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ABSTRACT: Fast-scan cyclic voltammetry (CV) and scan-
ning electrochemical microscopy (SECM) were used to
investigate the reduction of Sn(IV) as the hexabromo complex
ion in a 2 M HBr—4 M NaBr medium. CV at scan rates to 100
V/s and SECM indicated the reaction pathway involves ligand-
coupled electron transfer via an ECEC-DISP process: (1) one-
electron reduction of Sn'YBrg®™ to Sn™Brg>~; (2) bromide
dissociation of the reduced Sn"™Brg®~ to Sn™Brs®7; (3)
disproportionation of the reduced 2Sn™Bri>” to Sn'VBr~
and Sn"Brs®7; (4) one-electron reduction of Sn™Bri*~ to
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Sn"Br*~; (5) bromide dissociation from Sn"Brg to Sn"Br,*". The intermediate Sn(III) species was confirmed by SECM>~, where
the Sn(III) generated at the Au tip was collected on a Au substrate in the tip generation/substrate collection mode when the
distance between the tip and substrate was a few hundred nanometers.

B INTRODUCTION

Electrochemical reactions that involve multiple electron
transfers (et’s) within a single wave have long been of interest.
For a reduction, when a single et step occurs, the addition of
the next electron should be more difficult, e.g, for electrostatic
reasons, so the next electron addition should occur at a
significantly more negative potential. Thus, when a second et
occurs at the same potential or even at a less negative potential
than the first, this is thought to signal a significant
rearrangement or a coupled chemical reaction of the product
of the first et. There have thus been many studies of such
apparently “simultaneous” two-et reactions, especially in metal
complexes, i.e., TI(IIT)/TI(I)," Pt(IV)/Pt(Il), Pb(IV)/Pb(1I),*
and Sn(IV)/Sn(II). Gileadi** discussed the possibility of
simultaneous two-et reactions when the formation energy of
an intermediate becomes larger than the energy barrier for
stepwise two-et reactions. However, this model does not take
into account frequent cases in which chemical reactions are
coupled to the et reactions.’ For et reactions of organic species,
Evans® proposed the existence of intermediates during the two-
et reaction, which must be able to diffuse away from the
electrode surface before undergoing a second et process. For
related reactions that involve at least one solid-phase species,
Downard et al.® observed a Pd(I) intermediate during the
Pd(11)/Pd(0) redox reaction and Liu et al.”> showed a Pb(III)
intermediate in the Pb(II)/PbO, oxidation reaction.

The electrochemical oxidation of Sn(II) was studied at Au
and Pt ultramicroelectrodes (UMEs).” Vincente and Bruck-
enstein studied this reaction with a rotating Au disk electrode,®
and Bishop and Hitchcock” studied electrochemical Sn(IV)—
Sn(I1)—Sn(0) reductions on Pt and Au electrodes. Their
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conclusions were that the reaction occurred by two-et reactions
with no experimental evidence for the existence of an
intermediate Sn(III) species. Vetter'® and Lerner and Austin''
proposed from kinetic measurements (by extrapolation of
mass-transfer-corrected Tafel plots to zero overpotential) that
the Sn(IV)/Sn(II) redox reaction occurred as two consecutive
one-et steps via a Sn(Ill) intermediate. However, there was no
direct evidence of the existence of a Sn(Ill) intermediate.
Sn(III) has been generated by irradiation; Shinohara et al.'?
detected photogenerated Sn(III) by flash photolysis of SnCl, in
hydrochloric acid, and Jiang-Tsu et al."® reported Sn™Cl¢>~ and
Sn™Br®~ produced in p-irradiated (TMA),SnClg and
(TMA),SnBry single crystals (where TMA is (CH;),N*).
Fast-scan cyclic voltammetry (CV) has been used to resolve
single et steps in overall two-et®'* and multi-et processes.'> CV
can also be used to detect unstable intermediates in
electrochemical reactions.'® A difficulty with fast-scan CV,
however, is the complexity of dealing with double layer
capacitance charging and adsorbed species at high scan rates
(v). Since the current caused by these surface processes
increases with v, while that of diffusion-controlled electro-
chemical reactions of dissolved species increases as v'/?, the
former dominate at large v.'"> Scanning electrochemical
microscopy (SECM) has also been used as a powerful tool to
detect intermediates.'””'* A major advantage of SECM
compared to fast-scan CV in this application is that the current
at the tip and substrate is measured under steady-state
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Figure 1. (a) Cyclic voltammogram in S mM stannic bromide in 2 M HBr + 4 M NaBr on a Au planar electrode (a = 1 mm) at 0.05 V/s and its (b)

