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A B S T R A C T

We report the detection of an unstable intermediate generated during Br� oxidation to Br3� in
nitrobenzene by scanning electrochemical microscopy (SECM), and we attempt to simulate the collection
of the intermediate using a proposed mechanism of Br� oxidation to Br3�. At a distance of � 3.5 mm
between the tip and the substrate electrode in the SECM experiment, we observed two waves as we
measured the collection efficiency, Nss, while holding the tip at an anodic potential and scanning the
substrate toward cathodic potentials. The second wave obtained at more negative substrate potentials
was associated with the collection of Br3�, and the first wave was associated with the collection of an
intermediate generated in Br� oxidation to Br3�. The Nss as a function of d, estimated at the constant
substrate potential of 0.27 V vs. TMPD/TMPD+�, abruptly increased as d was brought below 2.5 mm. We
simulated this approach curve by using the following mechanism of Br� oxidation to Br3�: (1) Br� + e fi
Br�, (2) 2Br� fi Br2, (3) Br� + Br� fi Br2��, (4) Br2�� + e fi Br2, and (5) Br2 + Br� fi Br3�.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

In this paper, we report evidence of an unstable intermediate
generated from Br� oxidation to Br3� in nitrobenzene (NB) through
scanning electrochemical microscopy (SECM). Several research
groups have studied Br� electro-oxidation to Br2 via a highly stable
Br3� in nonaqueous solvents for decades Kolthoff and Coetzee [1]
and Popov and Geske [2] reported Br�/Br3�/Br2 oxidation in
acetonitrile (MeCN) on a Pt rotating disk electrode (RDE). Iwasita
and Giordano [3] did similar work in acetonitrile and nitromethane
[4], and Vojinovic et al. [5] studied bromide oxidation and bromine
reduction in propylene carbonate. Bontempelli’s group [6] studied
the reaction on a Pt sphere microelectrode, and Behl [7] reported
bromide oxidation in tetrahydrofuran (THF) on both Pt and GC
rotating ring-disk electrodes. Mastragostino et al. [8] proposed a
mechanism for bromide and chloride oxidation in anhydrous
acetic acid. Boon et al. performed a study of bromide oxidation in
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low-temperature bromoaluminate molten salts [9]. More recently,
studies of Br� oxidation have been done in room temperature ionic
liquids on Pt electrodes. Allen et al. studied the oxidation of
bromide in acetonitrile and in 1-butyl-3-methylimidazolium bis
(trifluoromethylsulfonyl)imide [10,11], and Yu et al. [12] compared
bromide and chloride oxidation in 1-butyl-3-methylimidazolium
hexafluorophosphate.

In those reports, the authors proposed the reaction pathway of
Br� oxidation to Br3� via either Br� dimerization [6,10,13] to Br2
(Tafel mechanism) or through the addition of a Br� ion to Br.

followed by the addition of an electron to form Br2 (Heyrovsky
mechanism) [5,6,10,11,13]. The latter reaction may occur simulta-
neously or in a two step-process through the intermediate, Br2��.
In either case, the Br2 picks up Br� to form stable Br3�. In all of
these reports, the high stability of Br3�was given as the reason why
Br� oxidation to Br2 occurs in two successive waves, instead of the
single wave seen in aqueous systems. Although these pathways
have been widely proposed, direct experimental evidence to
confirm any of the proposed mechanisms, such as detection of the
diffusive unstable intermediates, Br�, Br2 or Br2��. has not been
reported.

Since Bard et al. [14] invented SECM, it has been used as a
powerful tool to detect unstable intermediates generated from
electrochemical reactions because of its high collection efficiency
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and low detection limit. Among many successful examples of this
application, Mirkin et al. [15] observed the intermediate BH3 in
borohydride oxidation, Zhou et al. [16] detected the acrylonitrile
radical as an intermediate in its reduction, and Bi et al. [17]
reported the guanosine radical in its oxidation. Recently, Cao et al.
[18] reported the detection of N,N-dimethylaniline (DMA) cation
radical during the electro-oxidation of DMA in acetonitrile. The
primary advantages of SECM over fast scan cyclic voltammetry are
[18,19]: (1) electrochemical measurements are performed in the
absence of capacitance, and thus, a lower detection limit is
obtained; (2) collected current on the substrate is only from
diffusive species generated at the tip, and any surface induced
reactions (adsorption/desorption) cannot perturb the analysis of
diffusion controlled reactions. Therefore, more clear evidence of
the diffusive intermediate can be obtained.

