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Abstract

We explore via simulation, the cyclic voltammetry of the following mechanism involving a reversible
electrode process coupled with a follow up reaction in which the product (B) of the electrode reaction
reacts chemically with the reactant, A4, to form a species C:

24 — 2¢” 2B
B+A=/C
b

Such a mechanism is shown, under certain critical combinations of rate constant and reactant
concentration to give rise to two voltammetric peaks despite the assumption of a single redox couple
(A/B). This results from the formation of C during the first peak whilst the second peak, seen at more
oxidizing potentials, reflects the dissociation of C releasing A. A mechanism of the type investigated may
hold during the oxidation of bromide(Br~, 4) in solution to form bromine(Br,, B) and tribromide (Br3",C).
Simulations are used to explore the conditions for which two peaks are expected in the bromide oxidation
system in aqueous solution and for which the two following limiting cases operate
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We report experimental data for the bromide oxidation in aqueous solution. These are consistent with
simulations based on independent literature values for the rate and equilibrium constants for tribromide
formation.

Introduction

Cyclic voltammetry at macro-electrodes is the technique at the heart of modern electrochemistry yielding
qualitative important information such as electrode reaction mechanisms and pathways together with
guantitative data such as equilibrium, rate and adsorption constants, and diffusion coefficients. The
characterisation of electrochemically reversible voltammograms in terms of peak currents and their
voltage scan rate dependence and peak to peak separations are well established for the simple one-
electron process
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where the Randles-Sevéik equation describes the peak currents, lo,[1, 2]
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where F, R and T are the Faraday constant, Gas constant and absolute temperature respectively. A is the
area of electrode, [A],uk is the bulk concentration of reductant, D is the diffusion coefficient of the
reductant, and v is the scan rate. Eq. (2) allows the inference of the diffusion coefficient of A, or,
alternatively, if this is already known, can allow the inference of the overall stoichiometry as that given by

Eqg. (1).

Whilst Eq. (2) is very widely used to interpret voltammetry, it is very important to recognise that it applies
exclusively to electrode reactions of a unity stoichiometry. Thus for the general reaction

aA —ne~ 2 bB 3)

Eq. (2) is applicable for the case a = b . However, it is not valid for the frequent case of a not equal to b.
as has recently been clarified both elegantly and definitively by Molina and colleagues [3]. Specifically
Molina et al highlight the fact that the peak currents in the case of electrode reactions of non-unity
stoichiometry deviate markedly from the predictions of Eq. (2) with implications for the inference of



electrode reaction mechanisms as well as for the reliability of quantitative inferences, for example of
diffusion coefficients, if the equation is mis-applied.

One particularly important electrode reaction of non-unity stoichiometry is that of the oxidation of
bromide ions

2Br~ —2e” 2 Bry (4)

which is of importance in batteries, specifically redox flow batteries and electrochemical capacitors [4-9].
The reaction is complicated because of the following chemical reaction in which the bromine product
combines reversibly with the bromide reactant to form the tribromide ion,

Br, + Br~ 2 Bry (5)

so that in the presence of a large excess of bromide the electrode process tends to the following limiting
overall reaction

3Br~ —2e” 2 Bry (6)

The reaction is well studied in both aqueous and non-aqueous media (including acetic acid, acetonitrile,
nitrobenzene and some room temperature ionic liquids [10-13]). In the case of aqueous media the
equilibrium constant is reported as 17 M~1 at 25 °C [14] whilst the forward rate constant for reaction (5)
is reported as 1.5 x 10° M~1s~1[15]

The purpose of this paper is to explore the consequence of the follow up solution phase chemistry on the
predicted voltammetry of the bromide oxidation system using both simulation and experiment. It
concludes that with very special combination of rate constants and voltage scan rates, two voltammetric
peaks are discernible despite the occurrence of the sole electron transfer process given in Eq. (4).