cathodic and (c) anodic peak currents versus v/,
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Figure 2. (a) Chronoamperogram of a Au UME (a = S0 ym) in S mM stannic bromide + 2 M HBr + 4 M NaBr. The potential was stepped from 0

to —0.25 V. (b) Current, i(t), marked with hollow red circles in (a) divided by the steady-state current, i,

versus 1/

2 where t is time.
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Figure 3. (a) Cyclic voltammogram in S mM stannic bromide at 1 V/s on a Au UME (a = § ym), (b) cyclic voltammograms at different v values (1—
10 V/s), (c) cyclic voltammograms with different concentrations of stannic bromide (S, 20, and 60 mM) at 50 V/s, and (d) cyclic voltammograms
with 60 mM stannic bromide at different v values (1—200 V/s). Note: the uncompensated solution resistance, R,, was 2.5 + 0.6 kQ on a Au UME (a
=S ym), and the maximum ohmic drop in 60 mM Sn(IV) solution at 200 V/s was only ~2 mV.
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conditions so that it is immune to the contribution of surface
reactions of adsorbed species.”’

We report here a study of the mechanism of the reduction of
Sn(IV) in a bromide medium and the electrochemical detection
of the Sn(III) intermediate in the process by fast-scan CV and
SECM. This work was motivated by the desire to develop a
new tin—bromine redox flow battery (RFB) which is based on
Sn(IV)/Sn(II) as the anolyte and Br™/Br, as the catholyte. In
such an RFB both redox couples are dissolved in the same
solution, so that, as in the vanadium RFB, cross-contamination
is not a problem.”’ An advantage of the use of a redox species
that transfers two electrons is that the capacity per unit
concentration is doubled. However, the electrochemical
reversibility of such redox couples that involve ligand-coupled
et can be an important factor, hence the interest in probing the
reaction mechanism and attempting to improve reversibility.

B EXPERIMENTAL SECTION

Chemicals. All solutions were prepared with deionized Milli-Q
water, and the chemicals were stannic bromide (SnBr,; 99%), sodium
bromide (NaBr; >99.0%), and ferrocenemethanol (FcMeOH; 97%)
from Sigma-Aldrich and hydrobromic acid (HBr; 47—49%) and
sodium nitrate (NaNOj; >99%) from Fisher Scientific.

Instruments and Measurements. Fast-scan-rate CV and
chronoamperometry were performed with a CH 660 workstation
(CH Instruments, Austin, TX), and SECM was carried out with a CH
900 SECM bipotentiostat (CH Instruments). All CV measurements
were performed with three electrodes at room temperature: gold disks
with different radii, @ (1 mm, S0, 25, and S m), as working electrodes,
a carbon rod as a counter electrode, and Ag/AgCl (in saturated KCI)
as a reference electrode. Gold disk electrodes were cleaned in 0.1 M
H,SO, solution by 50 successive cycles from —0.25 to +1.5 Vat v =
0.05 V/s before electrochemical measurements were performed. All
solutions were purged with argon for 20 min before each experiment,
and Ar was kept flowing over the solutions during electrochemical
measurements to minimize diffusion of oxygen into the solutions.
Simulations of linear sweep voltammograms were performed by
DigiFlch, the commercial simulation software (DigiElch-Professional
v6.F, ElchSoft.com).