Another motivation for this study is to explore the possibility of
using the Br�/Br3� redox couple in non-aqueous redox flow
batteries. The redox flow battery (RFB) has emerged as a promising
solution to the need for large-scale energy storage that can enable
the electrical grid to respond to increasing electricity consumption
and renewable energy generation [20–22]. Among the many
candidates for redox couples in aqueous RFBs, the Br�/Br2 redox
couple has been widely used because of its large positive redox
potential (+1.08 V vs. NHE in aqueous solution) and its two electron
transfer behavior. The high energy density of the Br�/Br2 redox
couple is a major advantage of aqueous RFB systems such as zinc/
bromine and bromine/polysulfide [21]. For these same reasons,
this redox couple would appear to be a promising candidate for the
positive electrode reaction in a variety of non-aqueous RFBs. After
all, recent interest in non-aqueous electrolytes for RFBs has been
primarily motivated by the pursuit of wider voltage windows and
higher energy densities than what is possible in aqueous systems
[23–26]. However, as stated above, the Br�/Br2 reaction is a two-
step irreversible process in most non-aqueous solvents. Therefore,
we hope that this mechanistic study of the Br�/Br2 redox couple
will uncover ways to catalyze the reaction and make it more
reversible.

In this study, we chose nitrobenzene (NB) as our solvent,
instead of more common solvents such as MeCN, for several
reasons. First, we are currently studying the possibility of creating
a high energy density RFB using NB and Br2. It has been reported
that NB undergoes a reversible one-electron transfer with E1/
2 = �1.05 V vs. SCE and E1/2� –1 V vs. a Ag quasi-reference
electrode, with some variation in the potential depending on
the primary solvent being used [27–30]. We believe that NB could
be used as a negative redox couple and as a solvent in an RFB
system. Second, NB has low volatility relative to many other
solvents and has a relatively high dielectric constant (e = 34.8).
Also, water and oxygen have low solubility in NB and are easier to
remove from it than other solvents such as acetonitrile. Finally,
bromine and many tribromide salts are highly soluble in NB and do
not react with it [31].

2. Experimental details

2.1. Chemicals

For the SECM experiments, nitrobenzene (99 +%, ACS reagent),
tetraethylammonium tetrafluoroborate (TEABF4, 99 +%), and
tetraethylammonium bromide (TEABr, 99 +%) were obtained from
Acros Organics (Somerville, NJ) and used without further
purification. For the cyclic voltammetry (CV) and chronoamper-
ometry experiments, which are shown in the Supporting
Information, further purification was required in order to reduce
the amount of water and oxygen. NB was purged for 20 min with
Ar and placed in an Ar-filled glovebox with O2 levels and H2O
levels maintained below 5 ppm. Inside the glovebox, the NB was
shaken with alumina, activated at 500 �C for 9 hours, in order to
remove dissolved H2O. TEABF4 and TEABr were dried at 100–
120 �C under vacuum for at least 4 hours. Bromine (Br2, 99.5 +%
ACS reagent) and N,N,N’,N’ � tetramethyl-p-phenyldiamine
(TMPD, 99%) were obtained from Sigma-Aldrich and used
without further purification. All electrochemical measurements
were performed in NB with 0.1 M TEABF4 as a supporting
electrolyte.

2.2. Instruments and measurements

All electrochemical measurements were performed using a CH
920C SECM station bipotentiostat and a CH 660D potentiostat (CH
Instruments, Austin, TX) for SECM and CV, respectively, using a
three electrode configuration: Pt disks with different radii, a
(1 mm, 50, 25, and 5 mm), as working electrodes; a Pt wire as a
counter electrode; and an Ag wire as a quasireference electrode
(QRE). To help stabilize the reference electrode, the Ag wire was
placed in a glass tube filled with 0.1 M TEABF4 and capped with a
VYCOR1 porous glass frit. The reference potential was stable to
within 10 mV over the course of one day, but it could fluctuate
more dramatically over the course of weeks, especially when the
solution inside the tube was changed. Therefore, all potentials
were referenced against the redox potential of TMPD/TMPD+�,
which was +0.23 V to +0.33 V vs. Ag QRE.