Theory

We consider the electrochemically reversible, heterogeneous, one-electron oxidation of species A to B,
followed by a homogeneous chemical reaction of A with B, as described in the introduction, with diffusion-
only mass transport at a planar macro-electrode. We assume the presence of excess supporting
electrolyte to suppress migration [16] and voltammetry on a sufficiently short timescale to avoid natural
convection effects [17, 18] . The reaction scheme is:
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The electrode kinetics are assumed to be described by the Butler Volmer theory of electrode kinetics [19,
20], and for the mechanism 24 — 2e~ 2 B,
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where j is the net flux of the oxidant on the surface of the electrode, ki is the standard electrochemical
rate constant, ¢4 (0, t) and cg (0, t) are the concentrations of species A and B on the surface of electrode
at time t. Note that [A4]° is a standard concentration, conventionally given the value of 1M, but as will
become apparent below, for the purposes of the simulation reported it is more convenient to define the
standard state as the bulk concentration of species A namely c,. The quantities F, R, and T are the
Faraday Constant, the Gas Constant and the absolute temperature respectively. @ and f are the transfer
coefficients, where usually, but not always, for a two-electron transfer process, @ + = 2 at potentials
close to equilibrium. In the following simulation the electrochemical rate constant, kg, is made artificially
high to ensure the process is Nernstian in character and hence independent of the values of @ and 8
subject to their summing to 2 (see Sl).

Note that when the net flux is zero Eq. (8) reduces to the Nernst equation in which the standard
concentration [ ]% is defined to be 1 M, and the Nernst Equation can be written as
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However, if during simulation, the standard concentration is the bulk concentration of bromide, [A4]°, it
is helpful to define a new formal potential should be derived and a new factor q is introduced as:

(10)



So the new formal potential, E?”, related to standard state [4]° is:
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Hence the new formal potential of A/B couple should be:
E/(A/B) = E°(A/B) — gln (q%) (13)

Reaction Model

The heterogeneous electrochemical reaction followed by homogeneous chemical reaction is simulated on
a planar macroelectrode. The scale of the electrode is assumed to be significantly larger than the distance
the species can diffuse during the timescale of simulation, hence the model is simplified to a one-
dimensional system, and only diffusion perpendicular to the electrode surface is taken into consideration.
Using Fick’s second law of diffusion [21, 22], the diffusion equation can be expressed as:

ac; 5 azc,



where j is the species under study, and D; is the diffusion coefficient.

The variation in concentration of species in the solution phase can be simulated by considering Fick’s
second law of diffusion with second order homogeneous chemical reaction, when one A molecule and
one B molecule react to form C reversibly. The process of the forward reaction, A and B forming C, is
controlled by the rate constant kr and the backward reaction is controlled by rate constant kj,.
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To solve the differential equations, both temporal and spatial boundary conditions need to be specified.
At the beginning of simulation, the bulk concentration of species A is set to c,, with no B or C present in
the system.

t=0x>0 (%4=¢
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where Xgim, is the outer boundary for simulation, distant enough from the electrode that the
concentration of each species equal to its bulk concentration. Thus, the boundary of simulation needs to
be sufficiently far from the electrode that the reaction on the surface of the electrode would not affect
the condition on the outer boundary. From Einstein’s work on Brownian motion [23], in a one-dimensional

system for a particle, \/(xz) = \/ZDtsim , Which can be used to approximate the distance from the
electrode that is unperturbed from the reaction on the electrode surface. So, the distance of outer
boundary for simulation is chosen to be greater or equal to this:

Xsim = 6\/ Dtgim 17)

The boundary conditions at the surface of the electrode reflects the electrochemical activity of the species
in the potential range of study [24] :
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where A and B are electro-active species and follow Butler-Volmer kinetics, whist C is electrochemical
inactive at the potential range under study, and thus has zero-flux at the electrode surface.

Dimensionless Parameters

Dimensionless parameters, as defined in Table 1, are used for simulation instead of dimensional ones.
Dimensionless parameters remove the dependence on bulk concentration, c;, radius of electrode, €,
diffusion coefficient, D and formal potentials, E}9; and the resulting voltammograms can be applied to any
set of values of ¢, €, D, and EIP. The simulation is therefore both more significant and general. The
dimensionless parameters are generally obtained by multiplying the dimensional parameters with a
certain set characteristic value.

