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Abstract

Iodine is produced through nuclear fission reactions in nuclear reactors. Understanding
the electrochemistry of iodine species is crucial for reprocessing used nuclear fuels via
molten salt electrolysis, deploying next-generation molten salt nuclear reactors, and de-
veloping iodide-based molten salt batteries. Cyclic voltammetry (CV) was conducted in
LiCl-KCl eutectic molten salts at 450, 500, and 550 °C, both with and without the addition
of KI as an iodine source. Based on the CV results, the diffusivities of iodide and triiodide
species, as well as the activation energies for diffusion, were determined. Additionally,
formal potentials of various iodide and interhalogen complexes were derived, allowing
for the calculation of the stability constants for halide exchange reactions. The diffusivities
of iodide ranged from 0.14 to 6.9 x 107 cm?/s, while those of triiodide were roughly an
order of magnitude lower. Increasing the KI content from 1 wt% to 5 wt% reduced the
diffusion coefficient, whereas increasing temperature, as expected, boosted diffusivity.
The activation energy for iodide diffusion in LiCl-KCl increased from 46.5 kJ/mol to 112
kJ/mol as KI concentration rose from 1 wt% to 5 wt%.

Keywords: iodide; triiodide; molten salt; interhalogen complexes; diffusivity; cyclic
voltammetry; LiCl-KCl eutectic; pyro processing; used nuclear fuels

1. Introduction
1.1. Applications of lodine Systems

A nuclear fission reaction produces various isotopes of iodine and other fission prod-
ucts. These fission products are contained within the nuclear fuel cladding. During repro-
cessing of the used nuclear fuel, a significant fraction of iodine (78.9 mg/g of heavy metal)
is retained in the molten salt as iodide (I"), such as Nal, Csl, Agl,Pdl,, Ul;, Zrl,, and 3HI
[1]. The accumulation of iodide species can significantly affect the performance of electro-
refiners used for actinide recovery. In molten salt reactors (MSRs) fueled by actinide salts,
the fate of iodine as a fission product remains unclear [2]. Understanding the redox chem-
istry and speciation of iodine as a fission product in molten salts is necessary to evaluate
its transport in MSRs. The electrochemistry of the iodine/iodide couple has been exten-
sively studied in both aqueous and non-aqueous conditions due to its applications in dye-
sensitized solar cells (DSSCs) [3-10], aqueous ion batteries [11,12], and synthetic chemis-
try [13]. The electrochemical behavior of iodide/triiodide in ionic liquids has been actively
investigated for solar cell applications, such as DSSCs [14] and perovskite solar cells
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(PSCs) [15]. However, only very limited work has been reported in high-temperature mol-
ten salts [16-22]. Iodide-based molten salts have been identified as potential alternatives
for thermal batteries due to their low melting points and high conductivities [23-25].

1.2. Electrochemistry of lodine/lodide and Polyhalide Systems

The 17 /1, redox process occurs as a single-step reaction in a neat aqueous medium.
When nucleophilic species such as chlorides are present in the medium, the oxidation of

In+

[ is affected by the stabilization of the electrophilic I, and redox products [6].
Interhalogen compounds such as ICl, [I,Cl]7, and [ICl,]~ are formed during the oxida-
tion of iodide in the aqueous HCI solution [26]. Therefore, the formation of interhalogen
complex ions is anticipated in the pyroprocessing of used nuclear fuels and molten salt
reactor operating conditions. LiCl — KCl eutectic salt is widely used in the pyroprocessing
of used nuclear fuels [27]. Fluoride-based salts (such as BiF, — 2LiF and LiF — NaF — KF)
or chloride-based salts (NaCl — UCl; and NaCl — MgCl, — UCl;) are used in molten salt reac-
tors [28]. Therefore, it is important to understand the speciation of iodide in combination
with other halides in the carrier salt. The redox reactions involving different iodine and
chlorine species are compiled here based on the published literature [6,29,30].
The redox reactions of iodide are given as:

I, +2e” = 21~ 1)
I; +2e = 31" @)
3, + 2™ = 213 3)

The equilibrium constants of the trihalide species in water and methanol were deter-
mined using spectroscopic and potentiometric techniques [30]. The structures of the tri-
halides are considered to be linear with the central atom of a higher atomic number [31].
For example, [ICl,]~ will have a linear arrangement of Cl — I — Cl. In this study, the equi-
librium constants for various trihalide reactions involving iodide and chloride species will
be determined from cyclic voltammetric data using the relations outlined in Appendix A.
Cyclic voltammetry was performed according to the standard procedure reported in the
literature [32]. Additionally, electrochemical reactions of iodide/triiodide species in the
molten LiCl — KCl eutectic will be examined at 450-550 °C. Evaluating these parameters
will help optimize the performance of electrorefiners for reprocessed nuclear fuels. Un-
derstanding trihalide interactions will also improve the efficiency of molten salt nuclear
reactors, where iodide buildup as a fission product is expected. These findings could also
be used to design improved molten salt thermal batteries.

2. Results and Discussion

Figure 1a—c show the open circuit potentials (OCP) of the tungsten working electrode
in 1-5 wt% KI containing LiCl — KCl eutectic at 450, 500, and 550 °C, respectively. The
OCP of the tungsten electrode shifted positively with increasing KI addition at 450-550
°C. The OCP is a mixed potential of the following anodic and cathodic half-cell reactions
shown in (4) and (5), respectively.

W + nX~ - WX, + ne” (4)

%X, + e - X~ (5)

where X represents halides such as CI~ and I”. Impurities such as oxygen and moisture
(even at concentrations below 10 ppm) could also contribute to the cathodic reactions as
given in (6) to (8) [33,34].
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%0, + 2e~ - 03 (6)
H,0 + 2X~ - 0% + 2HX (7)
HX + e~ —» %H, + X~ (8)

It was reported that the polarization of tungsten in the LiCl molten salt at 650 °C
exhibited a ‘passivation-like” behavior, in which the current density did not change with

increasing anodic polarization [35].
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Figure 1. Open circuit potentials (OCP) of tungsten electrode in LiCl-KCI eutectic molten salt with
addition of 1-5 wt% KI at different temperatures (a) 450 °C, (b) 500 °C, and (c) 550 °C.