All CV and chronoamperometric experiments were performed
either inside an MBraun Unilab 2000 Glovebox (Stratham, NH),
where T = 30 � 1 �C, or outside the glovebox in a sealed tube
(ambient T = 20 �C) in order to avoid contamination from
atmospheric water and oxygen. All SECM experiments were
performed inside a laboratory chemical hood (T = 25 �C) outside
the glovebox because vibrations inside the glovebox made it
difficult to approach the tip and substrate electrodes close to each
other.

2.3. Pt electrodes

A 1 mm radius Pt electrode was obtained from CH Instruments
and used for CV experiments at slower scan rates (�1 V/s). In
order to reduce the capacitance and IR distortion in CV experi-
ments at fast scan rates (�10 V/s), Pt ultramicroelectrodes (UMEs)
with a = 5 were used. To make the UMEs, Pt (99.99%) wires from
Goodfellow (Devon, PA) were sealed in borosilicate capillaries
from FHC (Bowdoin, ME) with an outer diameter of 1.5 mm and an
inner diameter of 0.75 mm. Pt UMEs with a = 25 mm were made in
the same manner and used for chronoamperometry experiments.
All of the Pt electrodes were polished using aqueous
alumina slurries containing successively smaller particles (1 and
0.3 mm) and thoroughly rinsed to remove the alumina particles
before the experiments. In chronoamperometry and CV, Pt UMEs
were used without a decrease in RG (the ratio of the radii of an
insulating material and a metal wire). In the SECM experiments, Pt
UMEs were sharpened to make a RG of 1.1 � 2 in order to move the
tip close to a substrate electrode without touching the two
electrodes.

2.4. Simulation

Computational simulation for SECM was performed with
COMSOL v4.2a (COMSOL Inc., Burlington, MA), and diffusion
problems were solved by the finite element method [32] under a
steady-state condition. The simulation space was depicted in 2D
axial symmetrical mode, as described in Fig. S1, with aTip, = 5 mm
and aSub = 50 mm.



Fig. 1. (a) CVs obtained from a 10 mM TEABr in NB solution at v = 0.02 V/s on a Pt
macroelectrode (a = 1 mm). The red line represents the CV of the Br�/Br3� redox
reaction, and the black line is the full Br�/Br2 reaction. (b) A plot showing the linear
relationship between the peak currents, ip,a1 and ip,c1, and v1/2 for Br� oxidation and
Br3� reduction.

Fig. 2. Schematic descriptions of the collection of possible intermediates, (a) Br� and (b)
black represents stable species and one as red represents unstable intermediates in br
Scheme 1.

76 J. Chang et al. / Electrochimica Acta 238 (2017) 74–80
3. Results and discussion

3.1. Reaction overview and diffusion coefficients

Fig. 1a shows a CV obtained in NB solution with 10 mM Br� at a
scan rate of v = 0.02 V/s on a Pt macroelectrode (a = 1 mm). The
voltammetric behavior is similar to those observed in MeCN [1,2]
and THF solution [5]. The first wave (a1/c1) is attributed to the Br�/
Br3� redox reaction (Reaction 1) and the second wave (a2/c2) to the
Br3�/Br2 reaction (Reaction 2);

Br3� + 2e� fi 3Br� (1)

3Br2 + 2e� fi 2Br3� (2)

In this paper, we only focus on the first redox reaction, Br�/Br3�.
Additional CV data, using both 1 mm and 5 mm radius Pt electrodes
at scan rates ranging from 0.02 V/s to 500 V/s, can be found in
Figs. S8–S10.

Fig. 1b shows the peak currents of the oxidation and reduction
peaks, a1 and c1, vs. v1/2, and the corresponding peak current, ipa
and ipc, was linearly proportional to v1/2, indicating the oxidation
and reduction reactions are both diffusion-controlled, following
the Randles-Sevcik equation [33];
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where n is the electron number, DBr- and DBr3- are the diffusion
coefficients of Br� and Br3�, and CBr-

* and CBr3-
* are the bulk

concentrations of Br� and Br3�, respectively. The unresolved two
electron transfer characteristics of the Br� oxidation reaction
indicates the existence of rapid chemical reactions coupled with
electron transfer steps [19].