Table 1
List of definitions of dimensionless parameters for planar electrode simulations of the system interest.. c; is the concentration of
species j; ¢, and D4 are the bulk concentration of species A. € is the radius of planar electrode, assumed to be the flat surface of

a circular disc. EJQ" is the formal potential used for simulation at standard state equal to bulk concentration of A, c,.

Dimensionless Parameter Definition
Concentration of species j C: = i
I~ ¢,
Diffusion coefficient of species j d. = D;
] DA
Spatial Coordinates x. =2
L
€
Potential F
0 =—(E—-EY
RT( f )
Scan Rate €> F
=——vV
7= D,RT




Current J=
weFDycy
Standard Electrochemical Rate Constant K. = koe
"7 Dyc
Chemical Rate Constant, First Order k€2
Kb =
Dy
Chemical Rate Constant, Second Order K kfc;‘,ez
f = D,
The dimensionless diffusion equation can be written as:
(0C, 0%C,
W = dAW— KfCACB + KbCC
dCg 0%Cy
<6—T= dBaT—KfCACB + K, Ce (19)
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The boundary condition at the start of the simulation and at the surface of the electrode can be written

in dimensionless form as:
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Simulation Methods

Simulation was performed using a home written C++ programs with std::thread for parallel computing
running on an Intel Core i7 CPU. The differential equations were solved using the Newton-Raphson
method [17] with at most eight iterations required for convergence. Graphs were plotted with Origin Pro
2019 and Python Matplotlib. Convergence studies were performed to and evaluated using various checks
involving the magnitude of the peak currents and potentials and checking mass conservation[25-27]. The
value of peak current and peak to peak separation matched with the values predicted by Molina’s work
[3]. Details of mass conservation and convergence studies are presented in the Sl.

Theoretical Results

First simulations were made of a simple fully reversible 24 — 2e™ 2 B process without any follow-up
chemical reaction to permit comparison with the published work of Molina [3]. In particular, the
simulation results were in quantitative agreement with Molina’s work. In particular, Molina predicted that
for such a process, the peak flux J in dimensionless form should be /] = 0.4995+/0 and the peak to peak
separation should be 42mV,and in dimensionless form 6,,,, = 1.6. Fig. 1 shows our simulation of a cyclic
voltammogram at ¢ = 1198, corresponding to dimensional scan rate at 100 mV/s with dimensional
parameters of (e = 0.8mm,c; = 5mM,cj, = 0OmM,c; = OM, D, =2.08 X 102 m?/s) . The
dimensionless peak flux was found to be 17.30, very close to Molina’s prediction of 17.29 [3]using the
equation J = 0.4995+/a . Similarly, the dimensionless peak to peak separation, Opp, of the simulation
voltammogram is 1.63, corresponding to 41.85 mV in dimensional form, also in excellent agreement with
Molina. A similar level of accuracy was obtained for different dimensionless scan rate in the range o =
0.1198 to o = 119800, corresponding to dimensional scan rate from 107° V/s to 10V /s.
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Fig. 1. Cyclic voltammogram of a fast(reversible) electrochemical reaction at o = 1198 of stoichiometry of 2:1, corresponding to
100mV /s. The dashed red line is the predicted forward scan peak flux from Molina[3]. The forward scan peak flux is 17.30 and
peak to peak separation, 8y, is 1.63. The black arrow indicates the start and initial direction of potential sweep.

Next we performed simulations on the two-electron oxidation process followed by homogeneous
2A — 2e” 2B

chemical reaction: B+A ‘:)’Izi c -

Simulations were carried out on a range of parameters considering both reversible and irreversible

electron transfer kinetics and varying degrees of the chemical reversibility of the chemical reaction. First,

we consider reversible electron transfer.

With the follow up chemical reaction, a second peak can be observed in the voltammogram under certain
conditions even though only a single electron transfer event is modeled! To observe the second peak,
some important conditions should be satisfied, as is next discussed.