A similar behavior could also be observed in the LiCl — KCI eutectic at 450-550 °C.
The OCP would shift to more positive values if the ‘passivation’ current density decreased
for a given cathodic half-cell reaction. Also, the OCP would increase when the Tafel slope
of the cathodic reaction decreased or when the exchange current density for the cathodic
reaction increased. The increase in the KI concentration would increase the exchange cur-
rent density (iy) by following the relation [36]:

io = anOCI_ (9)

where n = number of electrons, F = Faraday’s constant, k, = rate constant, and C;- is
bulk concentration of KI in the molten salt. An increase in the i, value would shift the
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Tafel plots of the 1,/I” redox reactions to higher current densities, allowing the OCP to
increase with increasing KI concentration. The change in the OCP could also be attributed
to iodide chemisorption at the electrode surface. If the chemisorbed iodide layer shows
passivation-like behavior, the OCP would shift to a more positive value. Generally, chem-
isorption, which is exothermic, displays a bell-shaped temperature dependence: it initially
increases with temperature due to the activation energy barrier and then decreases be-
yond a certain temperature because of increased vibrational energy. The higher (less neg-
ative) OCP observed at 500 °C may be due to enhanced chemisorption of iodide. Chemi-
sorption decreased as the temperature rose to 550 °C, reaching the same level observed at
450 °C, since OCP values were almost similar at both temperatures. The unstable OCP at
2 wt% KI at 500 °C may be due to transient iodide chemisorption on the electrode surface.
However, this explanation requires validation through additional experiments and de-
tailed analysis, which are beyond the scope of this study.

Figure 2a—d show the EIS results of tungsten electrode at open circuit potentials in
LiCl — KCl eutectic with and without the addition of 1-5 wt% KI at 450-550 °C. Figure 2a
shows the Bode plots of the tungsten working electrode in LiCl — KCl at different temper-
atures without KI addition. The impedance moduli decreased with increasing tempera-
ture, which could be attributed to higher ion diffusivity at higher temperatures, driven by
lower viscosity. The phase angles varied with frequency, and the peak values were about
-70°, indicating a leaky capacitance behavior at 450 °C and 500 °C. The frequency at which
the phase angle peak occurred increased with increasing temperature (1.5 Hz at 450 °C to
25 Hz at 500 °C), indicating a decrease in the time constant due to the reduced resistance
or capacitance. The variation in the phase angle as a function of temperature follows the
trend of the impedance modulus. Figure 2b—d illustrate the Bode plots at 450, 500, and 550
°C for three KI additions.
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Figure 2. Electrochemical impedance spectroscopy (EIS) results at OCP of tungsten electrode in
LiCl — KCI eutectic molten salt with addition of 0-5 wt% KI at different temperatures; (a) 0% KI at
different temperatures, (b) 1-5 wt% KI at 450 °C, (c) 1-5 wt% KI at 500 °C, (d) 1-5 wt% KI at 550

°C, and (e) Electrical equivalent circuit.

The increasing KI concentration decreased impedance at all temperatures. The effect
of temperature between 450 and 550 °C was less pronounced on the impedance for a given
concentration of KI. The impedance profiles showed two time constants, in general. Var-
ious electrical equivalent circuits have been proposed in the literature to describe the im-
pedance behavior of molten salts [36-38]. Vandarkuzhali et al. [37] proposed an equiva-
lent electrical circuit (EEC) consisting of parallel RC elements with a Warburg component
to describe the impedance behavior of tungsten electrode in LiCl — KCl eutectic contain-
ing LaClz at 425-525 °C.

Yoon et al. [38] proposed an EEC consisting of two parallel RC loops connected in
series to describe the impedance behavior of Sm(III)/Sm(II) couple in LiCl — KCI at 400-
550 °C. An equivalent circuit used to model the porous film was proposed, with an addi-
tional Warburg element to describe the impedance behavior of the U(III)/U system in
LiCl — KCI at 450-500 °C [39]. An EEC consisting of two parallel RC loops, each with a
Warburg element, was used by Cohen et al. to describe the impedance behavior of various
molten salts at 700-800 °C [40]. The EIS spectra collected at OCP conditions could be fitted
with the EEC model shown in Table 1, yielding a goodness-of-fit (x?) value smaller than
1 x 107*. The rationale for conducting EIS measurements at OCP is to understand the
structural characteristics of the molten salts, with and without iodide addition. The phys-
ical and electrical properties of molten salt systems depend on the structures and interac-
tions of their constituents. The structural arrangements that are present in molten salts
can be viewed as intermediates between discrete chemical bonds and periodic crystalline
lattices [41]. The inter-atomic interactions determine the local ordering of the molten salt.
The structural characteristics of the molten salt significantly influence the electrochemical
properties. The ion size and type in a molten salt system, such as KX — LiX, would affect
the electrochemical stability. The ordering and structure of the melt could be described in
terms of entropy. The entropy (4S) of the electrolysis of the melt can be determined using
the relation [40,42]:

0E

AS = nF (6_T>P (10)

where n = number of electrons and 9E/dT = change in electrochemical window with
temperature. In this study, the electrochemical window at 450 °C was 3.68 V, at 500 °C
was 3.6 V, and at 550 °C was 3.52 V. Therefore, dE /0T was about -0.0016 V/K, and the
entropy change AS =-308.75 J/K mol. The negative entropy indicates an increase in dis-
order.

Generally, an increase in the entropy was observed with an increase in the anion size
of unary molten salts [43]. The electrolysis potential turns out to be more anodic as the
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anion size increases due to weaker Coulombic interaction between the anion—cation pairs,
as well as increased repulsion between the larger anions [44]. When two types of cations
are present in a molten salt with different sizes and charge densities, an asymmetric po-
larization of the anions is anticipated, which may affect the electrostatic stability of the
mixture. When two different types of anions, such as chloride and iodide, are present
along with different cations, the asymmetric polarizations of the ions and their effect on
the physical and electrochemical properties are not well documented.

The proposed EEC model is similar to that proposed by Yoon et al. [38] wherein the
Warburg component is replaced with an inductor to represent the adsorption behavior.
The resistor Ry represents the electrolyte resistance, R; represents the charge transfer re-
sistance, and @, is a constant phase element (CPE) that represents the double-layer ca-
pacitance at the electrode/electrolyte interface. The relation gives the CPE: Z =
1/[(Gw)™Q], where j = V=1, @ = frequency, and the exponent ‘m’ represents the sur-
face heterogeneity or continuously distributed time constants for charge transfer when
m<1 [45]. AR, || Q, loop with an inductor L; in series with R, is introduced within
the R, ||Q, loop to represent the adsorption of ions due to the surface roughness of the
working electrode, which is similar to that of a porous film model [45]. The R, is associ-
ated with charge transfer resistance due to adsorbates, similar to the resistance of a coil
winding in an inductor. The impedance of an inductor increases with an increase in fre-
quency, while the impedance of a capacitor decreases with an increase in frequency.