The diffusion coefficients of Br�, Br3�, and Br2, namely DBr-,
DBr3-, and DBr2, were measured through chronoamperometry using
a Pt UME by applying a procedure described in a previously
reported paper [34]. The data is shown in Figs. S2 and S3 in the
Supporting Information, and a summary of the procedure is given
on page S-5 after the figures. DBr- was calculated to be 4.0 (� 0.2) x
10�6 cm2/s, and this value was used for DBr. in the simulation
because it is not possible to measure the D of such a short-lived
intermediate using this technique. We similarly found DBr3-= 5.1
 Br2, generated during Br� oxidation in TG/SC mode of SECM. The species marked as
omide solution. The proposed mechanism of Br� oxidation to Br3� is described in



Fig. 3. (a) TG (black)/SC (red) CVs at Esub = 0.37 V, (b) TG (solid lines)/SC (dotted
lines) CVs at 0.245 � Esub� 0.37 V, (c) Nss from measuring iTip and iSub at Etip = 0.77 V
and 0.245 � Esub� 0.37 V, and (inset) Nss at �0.63 � Esub� 0.37 V. All CVs were
performed in 10 mM Br� solution at 0.02 V/s.
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(� 0.2) x 10�6 cm2/s during Br3� reduction and DBr3-= 5.5 (� 0.1) x
10�6 cm2/s during Br3� oxidation. We used a value of 5.5 	10�6

cm2/s because that value fit well with the simulation and with the
measured steady-state current at a 5 mm radius UME. DBr2 was
measured to be 1.0 (� 0.2) x 10�6 cm2/s. The trend of DBr-< DBr3-<

DBr2 is consistent with previously reported data for the Br�/Br3�/
Br2 system in acetonitrile [2].

3.2. Scanning electrochemical microscopy (SECM)

As mentioned above, Br� electro-oxidation to Br3� involves
chemical reactions coupled with electron transfer reactions, which
generates unstable intermediates. Detection of these intermedi-
ates can elucidate the electro-oxidation pathway of Br� to Br3�.
Fig. 2 shows schematic descriptions for the collection of Br�

(Fig. 2a) and Br2 (Fig. 2b) intermediates, which both may be
generated during Br� oxidation to Br3�. On a tip Pt UME
(atip = 5 mm), the tip potential, Etip, was scanned for Br� oxidation
to Br3� while different substrate potentials, Esub, were held on a
substrate Pt UME (asub = 50 mm) to collect the diffusive electro-
active species generated on the tip. When the tip electrode is far
from the substrate electrode, and the lifetime of intermediates is
shorter than the time for them to diffuse on the substrate (tdiff = d2/
2D, where d is the tip-substrate distance), only the stable species,
Br3� can be reduced to Br� on the substrate electrode. However,
when the tip electrode is close enough to make tdiff shorter than
the lifetime of the intermediates, those intermediates can be also
reduced on the substrate electrode.

Before every experiment, d was adjusted using positive
feedback generated from a stable and electrochemically reversible
TMPD/TMPD+� redox reaction in NB solution. An explanation of this
method is shown in Figs. S4 and S5 and the accompanying
paragraph. This distance calibration was necessary because there
was always a difference between the distance that was inputted
into the computer and the distance the SECM tip actually moved,
resulting from a hysteresis in the stepper motor that caused the tip
to recoil slightly after we stopped moving it. After adjusting
d � 3.5 mm, the NB solution with TMPD was changed to 5 or 10 mM
Br� in NB solution without touching the tip and substrate
electrode.

Fig. 3a shows CVtip and CVsub obtained by scanning Etip from
0.07 to 0.77 V and constantly applying Esub = 0.37 V. The CVsub

shows a constant reduction current, �1.4 nA, which was mainly
associated with Br� electro-oxidation on the substrate electrode.
This background reduction current observed in CVsub was
subtracted to show the collection behavior more clearly, and the
CVstip and the background-subtracted CVssub at different Esub are
shown in Fig. 3b. The collection current, which cannot be
associated with Br3� reduction, was clearly seen in the CVssub
when Etip was increased from 0.47 to 0.77 V. Fig. 3c shows the
collection efficiency, Nss, estimated by measuring iT and iS from the
CVstip and CVssub at different Esub. The estimated Nss increased from
0.14 to 0.19 as Esub was decreased from 0.37 to 0.3 V, and reached a
plateau until Esub was 0.245 V (region I). As Esub was brought more
negative than 0.245 V, Nss increased significantly, and approached
unity (region II) as shown in the inset of Fig. 3c.