First, the second peak can only be seen if k; > 0 and k;, > 0. In contrast if the chemical reaction is fully
irreversible, i.e., ky > 0 and k; = 0, the second peak cannot be observed. A simulation of a typical
electrochemically reversible cyclic voltammetry at scan rate of ¢ = 1198, or 100 mV/s and a forward
reaction rate constant, Ky = 1.53 x 10°, corresponding to ks = 10° M~*s™* with other dimensional
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parameters (€ = 0.8mm,c,; = 5mM, c; = 0mM,c; = OM, D, = 2.08 X 1079 m?/s) develops this
hypothesis. As shown in Fig. 2, for a reverse reaction rate constant, K;, = 3.08 X 107, corresponding to
dimensional form, k;, = 105 s~1 and if the chemical reaction is reversible, the second peak can be
observed. But when K, = 0, 0r k, = 0 s™1, the second peak no longer appears. This behavior suggests
that the presence of the second peak can only be seen when the chemical reaction is reversible, and is
related to the backward chemical reaction, the decomposition of C to form A and B.

Since we ascribe the second peak to the dissociation of C formed during the oxidation of A to B on the
voltammetric timescale, next simulations were made to explore more fully the conditions under which a
second peak was visible.

Although the chemical reaction is required to be reversible to see the second peak, the electrochemical
reaction can be either reversible (as above) or irreversible. For example, simulations were made when
K, = 0.1, small enough to ensure irreversibility, with the dimensionless chemical reaction rate constants
are Ky = 1.53 x 10? and K, = 3.08 x 107 respectively, corresponding to k; = 10° M~'s~! and k), =
105 s~1 with other dimensional parameters (€ = 0.8mm,c; = 5mM,cy = OmM,c; = OM, D, =
2.08 x 1072 m?/s) . InFig. 3, the resulting voltammograms shows that for irreversible electrode kinetics,
the second peak can still be observed at around 8 = 14.
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Fig. 2. Simulated voltammetry showing that when kg = 10° M~*s™* and k;, = 10° s™*, the second peak can observed(blue line).
But when ky = 10° M~ st and k;, = 0, the second peak cannot be observed (orange line). The dimensionless electrochemical
rate constant is set to be K, = 10° in both cases. The black arrow indicates the start and initial direction of potential sweep.
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Fig. 3. Simulated voltammetry showing that when ky = 10° M~*s™ and k;, = 10° s™?, the electrochemical rate constant is
varied from K, = 10° to K, = 10! a second peaks can be observed in both cyclic voltammograms with fully reversible electrode
kinetics(K, = 10°) and fully irreversible electrode kinetics(K, = 1071).

Second simulations were conducted to see the influence of the bulk concentration of A on the appearance
or otherwise of the second peak. Simulation was performed at different ¢, from 0.1M to 10M with the
following dimensional parameters (¢ = 0.8mm,cj; = 0mM,c; = OM, D, = 2.08 x 1072 m?/s) at a
scan rate g = 1198, orv = 0.1V /s. The chemical rate constant modelled was that Ky = 1.53 x 10°,
corresponding to ky = 10° M~1s™! and K., = 500,0r k,; = 1e°M~1. As shown in Fig. 4, the second
peak appears at lower bulk concentration at ¢; = 0.1M around 6 = 9 and disappears as ¢, increases to
1M and above. From the simulations above can conclude that the presence of the second peak also
depends on the bulk concentration of species, and usually appears when the bulk concentration of 4 is
low so facilitating the dissociation of C.

12
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Fig. 4. Simulations performed at different c, from 0.1M to 10M when kg is 10° M=, From the figure can be observed that the
second peak appears at 8 = 9 when c; = 0.1 M and disappears at higher bulk concentration. The black arrow indicates the start
and initial direction of potential sweep.