Table 1 summarizes the individual component values of the EECs at various temper-
atures and KI additions. The solution resistance ranged from 0.54 to 1.2 ohms under the
tested conditions. A clear, linear trend was not observed when considering the combined
effects of KI addition and temperature on solution resistance despite tripling the number
of experiments. The solution resistance increased with rising temperature at 5 wt% addi-
tion but decreased at other KI concentrations. The charge transfer resistance (R;) gener-
ally decreased with higher temperature for a given KI concentration, except at 5 wt% KI.
Interestingly, KI addition increased the charge transfer resistance compared with the ab-
sence of KI. The R,, related to inductance, was expected to increase with the magnitude
of L;. However, there was no direct correlation between L; and R, in the data, indicat-
ing that the adsorbates did not affect the charge transfer resistance in a straightforward
linear manner. R, decreased with temperature for 0% and 2 wt% KI additions but in-
creased with temperature for 1 and 5 wt% additions. The Q; and @, values for LiCl —
KCl without KI increased with temperature, with Q, values being larger than Q,. Simi-
lar trends for R;, Ry, Q;,and Q, were reported by other researchers [38,40]. Overall, add-
ing KI reduced the double-layer capacitance, @y, at all KI concentrations and tempera-
tures compared to the 0% KI solution. This decrease in capacitance may be related to the
larger size of I~ ions, which have a lower charge carrier density than Cl~ ions. A similar
effect was observed when the cation size increased in the molten salt [40].

Table 1. Fitted parameters of the EIS data at OCP of tungsten electrode in LiCl — KCl eutectic with
0-5wt% KI at different temperatures.

meaoyie " W w0t e 1 wthe b ol
450 1.27 2192 54.2 68.2 0.755 460 0.757 31

LiCl — KCl 500 1.20 472.4 45.7 271 0.906 1528 0.656 33.6

550 0.88 38.86 0.758 1890 0.748 5500 0.45 38.4

i 450 0.575 1201 130.8 161.8 0.906 1098 0.62 30.7
ngl\;tgjcll(l-i- 500 0.656 1611 76.8 3514 0.704 75.6 0.92 49
’ 550 0.610 1656 72.3 61.9 0.954 657 0.342 61.2

LiCl — KCl + 450 1.275 194.2 350.4 272 0.877 2849 0.715 274
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2 wt% KI 500 1.214 152.5 317.5 294.5 0.789 2699 0.853 14.3
550 0.67 81.63 1.63 131 0.888 2580 0.271 46.3

i 450 0.54 546 210 41.8 0.927 369.3 0.486 11.1
Ll(;lv;t;)cll(l-i- 500 0.958 934 311.5 37.8 0.964 713.8 0.397 46.6
550 1.165 1294 453.8 78.9 0.913 657 0.597 69.8

* a,b are the exponents in 55 and S-s®, the units of admittance of the constant phase elements Q1
and Q.

An increase in capacitance behavior was observed in the LiCl — KCl melt without KI
addition, which could be explained by a decrease in electrostatic interactions between an-
ions and cations, thereby facilitating the formation of a double-layered structure [46,47].
Conversely, adding iodide increased the randomness of electrostatic interactions, result-
ing in no clear trend in capacitance with temperature, especially with 1 and 2 wt% KI
additions. However, 5 wt% KI addition decreased the Q, values relative to 0 wt% KI,
while capacitance increased with increasing temperature. A similar pattern was observed
for the Q, values. The magnitude of L, generally decreased with KI addition but in-
creased with temperature at a fixed KI level. Overall, the addition of KI negatively im-
pacted the electrochemical properties by promoting disorder, raising charge transfer re-
sistance, and reducing capacitance and inductance.

Figure 3a—d illustrate the cyclic voltammograms of LiCl — KCl containing different
KI additions at various temperatures. Figure 3a shows the full window CV of LiCl — KCl
eutectic without any KI addition at three different temperatures: 450, 500, and 550 °C. The
CV results of LiCl — KCl 0% KI show redox peaks associated with lithium reduction and
oxidation at around -2.4 Vagaga and chlorine evolution at +1.1 Vagaga. No other redox
peaks are observed. Increasing the temperature decreases the stability window of the
LiCl — KCl eutectic mixture by about 40 mV per 50 °C rise. Figure 3b displays the CV re-
sults of LiCl — KCI eutectic with 1-10 wt% KI addition at 450 °C. In addition to the reduc-
tion/oxidation peaks of lithium and chlorine evolution, redox waves linked to iodine spe-
cies are observed. Details on these redox reactions will be discussed based on CV results
carried out within narrow potential windows. Figure 3c,d show the full window CV re-
sults of LiCl — KCl eutectic with 1-10 wt% KI at 500 and 550 °C, respectively. The addi-
tion of KI decreases the reduction and oxidation current density of lithium. Interestingly,
no direct correlation between the reductions in current densities and KI concentration is
evident. This suggests that the decrease in lithium redox current densities could be due to
iodide ion adsorption on the working electrode, blocking sites for lithium reduction.
Likely, the adsorption sites of iodide on the working electrode saturate below 1 wt% KI,
which explains the lack of significant differences in lithium reduction currents beyond 1
wt% KI. Furthermore, KI addition affects the chlorine evolution reaction by forming
interhalide complexes, as discussed earlier.
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Figure 3. Cyclic voltammograms in LiCl — KCI eutectic molten salt with addition of 0-10 wt% KI at

different temperatures using tungsten wire as working electrode; (a) 0% KI at different tempera-
tures, (b) 0-10% KI at 450 °C, (c) 0 and 2 wt% KI at 500 °C, and (d) 0-10 wt% KI at 550 °C. Scan

Figure 4a—c show the CV of different KI additions from OCP to 0.55 V at 450 °C. The
CVs show a prominent peak at 450 °C for 1 and 2 wt% KI, whereas two peaks are observed

for 5 wt% KI. The potential window was selected in such a way that there was no iodine

evolution, so that the reversibility of iodide to triiodide and vice versa can be studied

closely. The first peak in the oxidation of iodide was due to iodide to triiodide transfor-
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Figure 4. Cyclic voltammograms at anodic potentials in LiCl — KCl eutectic molten salt with addi-
tion of 1-5 wt% KI at 450 °C using tungsten wire as working electrode; (a) 1 wt% KI addition at
450 °C, (b) 2 wt% KI at 450 °C, and (c) 5 wt% KI at 450 °C. The arrows indicate the scan direction.