Gold UMEs. A gold (99.99%) wire from Goodfellow (Devon, PA)
and a borosilicate capillary with an outer diameter of 1.5 mm and inner
diameter of 0.7S mm from FHC (Bowdoin, ME) were used to
fabricate UMEs by procedures described elsewhere.”” For chronoam-
perometry and fast-scan CV experiments, Au UMEs were used without
polishing down the insulating glass to obtain a small RG (ratio of the
radius of the insulating material to that of the metal disk). In SECM
experiments, Au UMEs with a = 5 or 25 ym were sharpened to obtain
an RG of 1.1-2 to allow the tip to approach a substrate electrode as
closely as possible without touching it. In the SECM experiment for
detecting and collecting Sn(III), the Au UME (a = S ym) as the tip
was electrodeposited with Au to fill a metal recession to approach a tizp
to substrate distance, d, of 600 nm as described in a previous paper.”®

B RESULTS AND DISCUSSION

Cyclic Voltammetry. Figure la shows a CV scan with a
gold planar electrode (a = 1 mm) at 0.05 V/s in S mM stannic
bromide + 2 M HBr + 4 M NaBr. The separation of the
cathodic and anodic peaks, AE,, was about ~0.5 V, indicating
large irreversibility. Both the cathodic and anodic peaks were
proportional to the square root of the scan rate, v/ (Figure
1b,c) for v < 1 V/s, meaning both involved diffusion-controlled
reactions.

The diffusion coefficient, D, of the dissolved Sn(IV)—Br~
species (SnBry>”) was measured by chronoamperometry at a
Au UME (a = 50 ym), where D can be obtained without

knowledge of the concentration of electroactive species.”*
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Figure 4. (a) Cyclic voltammogram in 60 mM stannic bromide + 2 M
HBr + 4 M NaBr at 100 V/s (black line) and Gaussian curve for fitting
the surface peak, cl (red line), (b) peak currents of c1 vs v, and (c)
peak currents of c2 (black times signs) and reduction peak currents
from the simulation (red circles) vs v'/% The simulated linear sweep
voltammograms are shown in Figure S3, Supporting Information, and
the reactions and corresponding parameters are listed in Table SI,
Supporting Information.

Figure 2a shows a chronoamperogram where the potential was
stepped from 0 to —0.25 V, the reduction potential where the
current reached a steady state. The current at a disk UME is
composed of two parts, a transient and a steady-state region:

(1)
@)

where n is the overall electron number, F is the Faraday
constant, a is the radius of the UME, C* is the bulk
concentration of reactant, and iy is the steady-state current.
To obtain the diffusion coefficient, one can obtain the most
precise value for times that are sufficiently long that there is no
contribution from double layer charging, but still also not near
the steady-state region. Therefore, a region shown by red circles

iy(t) = 7'/*nFD"*C*a*™"'* 4+ 4nFDC*a

ig(t) /i = (22 /8)a(Dt)* + 1
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Figure S. Cyclic voltammograms on a Au UME (a4 = S ym) in S mM stannic bromide + 2 M HBr + 4 M NaBr at different v values: (a) 1—-10 V/s

and (b) 10—200 V/s.

Table 1. Peak Potentials of UPD of Sn(0) and Its Oxidation
in Different Conditions”

E, (vs NHE)
obsd v
no. electrolyte oxidation reduction  (V/s) ref
1 01mMSn"CL+4MHCI 009 0.09 0.1 8
2 10 mM $n""SO, + 1 M 0.16 0.14 001 27
H,S0,
3 0.1 M SnCl, + 1 M HCI 0.15 0.09 0.02 28
4 03 mM Sn"SO, + 0.5 M 0.15 0.17 0.05 29
H,SO,
SmMSn™Br,+2MHBr+  0.09 0.07 1 this
4 M NaBr work

“In all experiments, a polycrystalline Au electrode was used as the
working electrode, and peak potentials are reported with respect to the
normal hydrogen electrode (NHE), with the potential vs the Ag/AgCl
reference electrode being 0.20 V more negative.
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Figure 6. Cyclic voltammogram in S mM stannic bromide on a Au
UME (a = S um) at 1 V/s with assigned surface peaks and
corresponding reactions.

was used for an estimation of D. From the chronoamperogram,
a plot of the experimental ratio i(t)/i as a function of £ /% was
obtained, and its slope and intercept were 0.99 and 0.97,
respectively. The following equation is a more precise
expre;jion of the current at a microdisk electrode at a given
time:

ia(t) /ig = (2/7*)a(Dt)™? + 1 3)

The calculated D of SnBrs®™ in 2 M HBr + 4 M NaBr was 3.2 X
10~ cm?/s, and n was calculated from the known C to be 2.1
from the following equation (i, = 67 nA in Figure 2a):

314

i, = 4nFC*Da (4)
This characterization confirms the cathodic and anodic CV
peaks can be attributed to the Sn(IV)/Sn(II) redox reaction.