The Nss polarization curve at region II was well matched with
the reduction peak (c1) region observed in the CV in Fig. 1a, and
thus, the Nss curve shown in region II was attributed to the electro-
reduction of Br3� to Br�. The Nss curve at region I, however, cannot
be entirely associated with Br3� electro-reduction because Esubwas
too positive to reduce enough Br3� to account for that collection
efficiency. Therefore, the Nss observed in the region I is indicative of
the collection of intermediates generated during Br� oxidation. The
Nss for collection of intermediates could not be estimated for Esub
> 0.37 V because the anodic current associated with Br� oxidation
was significantly higher than the current attributed to the
reduction of intermediates.

In order to further confirm that the Nss polarization curve in the
region I was attributed to an unstable intermediate reduction, the
Nss at Esub = 0.27 V was estimated as d was decreased. The Nss

should increase as d decreases because an intermediate can be
collected more easily as explained above. Fig. 4a shows CVstip and
CVssub obtained in NB solution with 10 mM Br� at different d, and
Esub = 0.27 V [35]. As d decreased, iT decreased significantly due to
the blocking of Br� diffusion from a bulk solution into the gap
between the tip and substrate electrode. iS also decreased as d
became smaller, but iS decreased less than iT. Fig. 4b shows Nss of
intermediates estimated by measuring iT and iS at Etip = 0.77 V with
different d. An abrupt increase of the Nss at a dimensionless tip-
substrate distance L ( = d/a) � 0.8 was clearly observed, indicating
that more intermediates were being collected on the substrate
electrode as d decreased. Even at 1 � L � 1.6, cathodic currents were
observed in the CVssub, and Nss shows only a slight increase as L
decreased down to 1: Nss = 0.16 at L = 1.6, Nss = 0.17 at L = 1. The Nss

shown at 1 � L � 1.6 was mainly associated with a Br3� collection
on the substrate. Since Br3� is a stable species in NB solution with
Br�, the Nss associated with Br3� collection was subtracted from the
total Nss as a baseline (red line in Fig. 4b). CVstip and CVssub



Fig. 4. (a) TG/SC CVs at different d (8.05, 4.7, and 1.75 mm), Esub = 0.27 V, v = 0.02 V/s
in 10 mM Br� solution, and (b) corresponding Nss obtained from measuring iT and iS
at Etip = 0.77 V in the TG/SC CVs vs. L.

Table 1
Reaction parameters with confidence intervals for the SECM simulation in Fig. 5.
The label “no limit” under the high and low columns indicates that we could not
determine a point at which the value of that parameter had a visible effect on the
simulation. More detailed information regarding the COMSOL simulation is given in
Table S1.

Reactions and parameters for SECM simulation

High Low
Br� + e� fi Br� Eo = 0.63 V 0.70 V 0.60 V

a = 0.3 0.5 0.1
ks = 0.2 cm s�1 1.0 cm s�1 0.05 cm s�1

Br� + Br� fi Br2�� kf,1 = 5.0 	 104M�1 s�1 1.0 	 105M�1 s�1 1.0 	 104M�1 s�1

Br� + Br� fi Br2 kf,2 = 4.0 	 107M�1 s�1 5.0 	 107M�1 s�1 3.0 	 107M�1 s�1

Br2 + e� fi Br2�� Eo = 0.59 V 1.0 V �0.1 V
a = 0.3 no limit no limit
ks = 0.01 cm s�1 no limit no limit

Br� + Br2 fi Br3� kf,3 = 1.0 	 1010M�1 s�1 no limit 1.0 	 108M�1 s�1

78 J. Chang et al. / Electrochimica Acta 238 (2017) 74–80
obtained in NB with 5 mM Br� at different d, Esub = 0.27 V, and the
corresponding Nss as a function of d are also shown in Fig. S6.

3.3. SECM simulations and Br� oxidation mechanism

We also chose to model the collection efficiency of the
intermediate in COMSOL using the following mechanism, also
shown in Scheme 1, to support our experimental findings. The
reaction parameters, which are listed in Table 1 along with
confidence intervals, are based on CV simulations from a previous
study of this reaction [36].