Oxidation of iodide to triiodide is easier, because it involves less electron transfer and
requires less energy. So, the peak (i) in case of 1 wt% KI at 450 °C is denoted by the fol-
lowing equation:

37 - 15 + 2e”

The presence of a crossover point around 0.55 V was noted, which signified the for-
mation of an extra layer on the electrode for a very short span of potential, which could
represent the formation of an intermediate anion of dichloroiodide and is given by the
following equation:

I” + 2C1™ - [ICl,]~ + 2e~ (11)

The above reaction shows that iodide did not oxidize to triiodide but reacted with
the adsorbed chloride anions, forming the interhalide anion dichloromonoiodide. The for-
mation of [ICl,]” implied oxidation of 1~ to I*. This interhalide anion reacted with the
remaining iodide ions to form triiodide during the reverse scan. The following equation
represents this process:

[ICL,]~ + 21~ = I + 2CI (12)

A peak during reverse scan was recorded around -0.03 V, which represents the for-
mation of iodide from the triiodide present on the surface of the electrode and is denoted
by the following equation:

I +2e” - 31~

The 5 wt% KI followed a slightly different oxidation route compared to 1 and 2 wt%
KI at450 °C. Peak (i) in case of 5 wt% KI represents the oxidation of iodide to triiodide as
shown by Equation (2). But an additional peak was observed at a lower potential, which
could be attributed to the formation of interhalide species shown by the following equa-
tion:

21" + CI™ = [I,Cl]™ + 2e~ (13)

The above reaction implied that CI~ stabilized I, by forming a complex ion, thereby
promoting the oxidation of I3 at a less noble potential [6]. No crossover point was ob-
served at 0.55 V for the high scan rate, as the species did not have time to react to form
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additional interhalide species. The crossover point was clearly seen at lower scan rates.
The oxidation reaction could be represented by the equation below:

[1,C1]~ + 3Cl~ = 2[ICL,]™ + 2e~ (14)

No visible peak was observed during the reverse scan, suggesting no electrochemical
reaction occurred. But the occurrence of a chemical reaction during the reverse scan could
be represented by the following reaction:

[ICl,]~ + 21~ - I3 + CI~ (15)

2.1. Cyclic Voltammetry in Anodic Direction: OCP to 0.55 V at 500 °C

Small window CVs of 1, 2, and 5 wt% KI at 500 °C are given in Figure 5a—c. Com-
pared to 1, 2, and 5 wt% at 450 °C, a prominent peak was observed in reverse scan direc-
tion, which represented an electrochemical reaction occurring during the reduction pro-
cess. The first peak observed in 1 wt% KI represented the oxidation of iodide to triiodide
given by Equation (2). The current density appears to increase above 0.2 V, indicating the
formation of the interhalide species [I,Cl]~, as given by Equation (13). The peak at 0.3 V
represents the reaction (A8). Similar behaviors are observed in 2 and 5 wt% KI at 500 °C.

0.02 1 0.06 -
] 1 wt% KI at 500 °C 1 2 wt% KI at 500 °C
o 0015 } # R
E ] —500mV/s / £ ]
< 1 —1000mVps 3 004 T300mVis
£ 001 T —2000mVps ER —1000mVps
§ i —3000mVps é ] —2000mVps
2 0005 1 S o002 —3000mVps
" :
] E o017
= i = ]
v o0y © ]
4 0 T
-0.005 00l
-0.6  -04  -02 0 0.2 0.4 0.6 0.6  -04  —02 0 02 0.4 0.6
(a) Potential, V,g,.c, (b) Potential, Vyyxzcy
0.03 ;
0.025 1 5 wt% KI at 500 °C
- 1 —500mVps
£ 002 T
o E —1000mVps
< o015 +
=] —2000mVps
£ 001 + —3000mVps
A ] v
= 0.005 ] v
L ]
g oi
~0.005 1
001 Tt et —— :
-0.6 -0.4 -0.2 0 0.2 0.4
(c) Potential, Vag/aeci

Figure 5. Cyclic voltammograms at anodic potentials in LiCl — KCl eutectic molten salt with addi-
tion of 1-5 wt% KI at 500 °C using tungsten wire as working electrode; (a) 1 wt% KI addition at
500 °C, (b) 2 wt% KI at 500 °C, and (c) 5 wt% KI at 500 °C. The arrows indicate the scan direction.

https://doi.org/10.3390/inorganics14030068


https://doi.org/10.3390/inorganics14030068

Inorganics 2026, 14, 68 11 of 26

0.02

Current Density, A/cm?

~0.005

(a)

0.015 1
0.01 1

0.005

2.2. Cyclic Voltammetry in Anodic Direction: OCP to 0.55 V at 550 °C

Figure 6a—c illustrate the CV of LiCl — KCl eutectic with 1, 2, and 5 wt% KI at 550 °C,
respectively. LiCl — KCl with 1 and 2 wt% KI additions shows two distinct peaks of I~
oxidizing to I3 at lower potentials and 13 oxidizing to either I, or [I,Cl]™ at higher po-
tentials. The peaks in the reverse scan could be assigned to the reduction reactions of the
anodic products. The 5 wt% KI addition exhibited an additional peak of further oxidation
of I, or [I,Cl]~ to [ICL,]". As discussed earlier, the formation of [ICl,]™ implied the oxi-
dation of iodide species to I* and the strongly electrophilic I* complexed with the nu-
cleophilic CI™.

0.05 -
40, 0, 4
1 wt% KI, 550 °C ] 2 Wt% KL 550 °C
| o 004 T 500 mV/s
——500 mV/s g ] 1000 mV/s
—1000 mV/s 2 003 1 —3000mV/s
—2000 mV/s g 1 —500mV/s
£ om 1 —1000 mV/s
—3000 Il‘lV/S 3 ° B —2000 l’I‘lV/S
g 001 1 —3000 mV/s
1 P4
07
] -
-0.6 -0.4 -0.2 0 0.2 0.4 -0.6 -0.4 -0.2 0 0.2 04 0.6
Potential, V,g/,0c) (b) Potential, Vyg /g0t
0.08 |
] 5 wt% KI, 550 °C
NE 006 +
= ] —500 mV/s
Eﬁ ] —1000 mV/s
2004 +
'g ] —2000 mV/s
= 1 —3000mVis
- 0.02 1
g ]
g o]
1 Y S
-0.6 -0.4 -0.2 0 02 04 0.6

Potential, V,g,.c,

(c)

Figure 6. Cyclic voltammograms at anodic potentials in LiCl — KCl eutectic molten salt with addi-
tion of 1-5 wt% KI at 550 °C using tungsten wire as working electrode; (a) 1 wt% KI addition at
550 °C, (b) 2 wt% KI at 550 °C, and (c) 5 wt% KI at 550 °C. The arrows indicate the scan direction.