Fast-Scan Cyclic Voltammetry. A Au UME (a = 5 um)
was used as a working electrode to reduce the iR drop,” and
cyclic voltammograms measured in the background solution (2
M HBr + 4 M NaBr) were subtracted from all cyclic
voltammograms measured in the solutions with stannic
bromide at fast scan rates to minimize the large charging
currents at high v. An example is shown in the Supporting
Information, Figure SI.

Figure 3a shows a cyclic voltammogram in 5 mM stannic
bromide at 1 V/s where three sharp peaks are observed, one
cathodic and two anodic, in addition to a typical peak for a
dissolved species. At this UME (a = S pum), a purely diffusion-
controlled reaction of a dissolved reactant should produce a
quasi-steady-state response with almost no reversal peaks at 1
V/s as shown in the simulation result depicted in the
Supporting Information, Figure S2. In this scan the three
sharp peaks were generated from surface reactions of adsorbed
species. The origins of the surface peaks will be discussed in the
next section.

In the cathodic region of the cyclic voltammogram shown in
Figure 3a, two peaks, one at —0.2 V and the other at —0.3 V,
represented as cl and c2, appeared separate at v = 1 V/s. When
v was increased to 3 V/s (Figure 3b) with small Sn(IV)
concentrations (5—10 mM), the two cathodic peaks started to
merge, and when v reached 10 V/s, only a single wave could be
discerned. As the Sn(IV) concentration was increased to 60
mM, the two peaks still remained separate even at 50 V/s
(Figure 3c), finally merging, however, at 200 V/s (Figure 3d).
The two cathodic peaks in 60 mM stannic bromide solution
were analyzed up to 100 V/s, which was the maximum v to
observe them. The peak currents of c1 were proportional to v
(Figure 4b), indicating a surface reaction, which is also
consistent with the symmetrical peak shape® The peak
currents of c2 at different v values were measured by
subtraction of the cl peaks, assuming a Gaussian shape as
shown in Figure 4a. The linear sweep voltammograms for a 5
um radius UME of the diffusion-controlled Sn(IV) reduction
were simulated from the proposed reaction pathway, discussed
later in the mechanism section, using the parameters reported
there (Supporting Information, Figure S3). The peak currents
measured from the simulated linear sweep voltammograms as a
function of v/? fit well with those of c2, and this evidence
supports the proposed reaction mechanism of Sn(IV) reduction
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(red line). the scan rate range from 1 to 10 V/s was not fast enough to
attain semi-infinite diffusion at the UME with a = § um, to
obtain the classic CV behavior where peak currents are linearly

proportional to v over the range of 1-10 V/s. The peak

involving Sn(III) as an intermediate. In the SECM section, we proportional to v'/2?* Therefore, like the case of c2, the analysis
will further discuss the collection of the Sn(III)—bromide of a2 was also hindered because of the surface peak, al.
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Figure 9. (a) Cyclic voltammograms of the tip in S mM stannic bromide + 2 M HBr + 4 M NaBr at 0.02 V/s (solid lines) and corresponding
currents of the substrate held at different substrate potentials (dotted lines). In the substrate cyclic voltammograms, background currents were
subtracted. Potentials constantly applied to the substrate were varied from 0 to 0.5 V.. (b) Cyclic voltammogram in S mM stannic bromide + 2 M
HBr + 4 M NaBr on a Au planar electrode (a = 1 mm) at 0.05 V/s (black line) and N, measured in the TG/SC mode of SECM at different
substrate potentials (red line). The results (squares) represent the average of three experiments to determine N, and the standard deviation is
shown as an error bar.
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Figure 12. Schematic description of the possible reaction pathway
during Sn™Brg*~/Sn"Br,*” reduction in 2 M HBr + 4 M NaBr.

