

R=1: -9C/OR=K;C — K,(1-C). (12b)

The dimensionless overpotentid,variation under linear sweep voltammetry is defined
by

0= estart + o7, (13)

whereliare = F(Estare — E°)/(RT).
The dimensionless current (flux) is defined as
I oC

= (14)

f - 27TTLFLDC() _@ R:l.
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and the normalized change in the absorbance may be expeessed

U(r) = — —1+2(——1)/CRdR

EBLC()

solz ),
B B OR R=1
0

where the two expressions at the right are equally valid becibsorbance of speciBs
is assumed nonzero (i.e. the product of the electrochemdeation (1) is more likely to
absorb light than the initial specids.

(15)

4 Numerical simulation

The differential equation (10) was discretised using tHe fimplicit finite difference
method with 2nd order implicit time stepping [12]. All calations reported here were
performed on a PC equipped with the Intel Pentium D procestsb8 GHz and>12 MB

of RAM using a program written in-house in Borland Delphi 7.

5 Resultsand discussion

Owing to the dimensionless quantities introduced in SecBidhe two measurable cha-
racteristics of the tubular spectroelectrochemical aalrent and absorbance) depend
exclusively on the dimensionless time and the ratio of exitim coefficients 4 andepg

for the case of chronoamperometry. For voltammetry, thenmgaverning parameters are
the normalized heterogeneous rate consféntand scan rater while absorbance also
depends on the ratio of extinction coefficients. In the feilty we shall not consider the
effects of varying transfer coefficientonto the dimensionless current and absorbance and
hence a value di.5 is assumed throughout the rest of this paper. Thus in thevioily

we will consider the two cases of chronoamperometry andwuitetry and characterize
the system responses as functions of governing parameters.

5.1 Chronoamperometry

An important feature of the tubular electrode is that it @md a finite volume of solution
and therefore is subject to quick exhaustive electrolysismall of specied is converted
into B. This is exemplified in Fig. 2(a) which illustrates that, esfian initial spike,
the current quickly tends to zero. Thus it is important toedsiine the time window
accessible to the tubular cell. By using the definition ofdifusion layer thickness for
a planar electrode under Cottrellian conditions Ll v/Dt, one can devise an upper
estimate for the exhaustion time to hg,., = rZ/D. However, this value is too high
since it does not take into account converging cylindrigfiidion. In fact, Cottrellian
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behaviour in this system is observed only at extremely dirodgs when the thickness of
the diffusion layer is negligible compared to the tube radile. whenr = Dt/r? < 1.
Numerical simulation of chronoamperometry shows thatalyefor dimensionless times
T > Tplanar = 1072 the deviation of the simulated current from the Cottrell &ipn
exceeds 2% (see Fig. 2(b)). From the same simulation one educd that after a
dimensionless time = 0.61 the amount of electroactive specidsleft in the solution
drops to less than 2 % of the initial quantity, which resuitstrong current diminishment
and therefore this value may be taken as the exhaustion tupg;,s: = 0.61.
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T logt
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Fig. 2. Transient current at a tubular electrode (solid eucompared to Cottrell current
(dashed line).

It may be inferred from equation (15) that the dimensionlssorption changes
between: 4 /e at 7 = 0 before the application of potential to the working eleceod
and1 when the solution is completely exhausted. Thereforegifabsorbance of species
A is not negligible compared to that of species B, the varyiatf the absorption during
the experiment may be insufficient to be measurable by aspeeter. Thus, when the
condition

|l —ea/ep| < 0.1 (16)

is not met the variation of the absorbance is too small foreaitig good spectroscopic
resolution. In the following the absorbance A&fis assumed to be zere{ = 0) so
that dimensionless absorbance varies betviesmd 1 as depicted in Fig. 2(a). It is clear
from the figure that in this case the absorbavcat 7., ;4. = 0.61 reache$.98 which
corresponds to 98 % conversionAfinto B.

5.2 Linear sweep voltammetry

In the case of linear sweep voltammetry the (dimensionks®) rater defines the effec-
tive duration of electrolysis and therefore the followingiting cases may be identified:
(i) planar diffusion limit whens > 10%, and (i) thin layer cell limit whenr < 1.
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The first limiting situation corresponds to short durati@msl therefore thin diffusion
layers near the working electrode surface analogously tot¢ime behaviour under
chronoamperometry. In this case voltammetric waves bevVigvally as those at a planar
electrode of the same surface area (see the plot in Fig. &(@) feversible ET reaction,
i.e. highK,) with the same characteristic dependences of peak heigtitsaentials [1].
Since the total electrolysis duration in this case is vegrithe dimensionless absorbance
W cannot reach appreciable values although the currenttgierishe electrode is high.

In the limiting situation (ii) the diffusion layer extendser the whole tube radius
before the end of the voltammetric scan leading to exhaustectrolysis and symmetrical
bell-shaped current responses for reversible electraisfiea (see Fig. 3(b)). In this case
absorbance variation with potential is perfectly sigmbidaching the value of unity (full
solution exhaustion) and centered at zero overpotentigl 8b)).
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Fig. 3. Limiting cases in reversible linear sweep voltammnék, = 10%): (a) planar
diffusion limit (¢ = 10); (b) thin layer cell limit ¢ = 0.5).

For the general case of arbitrary dimensionless voltaniongtan rater and hete-
rogeneous rate constafi, the peak currentf,, and absorbance corresponding to the
peak current¥,,, are given in Fig. 4 (note the different directions of tlhg o axis in
Figs. 4(a) and 4(b)). It should be noted that for any valuek @both very slow and very
fast voltammetric scan rates present no interest from tliret pb view of spectroscopy
since in the former case variation in both the peak curredtasorbance is negligible
and in the latter case the values of absorbance are too logufottitative measurements.
Therefore the range of dimensionless scan rates suitableoth electrochemical and
spectral measurements may be determined as

0.75 < logo < 2.75. a7

It is interesting to note that for low scan rates the limitisjue of ¥, is 0.5 for a
reversible ET reaction, but it is notably higher for the weesible case as evident from
Fig. 4(b). As was said above, slow linear sweep voltammaettié reversible case leads
to perfectly symmetrical sigmoidal absorbance distritmasi vs. overpotential with the
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value0.5 at® = 0 where the current has its peak. On the other hand, currgmbmes
for irreversible ET for the same voltammetric scan rate tssymmetrical with a shallow
rising part and a sharp drop after the peak, which is shifietie right fromé = 0. Thus

it turns out that most of specigsis converted intd3 before the current reaches its peak
and the value ofr,, exceeds$).5.
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Fig. 4. Working surfaces for (a) the dimensionless peaketyyf,, and (b) absorbance
at peak currentl/,,.

6 Conclusions

The presented design of a spectroelectrochemical celltulthlar working electrode and
optical fibres inserted into it from the two ends allows sitankous measurements of the
electric current and absorbance of the solution to be peiddr The numerical simulation
of the diffusion pattern inside the tubular reactor for aenelectron transfer reaction
has allowed the determination of limiting kinetic regimeslaanges of main parameters
providing best conditions for both the electrochemical apdctral measurements. This
cell design may find successful applications in the analgsisomplex homogeneous
chemical reactions coupled to the initial electron transtethe working electrode sur-
face. The modelling of the system involving both heterogeiseclectron transfer and
homogeneous reactions in the bulk solution is under coretida.
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