Overall, the iodide addition to the molten LiCl — KCl eutectic salt decreased the re-
dox current densities of the lithium. The presence of chloride affected the redox conditions
of the iodide/iodine system. During the anodic sweep of the potential scan, iodide was
oxidized to triiodide. The triiodide either oxidized further to iodine or reacted with chlo-
ride to form an oxidized interhalogen complex of [I,Cl]™ at a lower potential. The boiling
point of iodine is 184.3 °C. Therefore, iodine available in free form evolved as a purple
gas. lodine evolution was observed when the KI content exceeded 5 wt%. Continuation
of the anodic sweep oxidized the [[,Cl]” to another interhalogen complex [ICl,]~. Semi-
integral voltammograms can be used to analyze the formation of interhalogen complexes.

Figure 7 shows the semi-integral voltammograms of the select CVs presented in Fig-
ures 4-6. The semi-integral values (M (t)) can be given by the relation [48]:
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_1/

d /2
M(t) = ﬁ1(1:) = nAFVDR[CP*F — Cx(0,1)] (16)

If the semi-integral reaches a limit value, M(t) ;i , by plateauing, the diffusivity of

the redox active species can be determined directly from the semi-integral value using the
relation [48]:

FAcbulk 2
D= <“7R ) (17)
M (t) Limie

Furthermore, the breaks observed in the semi-integral plots signify different electro-

chemical events from which the potentials of such electrochemical reactions can be esti-
mated.
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Figure 7. Semi-integral voltammograms at anodic potentials in LiCl — KCI eutectic molten salt with
addition of 1-5 wt% KI at 450 and 550 °C using tungsten wire as working electrode; (a) 1 wt% KI
addition at 450 °C at different scan rates, (b) at 0.5 V/s with 1-5 wt% KI at 450 °C, (c¢) 5 wt% KI at
550 °C at different scan rates, and (d) at 0.5 V/s with 1-5 wt% KI addition at 550 °C.
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2.3. Diffusivity Calculation for lodide for LiCl — KCl with 1,2 and 5 wt% KI at 450, 500, and
550 °C

The diffusion coefficient of the iodide species can be obtained from the slope of the
line resulting from plotting peak current densities as a function of the square root of the
scan rate, as depicted in Figure 8. The diffusivity of iodide species can be evaluated from
the peak current densities of the CV using the relation given in (18) for quasi-reversible
conditions of the soluble-soluble redox species [49]:

1
anaFvD> /2 (18)

RT

where i, is the peak cathodic current (A), A is the electrode area (cm?), C, is the bulk
concentration of the active species (mol cm™), D is the diffusion coefficient (cm?s™), v is
the scan rate (Vs), a is the charge transfer coefficient, and n, is the number of electrons
transferred. The value of an, can be obtained from the relationship [50]:

I, = 0.496 nFAC, (

|E, - Ep/2| = 1.875 (19)

na
where E, is the peak potential, and E,, is the potential when the current is half of the
peak current.
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Figure 8. Anodic peak current density of iodide to triiodide reaction as a function of square root of
scan rate at different temperatures with 1-5 wt% iodide addition in LiCl — KCl eutectic. (a) 450 °C,
(b) 500 °C, and (c) 550 °C.

Table 2 summarizes the values of an, obtained at different temperatures. Diffusion
coefficient is calculated by plugging in the values in Equation (18).
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Table 2. Values of an, at different temperatures.

Temperature (K) an,
723 0.57
773 0.79
823 0.526

Table 3 (Part (a)) presents the diffusion coefficient of iodide in different KI concen-
trations and temperatures. The diffusivity of iodide increased with temperature across all
KI concentrations. The diffusion coefficient of iodide decreased as the KI concentration
increased. The diffusivity of iodide was in the range of 0.14-6.9 x 107 cm?/s across all the
KI concentrations in the temperature range of 450-550 °C. Bentley et al. [4] reported a
diffusivity value of 2.2 x 10 cm?/s for iodide in an ionic liquid containing 43.9 mM 1~
(from [C,mim]l) in a mixture of [C,mim]Cl and [C,mim][NTf,] (2:1 mol ratio). Rogers et
al. [51,52] reported a diffusion coefficient of 6.6 x 107 cm?/s at 298 K for I, and 1.55 x 10”7
cm?/s for I7 in [C,mim][NTf,] ionic liquid. Therefore, it is inferred that the diffusivity of
iodide in the LiCl — KCl eutectic melt is similar to that in the room temperature ionic lig-
uids.

Table 3. (a) Diffusion coefficient of iodide (I7) in LiCl — KCl eutectic melt at different temperatures.
(b) Diffusion coefficient of triiodide (I3)in LiCl — KCl eutectic melt at different temperatures.

()
Temperature, °C Average Diffusion Coefficient/107 cm? s
1 wt% KI 2 wt% KI 5 wt% KI
450 2.6+0.12 22+0.2 0.14 +0.06
500 3.2+0.17 2.7+0.32 0.66 +0.12
550 6.9+1.34 52+0.9 1.3+£0.88
(b)
Temperature, °C Average Diffusion Coefficient/10-% cm? s
1 wt% KI 2 wt% KI 5 wt% KI
450 347+12 143+0.4 0.55+0.3
500 4.22+0.8 3.84+11 1.37£0.9
550 649+ 1.1 9.16+1.8 83+1.6

Table 3 (Part (b)) summarizes the diffusion coefficients of triiodide. The diffusivity of
triiodide was estimated from the current peaks in the reverse scan during CV. The diffu-
sivity values of triiodide also exhibited a similar trend to those of iodide. The diffusivity
increased with the temperature but decreased with the KI content. However, the diffu-
sivity values were about an order of magnitude smaller than that of iodide. The lower
diffusivity could be attributed to the linear structure ([I —I—1I]7) of the triiodide. The 1 —
I bond lengths of triiodide in methanol were unequal (309 and 296 pm) with an angle of
152°, and the negative charge was highly localized on the terminal iodine atom of the
longer bond [53]. The structure of triiodide in the molten chloride may be different. If the
charge distribution and bond lengths of I —1 were not symmetric, the diffusivity could
be slower.

The decrease in the diffusion coefficient of iodide with the increase in the KI content
could generally be attributed to three factors, such as (i) the decrease in mean free path of
ions due to increased concentration, (ii) increase in the viscosity, and (iii) asymmetric elec-
tric fields due to different ionic radii [54-57]. The viscosity of molten halide salts is related
to the halo acidity (lower concentration of free halides). An increase in halo acidity leads
to lower diffusivity due to cluster formation (coordinancy) and bridging solvent phenom-
ena [58]. The ionic radii of Li*, K*, CI7, and I~ are 0.060, 0.137, 0.181, and 0.22 nm,
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Ln (Diffusivity, cm?/s)

(a)

respectively [59]. The large difference in ionic radii introduced a significant asymmetry in
the electric field, leading to Li* being more closely bound to I~ thanto Cl”. Furthermore,
iodide diffusivity is also influenced by the tendency for cluster formation. The availability
of free iodide ions is determined by the cluster formation (A" X, )™~ or coordination
number (CN) of the cation in the molten salt. The coordination number of the cation is
determined by its polarization power, which is calculated from its charge density. The
polarizing powers of Li* and K* in LiCl — KCl molten salt were reported as 0.53 and
1.73 e A2 [60]. The high polarizing power of Li* indicates that anions will be more at-
tracted to Li* thanto K*. The low polarizing power of the salt cations favors lower coor-
dination numbers, leading to more free halide ions. The type of anions influences the co-
ordination and stability of the cations. The ionic radius of iodide is larger than that of
chloride. Based on the lower ratio of ionic radii of the ions (3, /ry), a lower CN is expected
for iodide ions for a given cation. At lower concentrations, the iodide ions would partially
replace the chloride ions without affecting the CN. Asiodide concentration increases, clus-
ters composed solely of iodide anions with low coordination numbers could form, thereby

reducing diffusivity.