Origin of the Surface Peaks. The surface peaks shown in
Figure 3a, one cathodic at —0.2 V (c1) and the others anodic at
—0.1 V (al) and 0.25 V (a3), have been discussed previously.
Vincente and Bruckenstein® proposed that underpotential
deposition (UPD) of Sn(0) on gold from a Sn(Il) solution
in 4 M HCl is associated with cl with its oxidation at —0.15 V
vs SCE (al). Other references also describe the UPD of Sn(0)
in different Sn(Il) solutions, as listed in Table 1.%*”7 The
potentials of surface peaks cl and al observed under our
conditions for the Sn(IV)—Br~ system are comparable to the
reported potentials for UPD of Sn(0) and its oxidation.
Charges estimated by integration of the peaks were 353 (Q.,),

272 (Q,;), and 80 (Q,3) uC/cm? so Q. & Q,; + Q.3 This
result agrees with the conclusion for the Sn(II)—Cl~ % that the
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Table 2. Reaction Mechanisms and Corresponding Relevant
Time-Dependent Diffusion Equations in Cylindrical
Coordinates®

Reactions and parameters

A+e =B E°=-0.25 V,aZO.S, ke =0.1 cm/s
B>C k=69x10"s
20> D+F kdhp—IOXIOMs
C+e=D °=-0.11V, a=0.5, ks > 10 cm/s
D>E ky=2.0x 10° s
F>A k=2.0x10s"
Relevant time-dependent diffusion equations
ACa _ 9 cA 19Ca , 2%C4
(1)__DA[ar2 Yo T ]+k3CF
acp 82cp | 19Cg a cE
@%E=py [T 4220 4 2] - kch
aﬁ 92cc | 10cc a cc
©) =Dc [Brz r ar
<4)a”—”= Dy [5 +§%+"’ CD] +1 km,,c ~ k2Cp
OF "CE = k:Co
©Zr “F = +2 KaispCZ — ksCr

The initial condition, completing the definition of the problem

t=0,allr,z: Cy = Cp*
Eip=-03V, Eq, =0V

=5mM, Cpp=0, Dyp=32x 10" cm’/s

The current on the tip (1) and the substrate (is)

ir = 21FD, [*

o (B_A) - rdr + 2nF D, foa (aﬁ) =0 rar

0z Jz=

is = 2nF Dy fo“ (‘%B)Z:U rdr + 2nF Dy foﬂ (%)Z rdr

=0

“r and z are the coordinates in the radial and normal directions to the
electrode surface at its center, respectively, D; and C; are the diffusion
coefficient and concentration of the species [i = A, B, C, D, E, and F),
and t is time. Species i: (A) Sn'VBr~; (B) Sn''Brg®; (C) SnIHBrSZ’;
(D) Sn"Br>7; (E) Sn"Br,>; (F) Sn™Br;™).

underpotentially deposited Sn(0) (corresponding to cl) was
oxidized to Sn(Il),4 (al) and Sn(II),4 was oxidized to the
soluble Sn(IV) species (a3) (note that the soluble Sn(II)
species started to be oxidized at 0.2 V as confirmed by SECM
experiments, discussed in the next section. Note also that the
oxidation peak in Figure la is sharp, but the peak currents are
proportional to v"/% (0.05—1 V/s) because both diffusing and
adsorbed Sn(Il) species that are oxidized to soluble Sn(IV)
contribute to this peak. About 1/2 monolayer coverage was
estimated from a calculation of the equivalent charge of a
monolayer of Sn by assuming a close-packing arrangement of
Sn** ions (ionic radius 122 pm), a two-et, and the absence of
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Figure 13. Two-dimensional axial symmetry dimension image with parameters (left) and boundary conditions (right) in an SECM simulation.

bromide adsorption. Mao et al.** studied UPD of Sn on a
Au(111) electrode in 1 mM SnSO, + 0.5 M H,SO, and
reported ~0.7 monolayer coverage, in reasonable agreement
with our estimate. From the above considerations, Sn(0) could
be underpotentially deposited from the Sn(IV) solution in the
following reactions indicated on the cyclic voltammogram in
Figure 6:

Sn(IV)soln +2 = Sn(II)soln (CZ) (5)
Sn(II)soln = Sn(II)ads (6)
Sn(II),4, + 2e~ = Sn(0),4 (c1) (7)

Sn(0),4 can also be formed through another pathway, i.e.,
disproportionation of adsorbed Sn(II).”” Here irreversible
adsorption of Sn(II) on a gold surface by immersing a gold
electrode into 1 mM SnSO, + 0.5 M H,SO, solution at open
circuit leads to irreversibly adsorbed Sn(0),q, via a disproportio-
nation reaction of Sn(II) on the gold surface:

28n(11), 4 (Au) = Sn(IV),,;, + Sn(0),4(Au) (8)

The potential to oxidize this Sn(0) was almost the same as that
of Sn(0),4 formed through UPD.>'According to mixed
potential theory,® the oxidation from Sn(II) to Sn(IV) and
the reduction from Sn(II) to Sn(0) can occur simultaneously
by transferring electrons from the oxidation to the reduction
reaction through the conductive Au surface. The equilibrium
constant, Ky, of the disproportionation of Sn(II),4, in reaction
8 could be obtained from the difference, AE®, in the formal
potentials of reactions 5 and 7, E;°" and E,°, from the
following equation:

In Ky, = —(nF/RT)(E," — E,*')

soln

©)

where R is the gas constant and T is the temperature. AE® was
roughly estimated from the difference in the half peak potential,
E, )y of reactions 5 and 7 in Figure 3a, and Ky, was calculated
to be 5.2 X 10% Therefore, it was also possible to form the
underpotentially deposited Sn(0) via the spontaneous dis-
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proportionation of Sn(II),4, which was generated from the
electrochemical reduction of Sn(IV) through the reaction
pathway of reaction 5 — reaction 6 — reaction 8.

SECM Studies. Fast-scan CV is a useful technique for
elucidating reaction mechanisms, but suffers from an extreme
sensitivity to surface processes of adsorbed intermediates that
can dominate the response at high scan rates. Thus, it is difficult
to study the Sn(IV) to Sn(II) reaction in the presence of the
adsorbed species described above. SECM does not suffer from
this problem, since measurements can be made at steady state;
transient currents from adsorbed species do not perturb these
SECM measurements. In SECM, the distance between the tip
and substrate, d, controls the time it takes for the species to
diffuse across the gap and provide kinetic information. For
example, the transiently existing Sn(III) can be detected at
small d values, but not at larger ones.

Schemes of tip generation/substrate collection (TG/SC)
mode of SECM in 5§ mM Sn(IV) + 2 M HBr + 4 M NaBr are
shown in Figure 7. The tip potential was scanned from a
positive one in the negative direction for the reduction of
Sn(IV) at the Au tip UME (a = S ym), while different constant
potentials were applied to the Au substrate UME (a = 25 ym)
to reoxidize reduced Sn(IV) species. In this case, the surface-
controlled reactions of Sn(II),4, and Sn(0),4 on the tip do not
perturb the steady-state solution reactions on the substrate, and
therefore, the diffusive Sn(II) and Sn(IIl) generated by the
reduction of Sn(IV) on the tip can be collected on the substrate
without interference from surface reactions. To maximize the
collection efficiency, N, of Sn(II) and Sn(I) in the TG/SC
mode, the N of a purely diffusion-controlled redox mediator
should be close to 100% at a small distance between the tip and
substrate. To check this with the present configuration, 1 mM
FcMeOH in 0.1 M NaNOj; solution was chosen as a stable
redox mediator. In this experiment, constant potentials of 0.4
and 0 V were applied on the tip and the substrate, respectively,
to oxidize FcMeOH at the tip and reduce the oxidized
FcMeOH at the substrate. This produces a positive feedback
response (hollow circles in Figure 8a) as a function of the
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dimensionless distance, L = d/a, that followed the theoretical
positive feedback curve (solid line in Figure 8a).*® The tip was
held at d = 5 ym (L = 1), and E,;, was scanned from 0 to 0.4 V
while the substrate was held at an Eg, of 0 V: N from the tip
and substrate currents at Ey, = 0.4 V was essentially 1.0 (Figure
8b). Previous studies®* showed that N, > 0.99 when d/a < 2
and d/a < R, where R, is r,/a (r, is the radius of the substrate
electrode). R, in our SECM setup was S.