Third, simulations were made to show that the peak can first appear and then disappear as the scan rate
is changed. The scan rates analyzed were from o = 0.12 to 0 = 1.2 X 108, corresponding to dimensional
scan rate of 107° /s to 103 V/s. A Standard electrochemical rate constant, K| is set to 10°, or in
dimensional form k, = 13 m/s, large enough to ensure reversibility, and the chemical reaction rate
constant K; = 1.53 x 10°, or k; = 1 x 10°M~1s™1,and K, = 500, or k,q = 10°M~* in dimensional
form, with the dimensional parameters (¢ = 0.8mm,c; = 5mM, c5 = 0OmM, c; = OM, D, = 2.08 X
1072 m?/s). As shown in Fig. 5, by varying scan rate from very small to large, the second peak can first
be seen at lower scan rate from o = 0.12 to ¢ = 1.2 X 10° at dimensionless potential around 6 = 5, but
disappear when 8 = 1.2 x 10° and higher. Note that the flux is normalized by dividing with the square
root of scan rate.
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Fig. 5.Simulated voltammetry showing that when k; = 10°M~1s~ 1 and keq = 10°M 1, second peak appears at low scan rate,
but disappears when the scan rate increases to ¢ = 1.2 X 107.The flux is normalized to the square root of scan rate. The black
arrow indicates the start and initial direction of potential sweep.

Fourth simulations showed that the forward rate constant must be larger than a threshold value in order
to see the second peak. During simulation, the forward reaction rate constants, kf, were varied from
10M~1s7 1 t0 10°M~1s~1 while the equilibrium rate constant was set to 10> M~ with the dimensional
parameters (¢ = 0.8mm, c; = 5mM, c; = 0OmM, ¢ = OM, D, = 2.08 X 1072 m?/s ). As shown in Fig.
6, at the range of study, forward scan peak height decreases and the forward scan peak shifts to a more
reductive potential as ky increases.

From kf:107 M~1s~1 and higher one can observe the second peak during forward scan at around 8 = 5
and when kg is at 10°M~1s~1, a second peak in the reverse scan can also be visualized. In conclusion, the

second peak can be observed when the forward reaction rate constant is large enough than 10’ M~1s~1,

14



—— k<=1.00E+01M~1s"1
15| —— k=1.00E+03M 151
k=1.00E+05M1s~?
k=1.00E+07M~1s~1
—— k=1.00E+09M~1s~?

-20 -15 -10 -5 0 5 10 15
Potential, @

Fig. 6. Voltammetry corresponding to Forward reaction rate constant kg is simulated from 10M~*s~* to 10°M ~ts~'with the
equilibrium constant ks kept constant at 10°M L. The black arrow indicates the start and initial direction of potential sweep.

Guidance to experimentalists

For fixed values of the forward and reverse rate constants of the following chemical reaction, it is possible
to observe the second peak during experiment by altering v,the scan rate and c, the bulk concentration
of species A. A series of simulations were performed to by varying v from 10~* V /s to 10 V/s and c;
from 1073 M to 102> M to show their joint influence on the presence of the second peak and its peak
height. Simulations are performed with the following rate constants: ky = 1 X 10°M~1s~1,and keqg =
1x 103M~! in dimensional form with the following dimensional parameters (¢ = 0.8mm, Cyp=
5mM, c;; = 0mM,c; = OM, D, = 2.08 x 1072 m?/s ). Fig. 7 shows the joint influence on the presence
of second peak and its height isillustrated. The x axis and y axis represent the bulk concentration of species
A and scan rate respectively. The third dimension, ], ¢ represents the peak height of the second peak in

dimensionless standardized form. The peak height is standardized as ], s = \]/—%. If J,,s is 0, then no second
peak can be found in the range of scanning. Fig. 7 shows that the second peak tends to appear at lower
scan rate as predicted above. But the influence of concentration at the second peak is more complicated.

When the bulk concentration of species A is higher than 1071°M, the second peak is more visible at
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lower concentration and can reach a maximum of J, ¢ = 0.3. But when concentration is below the
threshold of 1072M, the second peak can no longer be present. This can be explained that at small ¢,
not enough C species can be decomposed to form the second peak. In general, a second peak is most
visible at low scan rate, and the bulk concentration of A is around 0.1 M.
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Fig. 7. Two dimensional plotting of the collective influence of bulk concentration of species A, c; and scan rate on the presence
and height of second peak. c;; is varied from 10™* M to 105 M with the scan rate varied from 10~* V /s to 10? V /s. The contour
plot shows the standardized peak height, and value of 0 means no second peak is observed.