2.4. Activation Energy Calculation

Activation energies of the diffusion of iodide and triiodide were calculated from the
slopes of the Arrhenius plots between inverse temperatures and diffusion coefficients, as
illustrated in Figure 9a,b. The activation energy values are listed in Table 4. The activation
energy generally increased with the iodide content. The reported activation energies for
cation diffusion in molten chloride varied from 25 to 40 kJ/mol [61,62]. The higher activa-
tion energy observed in this study could be associated with a lower diffusion coefficient.

-13 -13 F ~
C e Diffusivity of iodide - ~14 F \\. Diffusivity of triiodide
-14 + Tiliig &é : N
I "‘31::.;\ S -15 +
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Figure 9. Arrhenius plots of diffusivity at different KI additions. (a) Diffusivities of iodide (I7) and
(b) diffusivities of triiodide (13).

Table 4. Activation energy for diffusivities of iodide and triiodide in LiCl — KCl eutectic melt.

KI Addition Activation Energy of Diffusion, J/mol
Iodide (17) Triiodide (13)
1 wt% 46,525 30,737
2 wt% 42,135 203,260
5 wt% 112,048 132,724

2.5. Formal Potentials and Equilibrium Constants

Formal potential (E') is the measured potential of the half-cell, which incorporates
the standard potential (E°) and the activity coefficients of the redox species [42]. The
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standard potential of a redox system can be determined by plotting the formal potentials
as a function of ionic strength and extrapolating the formal potential to zero ionic strength
where the activity coefficients approach unity [42]. The formal potential of the redox cou-
ple, for example, 17 /I,, can be expressed in terms of the mid-wave potential measured
from the CV results and diffusivities of the redox species using the relation given in (20)

[7]:

- VD,-
£ = £y, (17,) - 55 | () - 1m0y .

Ep.ox +Epred
2
tentials, respectively.
Table 5 lists the formal potentials of different reduction reactions involving iodide
and chloride ions in the LiCl — KCl eutectic at various temperatures, estimated from cyclic
voltammograms. The redox potential of chlorine in neat LiCl —KCl (without KI) was
found to be 1.114 V at 450 °C and approximately 1.134 V at 500 and 550 °C.

where E1 /y = = Enia, Ep ox and Ep, ra are the oxidation and reduction peak po-

Table 5. Formal potentials of different reactions in KI-containing LiCl — KCl eutectic at 450 and 550

°C.

Reaction Reaction Number 450 °C 500 °C 550 °C

I, + 27 = 2I° (1) 0.64 0.6 0.55

I3 + 2e~ = 3I° () -0.27 —0.38 -0.48

31, + 2™ = 2I3 3) 0.33 0.36 0.4

Cl, + 2e7 = 20 (A7) 1.48 1.44 1.42
2ICl; + 2e~ = [,C1I7 + 3CI- (A8) 1.14 1.12 1.12
I,CI™ + 2¢- = 21 + CI” (A11) 0.52 0.33 0.25
ICl; + 2 =17 + 2CI° (A24) 0.957 0.82 0.77

However, the chlorine evolution potential shifted to more positive values with the
addition of KI to the LiCl — KCl system, as observed in Figure 10. The positive shift in the
chlorine evolution potential with KI addition could be attributed to the formation of
interhalogen complexes. The reverse scan of the CV in Figure 10 shows crossover poten-
tials. The first crossover in 1 wt% KI occurred at 1.3 V, and the second crossover occurred
at 1.047 V. The increase in KI content shifted the crossover potentials to more positive
values at 1.48 and 1.14 V, respectively. The current values also increased. These observa-
tions indicated that these crossovers are related to iodine species participating in electron-
transfer and chemical (EC) reactions. Duran-Klie et al. [19] observed a similar crossover
behavior in Kl-containing molten fluoride salt and attributed it to the formation of gase-
ous IF species. During the forward scan, at potentials nobler than 0.7 V, iodine oxidizes
to I+ and chemically combines with CI~ to form ICl. Iodine monochloride (ICl) can react
with another chloride ion to form an interhalogen complex [ICl,]~. Another pathway for
the formation of [ICl,]~ was via oxidation of [I,Cl]~, as shown in reaction (A8), which
could occur at a slightly higher potential for ICl formation. The formal potentials of the
reactions were calculated from the peak and crossover potentials.
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Figure 10. CV results of LiCl — KCI with 0, 1, and 5 wt% KI addition at 450 °C, revealing the for-
mation of interhalogen complexes. The red arrows indicate scan direction. The black arrows indicate

the starting potential of chlorine evolution. The arrows indicate the scan direction.

Table 6 lists the equilibrium constants for the reactions described in the Introduction
and Appendix A. The stability constant of reaction (19) I~ + I, < I3 was reported to be
very high in methanol and ionic liquids without chloride addition [4-6]. In this work, the
stability constant for iodide/triiodide formation was much lower than the equilibrium
constants of interhalogen complex formation.

Table 6. Equilibrium constants of iodide and inter-halogen species in LiCl — KCI at 450, 500, and 550

°C.