Maintaining the d = § ym gap, we changed the solution from
1 mM FcMeOH to S mM Sn(IV) + 2 M HBr + 4 M NaBr, and
Ey, was scanned from +0.4 to —0.3 V while E,,, was held at
different constant potentials from 0 to 0.5 V (the scheme
depicted in Figure 7a). Cyclic voltammograms of the tip and
corresponding substrate currents (itip and i) at different E
values shown in Figure 9a yielded TG/SC voltammograms and
Nj,. These iy, and iy, values at E;, = —0.3 V are plotted vs E,
(red line with boxes in Figure 9b), with the cyclic volammo-
gram on the Au planar electrode with ¢ = 1 mm at 0.05 V/s
overlaid on the N plot. The reduced species on the tip was
collected on the substrate from Eg;, = 0.2 V, and N, reached
100% at Ey, = 0.3 V. The N given at this substrate potential
range followed well the oxidation of Sn(II) to Sn(IV) in the
cyclic voltammogram and shows that the solution-phase Sn(II)
species produced by reduction at the tip is oxidized at Egy, = 0.2
V and beyond without any irreversible decomposition reactions
to electroinactive species within a time scale 7 = 85 ms.** Note
this measurement is not perturbed by formation of adsorbed
species, which are not detected at steady state.

To collect any intermediates in the reduction process, such as
Sn(III), the applied E,,, must be negative of the values where
Sn(1l) is oxidized; thus, Ey;, = —0.1 V was applied to the
substrate while the tip was scanned from Eg, = +0.2 to Ey, =
—0.3 V, as illustrated in Figure 7b. The results of this
experiment are shown in Figure 10. To detect an intermediate
at the substrate, d must be sufficiently small that the time
required for diffusion of the generated intermediate, Sn(III),
from tip to substrate is shorter than the lifetime of the
intermediate. As discussed below, Sn(III) can be removed by
disproportionation:

2Sn(III) = Sn(IV) + Sn(II) (10)

In addition, in the overall reaction from SnBrg*~ to SnBr,>",
one must account for loss of Br™ ligands. The oxidation current
at the substrate is attributed to the oxidation of Sn(III) to
Sn(IV). To position the tip close to the substrate without
crashing it, it is useful to have the metal protrude very slightly
from the glass insulation.”**> This was achieved by electro-
deposition of Au, and the minimum d ~ 600 nm was achieved
as measured by positive feedback in FcMeOH solution.”®
Figure 10a shows cyclic voltammograms of the tip (solid
lines) and corresponding currents of the substrate held at —0.1
V (dotted lines) as a function of d. In the substrate cyclic
voltammograms, background generated from Sn(IV) reduction
was subtracted. At d = 3 um, Sn(IV) started to be reduced at
Ey, = —0.05V, while a small oxidation current started to flow at
the substrate. The substrate current resulted from the collection
of intermediates, e.g,, a Sn(IIl) species, a probable candidate,
generated from the Sn(IV) reduction. This was not seen when
the same experiments were carried out with only the
background solution. Figure S4 in the Supporting Information
shows a TG/SC cyclic voltammogram in 2 M HBr + 4 M NaBr
without Sn(IV) solution at d = 3 ym and E, = —0.1 V, where
there was no current collected on the substrate. At d = 0.6 ym
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(the enlarged cyclic voltammogram is shown in Figure 10b),
the potential where the oxidation started on the substrate
moved to —0.05 V;, and the collected current was higher than
that at d = 3 um in the potential range between E;, = —0.0S
and Eg, = —0.3 V. N, of the Sn(III) intermediate was estimated
by measuring the currents on both the tip and the substrate at
Ey = —0.13 V and E, = —0.1V, as shown in Figure 10a, and
the N, plot as a function of L is shown in Figure 11. The tip
currents were smaller even though more of the intermediate
was collected as the tip was moved closer to the substrate
because the amount of collected intermediate was still not
enough to give a positive feedback response."

Proposed Mechanism. On the basis of the CV and SECM
results, we propose that the mechanism of Sn(IV) reduction
can be represented as an ECEC-DISP scheme,*® where both
EC reactions involve a ligand-coupled electron transfer
(LCET), involving loss of a Br~ for each electron added. The
scheme is shown in Figure 12. We recognize that ambiguities
can arise for complex mechanisms with many equilibrium and
rate constants. Some confidence is gained by the good fits of
CV data over a wide range of scan rates (Figure S3, Supporting
Information). A subsequent paper devoted to the mechanism of
Sn(II)—Br~ oxidation amplifies the results given here.