Simulation of the bromine/bromide system using literature kinetic data

According to the literature[28], the electrochemical oxidation of bromide to bromine can coincide with
the reversible chemical reaction of bromine and bromide to form tribromide. The mechanism is shown
Eq. (22):

2Br™ — 2e” 2 Bmn,

Br~ + Br, ‘——‘I;’; Bry (22)

which fits the reaction model shown in Eq.(7). Accordingly, simulations of the bromine/bromide system
in aqueous solution were made using literature rate and equilibrium constants.

The forward reaction rate constants kr and reverse reaction rate constant k;, in aqueous solution are
reported to be 1.5 X 10° M~1s 1 and 5 x 107 s~ at 25 °C respectively as measured using the Raman-
Laser Temperature-Jump technique[15]. These data are consistent with an independent measurement of

16



the equilibrium constant of 17 M~ [15]. The measured diffusion coefficients of bromide and tribromide
are reported with considerable precision and to be 2.08 X 107°m?/s and 1.145 X 107 m?/s
respectively at 25°C [29, 30].

The diffusion coefficient of bromide was confirmed by experiments shown later in this paper. The
diffusion coefficient of bromine is reported to be 1.18 X 1072 m?2/s at 25°C [31]. The various
dimensional parameters translate into dimensionless equivalents such as Ky = 2.31 X 10° and K, =
1.54 X 1019 with the dimensional parameters (6 = 0.8mm, cg,- = 5SmM, cg,,, = 0mM, c§T3— =0M,
Dg,- = 2.08 X 1079 m?/s, Dg,, = 1.18 X 1072 m?/s, Dp,; = 1.145 X 10‘9m2/s) . At 0 =1198,
corresponding to 0.1 VV /s, the result of simulation is shown at Fig. 8. No second peak can be observed in
the voltammogram consistent with minimal generation of tribromide. The voltammogram shows that the
forward scan peak flux is only very slightly lower (ca 2%) than Molina’s prediction (red dashed line) for
the bromide to bromine oxidation discounting the follow up chemical reaction. The slightly decreased
peak flux can be attributed to a very small amount of competing chemical reaction of forming tribromide
from bromine and bromide. The well-known Randles-Sevéik equation [1, 2] for the processA —e 2 B
predicts a peak flux (green dashed line), almost 10 % lower than the simulation peak flux, suggesting that
if the ordinary Randles-Sev¢ik equation derived for unity stoichiometry reaction used to analyse
experimental data then this may lead to significant errors in inferred parameters such as concentrations
or diffusion coefficients. This is explored experimentally below.
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Fig. 8. Simulation of a cyclic voltammogram at a dimensionless scan rate of ¢ = 1198, corresponding to a dimensional scan rate
of 100 mV/s using the literature rate constants ky = 1.5 x 10° M~'s~*and k;, = 5 x 10”7 s~. The blue line is the simulated
cyclic voltammogram, the red dashed line is the predicted flux from Molina considering no follow up chemical reactions[3] and
the green dashed line represents the predicted peak flux from ordinary one-electron oxidation Randles-Sevcik equation[1, 2]. The
black arrow indicates the start and initial direction of potential sweep.

We next predict the response of cyclic voltammetry at different bulk concentration of bromide. When
o = 1198, corresponding to dimensional scan rate of 100 mV /s, cg,— is varied from 107> Mtol10 M
with the following dimensional parameters (E = 0.8mm, cg,,, = OM, c§T3— = 0M, Dg,- = 2.08 X
107° m?/s, Dgy, = 1.18 X 107° m?/s, Dg,.- = 1.145 x 10™°m?/s ) and the results are shown in Fig. 9.
When cg,— is smaller than 0.1M, the voltammograms show a single peak corresponding to a simple two
electron oxidation shown in Fig. 1, indicating that the cyclic voltammetry is under the control of the
electrochemical reaction.