450 °C 500 °C 550 °C
K9 5.50 x 10* 1.49 x 10* 472 x 103
K5 2.10 x 10* 1.42 x 105 2.13 x 10°
K4 1.15 x 10° 2.11 x 10° 1.01 x 10°
K15 5.14 x 101 8.99 x 101° 4.53 x 1010
K17 471 x 10! 3.32x 103 4.72 x 103
K19 6.90 X 1073 2.72%x 1072 1.21x 1071
K6 1.47 x 107* 8.21x 107 2.55x 107°
K24 1.28 x 10%7 4.45 x 10%° 2.04 x 10%°

The LiCl — KCI molten salt containing up to 5 wt% KI exhibited a greater preference
for the formation of interhalide complexes than iodine evolution. In the molten salt Nal —
GaCl; battery system operating at 110 °C, the half-cell cathode reactions involve oxidation
of I” - I3 — I, despite the presence of chlorides. No interhalide formation has been re-
ported [21]. Similarly, no interhalide formation was reported in the LiF — NaF — KF melt
at 700 °C during the CV experiments [22]. On the other hand, Duran-Klie et al. [19] re-
ported the formation of volatile IF at a higher potential than the potential of I, for-
mation. The CV results in LiCl — KCl molten salt with up to 5 wt% KI addition predomi-

nantly showed formation of [I,Cl]” and [ICl,]” complex species. The evolution of vola-
tile I, was noticeable only when the KI content exceeded 10 wt%. These observations in-
dicated that, at lower KI concentrations in the chloride melt, interhalide complex for-
mation was preferred over iodine formation due to the formation of mixed chloride—io-
dide clusters. At higher KI contents, I, formation could be preferred due to the availa-

bility of free I~ ions in the melt or cluster formation entirely by the I~ ions.
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It should be noted that the reported equilibrium constants were calculated from CV
results and were not supported by analytical methods such as photo-spectroscopy. Fur-
thermore, the iodide concentration was taken from the initial salt preparation. The con-
centration of the individual interhalogen complex was not analytically determined. The
evaporation losses of iodine during the CV increased to more than 20% when the KI con-
centration exceeded 5 wt%. Therefore, the results for KI additions above 5 wt% were not
considered in the analyses. It was reported that the addition of 10 wt% KI marginally
decreased the liquidus temperature to 348.5 °C compared to the eutectic point of LiCl —
KCl at 352 °C [20]. Furthermore, KI and KCl reportedly formed a solid solution up to 25
wt% KI, indicating good stability. However, during cyclic voltammetry, a 10 wt% KI
electrolyte showed significant iodine volatilization. When the KI content was 5 wt%, the
maximum iodide loss after multiple CV experiments was 4.8% at 550 °C. As the KI con-
centration decreased over time during the experiments, the maximum error in the diffu-
sivity calculations was 9.5%. The maximum losses measured with 1 wt% and 2 wt% KI
additions were 2.2% and 3.7%, leading to errors of 4.5% and 7.3%, respectively.

In real-life service conditions for used-fuel pyroprocessing and molten-salt reactors,
speciation of iodide and associated chemical kinetics is affected by radiation-induced rad-
icals. The ionizing radiation interacts with the molten salt to form transient excess elec-
trons and halide radicals (X*) [63]. The iodide ions could combine with the radiolysis
products and produce the interhalogen/polyhalide complexes via the reactions [2]:

Cl* + I~ - ICI*~ (21)
I* + ClI- - ICI*™ (22)
2ICI - ICL™ + I* + €5 (23)

The speculated increased reactivity of transient excess electrons produced by radiol-
ysis has recently been modeled by Nguyen et al. in a ZnCl, molten salt [64]. Their model
indicated that the excess charge resided in the singly occupied molecular orbital (SOMO),
which has a distinct and well-separated energy. The transient excess electrons, their solv-
ation as eg, and associate reaction pathways would significantly increase the kinetics of
potential formation of interhalogen complexes and volatile compounds such as ICL.

3. Materials and Methods

Cyclic voltammetry (CV) was performed in the LiCl — KCl eutectic melt at 450-550
°C, both with and without the addition of 1-10 wt% KI. The LiCl — KCI eutectic salt (44
wt% LiCl and 56 wt% KCl) was purchased from Sigma Aldrich (St. Louis, Missouri, USA)
and used as received. Ultra-dry KI (99.998% purity by metal basis) was obtained from Alfa
Aesar (Thermo Fisher Scientific, Waltham, MA, USA) and used without further purifica-
tion. The LiCl — KCl eutectic + KI mixture was melted, held at 450 °C for 30 min, then
solidified and remelted in a glassy carbon crucible under inert, dry conditions inside a
glove box (M.Braun Inc., Stratham, NH, USA). The pre-melted and solidified salt disks
were used for the electrochemical tests.

A three-electrode setup was used for the electrochemical tests. The working electrode
was a 2 mm diameter tungsten rod (99.95%, Thermo Fisher Scientific, Waltham, MA,
USA). The counter electrode was a 4 mm diameter glassy carbon rod. The reference elec-
trode was prepared in-house. A silver wire (1 mm diameter) was coated with an AgCl
layer by anodization in a saturated KC! solution at5 V for 20 min. The anodized wire was
dried at 120 °C for 12 h. The AgCl-coated silver wire was immersed in a LiCl — KCl eutec-
tic salt containing 1 wt% AgCl inside a 4 mm inner diameter Pyrex tube. The end of the
Pyrex tube was thinned to approximately 0.2 mm by grinding with emery paper. The
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thinned end of the tube ensured the necessary ionic conductivity. All experiments were
conducted in a glovebox filled with ultra-high-purity (UHP) argon, with oxygen and
moisture levels maintained below 10 ppm.

The CV was performed in the anodic direction from open-circuit potential (OCP) to
1.5 Vag/aga at scan rates ranging from 25 mV/s to 3000 mV/s. Three cycles were carried out
at each condition, and the final cycle is reported. Anodic scans were conducted over a
narrow potential window between OCP and 0.55 Vag/agal to better resolve the redox reac-
tion of the 17/I; couple, as well as over a broader potential window from OCP to +1.6
Vagagal to observe other oxidation reactions, including chlorine evolution. Cathodic CV
scans were performed from OCP to —2.8 Vagaga at different scan rates. Electrochemical
impedance spectroscopy (EIS) was carried out at OCP and at various potentials where
anodic and cathodic current peaks appeared, under potentiostatic conditions by superim-
posing an AC signal of 10 mV and scanning the frequency from 10 kHz to 0.1 Hz. All
electrochemical tests were duplicated or triplicated to ensure reproducibility, and the av-
erage values are presented.

The procedure described by Marsden and Pesic [32] was followed after each experi-
ment to clean the working electrode. Anodic potential (0.0 V vs. Ag/AgCl) was applied for
120 s to remove the material coated on the working electrode during the cathodic cycle.
After this anodic polarization, the system was left under open circuit conditions for an-
other 120 s to allow relaxation of concentration gradients or electrode polarization. The
immersed surface area of the working electrode was calculated using geometric relations
based on the measurements of the electrode’s immersed length and diameter after the
electrochemical tests with a micrometer.

4. Conclusions

Cyclic voltammetry studies were performed in LiCl — KCI eutectic molten salt with
and without the addition of 1-5 wt% KI at 450-550 °C using a tungsten working elec-
trode. The following conclusions are drawn from the CV results:

The iodide complexed with chloride forms several intermediate trihalide ions and
results in multiple complex electrochemical pathways for oxidation and reduction. The
oxidation of iodide followed the order with increase in the anodic potential: I~ — I3 —
[I,Cl]” -» I, - ICl - [ICl,]- — Cl,.