The final and starting Sn(IV)— and Sn(II)—bromide species
in 2 M HBr + 4 M NaBr were assigned on the basis of previous
studies. For Sn(II), with the known formation constants (Kj,
P>_s) with bromide,*” a diagram of the fraction of Sn(II)—Br~
species (Supporting Information, Figure SS) indicates that
Sn"Br,*” is the predominant equilibrium species under these
high bromide conditions. Although there are no reports that
permit the construction of a similar diagram for Sn(IV) with
Br~ concentration, Sn"'Br,*™ was studied by Raman spectros-
copy by Woodward et al.*® In this study, the octahedral SnBr¢*~
was the predominant species when the [total Br™]/[total Sn**]
ratio was >8 (compared to the ratio in these studies, 1200).

Simulations were performed on the basis of the following
mechanism:

1L

Sn"Br’” 4+ ¢~ = Sn'""Br,’” (E) (11)
Sn"Brg®” — Sn"'Br®” + Br~ (C) (12)
28n"Br,>” — Sn"VBr~ + Sn"Br;*” (DISP) (13)
SnIHBrSZ_ +e = SnHBr53_ (E) (14)
SnHBr53_ - SnHBr42_ + Br~ (C) (15)
SnIVBrS_ + Br — SnIVBréz_ (16)

In the simulations, we assumed that the loss of Br™ in reaction
12 was fast compared to any disproportionation of Sn"™Br’™.
Moreover, the Br~ transfers in reactions 15 and 16 were
assumed to be fast so that the only species that could be
collected on the substrate was the Sn(III) species. Details of the
simulation model are discussed in the next section. The
simulation results are compared to the experimental data in
Figure 11, and the best fit simulation results are given in Table
2.

The disproportionation of 2Sn"Br,*~ could be a competitive
reaction with the Br~ transfer of Sn"'Brg’~ to Sn"Brs*”, and in
that case, the mechanism would be more complicated than the
proposed mechanism. The main purpose of the proposed
mechanism and the corresponding simulation was to show that
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the intermediate detected by SECM was a Sn(III) species and
that overall Sn"VBr,>~ was electroreduced to Sn"Br,”” via a
Sn(III) intermediate. The proposed mechanism was, therefore,
simplified by taking all Br~ transfer reactions to be fast.

Savéant et al.®>” reported a concerted reductive halide
cleavage mechanism for aliphatic halide compounds. In our
case, however, the proposed stepwise mechanism was strongly
supported by the detection of the Sn(Ill) intermediate by
SECM in the overall electroreduction of Sn(IV).*

Simulation Model. Simulations were carried out with
COMSOL Multiphysics v4.2a software (COMSOL, Inc.,
Burlington, MA), and diffusion problems were solved by the
finite element method*" under a steady-state condition. The
simulation space was depicted in 2D axial symmetrical mode: a
tip with a radius of 5 gm, RG = 2, and a substrate with a radius
of 25 pum, RG = 2, were vertically aligned in a cylinder with a
radius of 100 ym and a height of 100 ym. A depiction of the
simulation model and corresponding boundary conditions in
the TG/SC mode are shown in Figure 13, and the reaction
mechanisms and corresponding relevant time-dependent
diffusion equations in cylindrical coordinates are listed in
Table 2.

B CONCLUSIONS

The mechanism of Sn(IV)/Sn(Il) reduction is proposed to
occur via the ECEC-DISP route on the basis of the detection of
a Sn(III) species as an intermediate: (1) a first et of Sn"VBrs*~/
Sn™Br>~, (2) bromide dissociation of Sn"™Brg>~ to Sn™Br>",
(3) a second et of Sn"™Br;> /Sn"Brs*” in parallel with (4)
disproportionation of 2Sn™Br;*~ to Sn"Br,’~ and Sn'Brg*",
and (5) a second bromide dissociation of Sn"Bry>~ to Sn"Br,>".
In CV, the surface peaks are attributed to Sn(0) UPD, and its
desorption is attributed to Sn(Il),4, and soluble Sn(IV)
observed at v > 1 V/s. These reactions perturbed the analysis
of the diffusion-controlled Sn(IV) reduction. The Sn(III)—
bromide species was detected through SECM when d was a few
hundred nanometers, and N, as a function of d was fitted by a
COMSOL simulation based on the proposed mechanism.
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