As shown in Fig. 9, increasing the bulk concentration of bromide above 0.1 M facilitates the competing
chemical reaction of forming tribromide with bromine and bromide, and thus decreasing the peak flux of
the first peak. The second peak appears as tribromide decomposes to bromine and bromide, and bromide
is then oxidized. Hence, based on the voltammograms shown in Fig. 9, at higher bulk concentration of
bromide, usually higher than 1 M, one can observe the first peak with a reduced height and the presence
of the second peak.
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Fig. 9. Voltammetry showing the effects of varying the bulk concentration of bromide from 1075 M to 10 M at scan rate of
100 mV /s. Second peak can be observed when cg,.- is larger than 1 M. The black arrow indicates the start and initial direction of
potential sweep.

To observe the effect of altering the scan rate on the bromine/bromide system, at two different bulk
concentration of bromide(5 mM and 1 M), the scan rate is varied from ¢ = 0.012 to o = 1.2 x 105,
corresponding to dimensional scan rate 107°V/s to 10V /s with the dimensional parameters:
(e = 0.8mm, Chr, = OM, g, = OM, Dp,- = 2.08 X 1072 m?/s, Dp,, = 1.18 X 107° m? /s, Dg,; =
1.145 x 107°m? /s ) The chemical reaction rate constants k¢ and kj, are the literature values mentioned
above. In Fig. 10 and Fig. 11, when cg,.- = 5 mM and 1 M respectively, varying scan rate has no visible
effect on the shape of the standardized voltammogram. Note that the dimensionless flux J, is
standardized by dividing the flux with square root of dimensionless scan rate.
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Fig. 10. Voltammograms simulated to show the effect of varying the scan rate from 1076V /s to 10 V/s. When the bulk
concentration of bromide is 5 mM has no effect on the shape of standardized voltammogram: The second peak cannot be observed.
Note that the flux is standardized against the square root of dimensionless scan rate. The black arrow indicates the start and initial
direction of potential sweep.
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Fig. 11. Voltammetry showing that varying the scan rate from 107° V /s to 10 V /s when the bulk concentration of bromide is 1
M has no effect on the shape of standardized voltammogram. The second peak can be observed in this plot. The black arrow
indicates the start and initial direction of potential sweep.

Experimental Methods

The reaction electrolyte was prepared by dissolving 5.0 mM of sodium bromide (May and Baker, UK) in
0.10 M HNO3 (HNOs>65% assay, Fluka, UK). All solutions used ultrapure water of resistivity 18.2 MQcm
at 298 K (Millipore, USA).

Variable scan rate cyclic voltammetry was conducted using a three electrode system A platinum (Pt)
electrode of diameter 1.5mm and a glassy carbon (GC) electrode of diameter 3.0mm were used after
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polishing with alumina slurries of progressively decreasing sizes: 1 um,0.3 um,0.05um. A saturated
calomel electrode (SCE) served as the reference electrode and a graphite rod as the counter electrode.

Electrochemical experiments were performed using pAutolab Il potentiostat (Metrohm-Autolab BV,
Utrecht, Netherlands). The computer software, GPES v.4.9 (Metrohm Autolab B.V., NL) was used to
control and analyse all electrochemical experiments.

Experimental Results and Discussion

In the above, the voltammetry of the bromide oxidation in aqueous solution was predicted under
conditions where the electron transfer was reversible and the follow up chemical reaction between
bromide anions and bromine molecules leading to the formation of tribromide ions was characterised by
the known equilibrium and rate constants for the reaction. In this section, we compare the predictions
with experiment.

First steady-state voltammetry at a Pt microdisc electrode was used to measure the diffusion coefficient
of the bromide ion in 0.1 M HNO5 (see Sl) yielding the value of 2.1 x 10~? m? /s which compares very
well with the literature [29] value of 2.08 x 10~° m?/s. The literature value was used in the simulations
reported in the previous section.