The diffusion coefficient of iodide in LiCl — KCI melt was similar to that of in room-
temperature ionic liquids. The diffusivity of iodide was in the range of 0.14-6.9 x 107
cm?/s. The diffusivity decreased with the iodide concentration and increased with the tem-
perature. The activation energy of the diffusion of iodide was in the range of 42-112
kJ/mol.

The diffusion coefficient of triiodide was about an order of magnitude lower than
that of iodide. The lower value was attributed to the triiodide anion’s larger linear struc-
ture, with a probable asymmetric charge distribution and asymmetric I —1 bond lengths.

The interhalogen complex (iodo-chloride) formation showed higher stability con-
stants than that of iodide/triiodide formation.
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Abbreviations

The following abbreviations are used in this manuscript:

Ag/AgCl silver/silver chloride (reference electrode)

cv cyclic voltammetry

EEC equivalent electrical circuit

EIS electrochemical impedance spectroscopy
MSR(s) molten salt reactor(s)

OoCP open circuit potential

SKU stock keeping unit (product identifier)
UHP ultra-high-purity (argon atmosphere)

X2 goodness-of-fit parameter

Appendix A

The appendix lists all the electrochemical reactions and describes the methodologies
considered to evaluate the equilibrium constants from the redox potentials. For complete-
ness, the reactions that appeared in the main text are repeated with different numbers.

The redox reactions of iodide are given as:

I, +2e” =21 (A1)
I; +2e” = 31" (A2)
3, + 2™ = 215 (A3)

The electrochemical parameters of the following trihalide reactions will be evaluated
in this study:

I~ + Cl, & [ICL,]" (A4)

In this reaction, the oxidation state of I~ changes from —1 to +1 [30]. The equilibrium
constant for the reaction (A4) is given as:

_ lag)
* = [FIIc]

To determine K,, the associated reaction steps must be considered as detailed below.

(Ada)

I~ + [ICL,]~ & LI~ +CI- (A5)

The equilibrium constant of reaction (A5), Ks, is given as:
[I,CI7][CI7]

* = TIncE] (A59)

I~ + [I,Cl]~ & I3 + CI~ (A6)
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Cl, + 2~ > 2CI° (A7)

2[ICl,]™ + 2e™ <> [I,Cl]” + 3Cl™ (A8)
Subtracting (A8) from (A7) and rearranging leads to reaction (9) as:
Cl, + CI™ + [I,Cl]~ & 2[ICl,] (A9)

The equilibrium constant of reaction (A9), Ky, is given as:

[IC1;]?

K = Term ]

(A9a)

The equilibrium constant, Ky, can be evaluated by considering the redox potentials
of the reactions (A7) and (A8) using the relations 4G? = —nFE{ and AG? = —RT InK;,
which translates to Equation (A10):

ﬁang = E? — Eg (AlO)

To determine K, the following two redox reactions are considered:

2[ICl,]™ + 2e™ > [I,Cl]™ + 3CI™

I,CI™ + 2e™ & 2I7 + CI” (A11)
Subtracting (A11) from (A8) and rearranging leads to reaction (A12) as:
217 + 2[ICl,]~ <> 2[I,Cl]~ + 2CI” (A12)

Reaction (A12) is twice that of reaction (A5) and therefore K;, = KZ. The equilib-
rium constant Ks can be evaluated from the redox potentials of reactions (A8) and (Al1)
using the relation (A13) given as:

%111[1(52] = E} - EY (A13)
When the equilibrium constants K5 and K, are determined from reactions (A13)
and (A10), respectively, the equilibrium constant K, can be calculated using the relation:
K, = KK, (A14)

Another possible halide exchange reaction could be:
27+ Cl, & I, + 2C17 (A15)

The equilibrium constant for the reaction (A15) is given as:

_ [L][c]?

MCHIRE .

The equilibrium constant K;s can be determined by combining the following redox
reactions (A7) and (Al):

Cl, + 2e™ & 2C17

[, +2e” & 21

Subtracting (A7) from (A1) and rearranging leads to reaction (A15), and the equilib-

rium constant K;5 can be determined using the relation (A16), given as:
RT

o 0[Kis] = E7 — 7 (Al6)
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Let us consider another trihalide reaction, given as:
Cl™ + 1, & L,CI7 (A17)

The equilibrium constant for the reaction (A17) is given as:

_ [1,017]

= Al7a
7 = I (A7)

The equilibrium constant K;; can be calculated using the relation:
K17 = KoKE/Kys (AIB)

It is well documented that I~ is a Lewis base and I, is a Lewis acid [4-7]. Therefore,
these species combine homogeneously and form a complex polyhalide anion, given as:

IT+L el3 (A19)
The equilibrium constant for the reaction (A19) is given as:
[15]

K9 = —[Iz] 0] (A19a)

Reaction (A19) can be obtained by subtracting reaction (A1) from (A3) and rearrang-
ing as reaction (A20):

3, +2e” < 213
I, +2e” < 217

217 + 21, = 25 (A20)

The reaction (A20) is twice that of reaction (A19). The equilibrium constant K;o can
be obtained from the redox reactions of (A3) and (A1):

RT
S In[K3] = B — BF (A21)

The equilibrium constant K for the trihalide reaction (A6) is given as:

_[5)er]

° IMInCl]
K4 can be calculated using the relation:
K¢ = Ki9/Ki7 (A22)
Another iodide/triiodide halide exchange reaction is:
[ICL,]” + 21" & I3 + 2C1° (A23)
The equilibrium constant for reaction (A23) is given as:
- -12
Ky = % (A23a)
K3 can be calculated by considering the following redox reactions:

[ICL,]~ + 2e~ & I~ + 2CI~ (A24)

I +2e” =3I"

Subtracting reaction (A2) from reaction (A24) and rearranging the reaction, we can
calculate the K,; using relation (A25):
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RT
ﬁln[Kzs] = E§4 - Eg (A25)

Another iodide and chlorine interaction reaction, different from that of (A15) is given

as:
3T+ Cl, & I3 +2C17 (A26)
The equilibrium constant of reaction (A26) is given as:
[I;]~[c17]?
= (A26a)
SECHITRE
The equilibrium constant can be evaluated by considering the following redox reac-
tions:

Cl, + 2e™ & 2C17

I5 +2e = 3I°

Subtracting reaction (A2) from reaction (A7) and rearranging the reaction, we can
calculate the K, using relation (A27):

RT
ﬁln[l(ze] = E} — EJ (A27)
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