Br� + e� fi Br� (4)
Scheme 1. Description of the reaction mechanism used in the SECM simulation of
Br� oxidation. Blue shaded lines are chemical steps involving the addition of either a
Br� ion or a Br. radical to the initial species, and red shaded lines are heterogeneous
electron transfer steps. The dotted lines indicate possible reactions that are not
included in the simulation and are shown here simply for illustration. The reaction
parameters, along with confidence intervals, are given in Table 1.
2Br� fi Br2 (5)

Br� + Br� fi Br2�� (6)

Br2 + e� fi Br2�� (7)

Br2 + Br� fi Br3� (8)

Fig. 5 shows the baseline subtracted Nss obtained by tip
generation (TG)/substrate collection (SC) mode in SECM at
different Br� concentrations, 5 and 10 mM, as a function of d.
The X marks and overlaid circles represent experimental and
simulated results, respectively. At both Br� concentrations, the Nss

associated with intermediate collection increased when L was less
than 0.8, and reached ca. 0.12 at L = 0.3. There are two general
discrepancies between the experimental and simulated approach
curves that can be traced to probable sources of error in the
experiment. First is the fact that the simulated curves are slightly
steeper than the experimental curves, which may be caused in part
by error in measuring the small intermediate collection current
(Nss� 0.1) against a larger background current (Nss� 0.2). Second is
error in the d measurement, which we believe causes the two
approach curves for 5 mM Br� and 10 mM Br� to overlap more than
Fig. 5. Experimental and simulated Nss of the intermediate Br2�� vs. L (d/a) in 5 and
10 mM Br� solutions. The simulation results were performed based on the
mechanism described in Equations 4-8 using the reactions and corresponding
parameters listed in Table 1.
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they should. An expanded discussion about these sources of error
is provided after Table S1 in the Supporting Information.

Another challenge is determining a unique set of simulation
parameters, which hampers our ability to prove which intermedi-
ate we are collecting. For example, a simulation using an
alternative set of parameters, in which kf,3 is much smaller than
1 	1010M�1 s�1 instead of kf,1 and kf,2, is presented in Fig. S7 and
Table S2. This simulation suggests that we are collecting Br2
because the reaction Br2 + Br� fi Br3� is slower than the other
homogeneous reactions. On the other hand, the simulation in Fig. 5
and Table 1, where kf,3 is 1 	1010M�1 s�1 and kf,1 and kf,2 are less
than 1 	1010M�1 s�1 suggests that we are collecting Br�. The
alternative simulation is potentially valid in that it uses the same
reaction pathway and can generate approach curves of the correct
magnitude. However, we have more confidence in the parameters
in Table 1 because they provide a better fit to the experimental
approach curves, which is why we present those parameters as our
first choice.

4. Conclusions

In this study, an intermediate formed during the oxidation of
Br� to Br3� in NB was detected through SECM, and the mechanism
of Br� oxidation to Br3�was proposed to occur through a combined
reaction pathway via Br�, Br2 and Br2��. TG/SC mode in SECM was
performed to collect intermediates, and at d = 3.5 mm, the Nss

polarization curve shows two reduction waves. The wave shown at
Esub� 0.2 V is attributed to the collection of the stable Br3�, and one
shown at 0.2 V � Esub� 0.37 V is associated with the collection of an
unstable intermediate generated in Br� oxidation. The intermedi-
ate was further confirmed by changing d while holding Esub = 0.27
V, where only a small amount (< 20%) of the generated Br3� is
collected on the substrate electrode. The Nss started to increase as
L � 0.8 in both 5 and 10 mM Br� solution, and it reached 0.12, which
indicates the collection of an unstable intermediate generated in
Br� oxidation to Br3�. The following reaction pathway of Br�

electro-oxidation to Br3�was used to simulate the Nss as a function
of d in SECM; (1) Br� + e� fi Br�, (2) 2Br� fi Br2, (3) Br� + Br� fi Br2��,
(4) Br2 + e� fi Br2��, and (5) Br2 + Br� fi Br3�. Although the
simulation could reproduce the experimental approach curves, it
was difficult to discern a unique set of parameters using a
mechanism with many adjustable parameters and thereby provide
conclusive insight into the identity of the collected intermediates.
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