Next cyclic voltammetry at a Pt macrodisc electrode (radius 0.75 mm; geometric area 1.8 X 10~2? cm?)
was conducted on a similar solution. Fig. 12 shows the voltammetry of a 5.0 mM solution of NaBr in
0.1 M HN O3 where the voltage scan range is from 0.5 V to 1.05 IV (vs SCE) embracing the feature with a
peak potential of 0.95 V (vs SCE) attributed to the reaction,

2Br~ —2e” 2 Bn,

The inset to Fig. 12 shows that the peak current scales with the square root of the voltage scan rate as
predicted. The linearity confirms a diffusion controlled electrode process. The slope of the line in the inset

has a value of 1.23 X 10~%—2— after a tiny (<2%) baseline correction. This compares with a slope of

JV/s

1.19 x 10~ \/%/s predicted based on the simulations for the bromine/bromide system presented above

and using literature parameters. Good agreement is apparent. Note that in contrast the expected slope,
on the basis of the Randles-Sevé¢ik equation for a simple one electron oxidation, A—e~ 2B, is

1.08 x 10“LL whilst that for on the basis of Molina’s equation [3] for 24 — 2e™ 2 B (but without

JV/s
any following chemical reaction is 1.21 x 10~* \/%/5)’ Note that the latter two calculated slopes assume

the equality of the diffusion coefficients of bromide and bromine whereas the simulated slope uses the
literature diffusion coefficients for each ion. It is evident that solution phase tribromide formation is
negligible based on both the experimental and simulated data. Interestingly, however, Fig. 12b which
shows the aqueous bromide oxidative voltammetry extended to more positive potentials, reveals a
second wave with a peak potential of ca 1.2 V (vs SCE). The origins of this second wave do not lie in the
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dissociation of tribromide ions exclusively in the solution phase on the voltammetric timescale. This
conclusion assumes the accuracy of the literature data for the formation and dissociation rate constants
for tribromide are in serious errors, since the above simulations and experiments show that negligible
tribromide is formed at the bromide concentrations used in the present study. Indeed, simulations show
that a concentration of ca 0.1 M of bromide would be needed for sufficient tribromide ion to be
generated for a second peak to be visible assuming all species are confined to the solution phase. At
present the origins of the second feature are unclear but are likely to reside in the neglect of adsorbed
species in the above model [32]. This is consistent with our observations that if platinum is replaced with
glassy carbon as the electrode material no second peak is discernible except possibly at the very different
potential of +1.5 V(vs SCE) and obscured by solvent decomposition, an observation which hints at surface
rather than solution chemistry operating.

9.6x10°1 (3) x10*1(b) //
7.2x10%{ < ™ /\ 6x10°- [ \/
z o ™S
<48x10%  Easxt0? < 3x10°%-
E s| & £
2 2.4x10 % 035 07 g 0
8 0 —» Sqrtof scan rate (V/s)"? 8 /
-3x1075 1 \ / ——002Vs'
-2.4x10°° / ——0.05 Vs
b / -6x10° - \\/‘ —0.1Vs"'
——0.1 Vs —0.2Vs"'
-4.8x10°1 —g2vs" / ——0.4 V: .
——0.4 Vs -9x10°5 -
0.5 0.6 0.7 0.8 0.9 1 11 05 06 07 08 09 1 11 12 13 14
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Fig. 12. Cyclic voltammograms of 5 mM NaBr in 0.1 mM HN O at Pt macro electrode of r = 0.75 mm as a function of scan rates.
a) voltage scan range from 0.5V to 1.05 V, inset; plot of oxidative peak current (I,,) vs square root of scan rate, b) voltage scan
range from 0.5V to 1.3 V. The black arrow indicates the start and initial direction of potential sweep.

Conclusions

The reaction 24 — 2e™ 2 B, of non-unity stoichiometry has been simulated under conditions of cyclic
voltammetry at a macro-electrode. The effect of a follow up chemical reaction of the form A+ B 2 C
was specifically considered and shown, under certain critical conditions of concentration and scan rate,
to give rise to two voltammetric peaks where the second results from the dissociation of C. The modelling
was applied to the bromide oxidation system at platinum electrodes in aqueous solution with good
guantitative agreement in respect of the first voltammetric wave, which is consistent with an
electrochemically reversible oxidation forming molecular bromine, Br,, with negligible tribromide

formation. Further mechanistic work to refine this mechanism and to identify the role of adsorbed species,
is on-going.
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