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Impedance Characterization of the Transport Properties of
Electrolytes Contained within Porous Electrodes and Separators
Useful for Li-S Batteries
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Impedance spectroscopy is used to characterize the key transport properties (effective conductivity, MacMullin number, porosity and
tortuosity) of electrolyte solutions confined in porous separators and carbon-sulfur composite electrodes useful for application in
Li-S batteries. Three relevant electrolyte concentrations, ranging between 1 and 5 molal, are studied. Impedance measurements are
performed in symmetrical cells with two identical electrodes, which overcome complications associated with the contributions of
the counter-reference electrode. The electrolyte-filled carbon-sulfur composite electrodes can be represented by an “open” Warburg
element, modelling the finite-diffusion of ions through the pores coupled to the double-layer charging of the electrode-electrolyte
interface. The carbon-sulfur composite electrodes are at a high enough potential (ca. 3 V vs. LiT/Li) so that charge-transfer reactions
of sulfur reduction to polysulfide species are absent during the impedance measurements, and hence capacitive-like behavior is
observed at low frequencies. The analysis of the results shows that the rate of transport of ions through porous structures is markedly
dependent on the electrode’s structure and composition as well as the electrolyte concentration. Synergistic effects, able to enhance
the effective conductivity of the electrolyte inside porous composite electrodes, are observed for particular electrode/electrolyte
combinations, which are correlated to enhanced performance in Li-S cells.
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The future of enhanced electrochemical energy storage systems'=
requires significant performance improvements in terms of power and
energy density. Achievement of these targets passes through the de-
velopment of advanced components (e.g., electrolyte, separator and
electrode)’ which requires a better and deeper understanding of the
critical properties that lead to enhanced performance.'®'” This is
particularly true in the case of liquid electrolytes used in recharge-
able metal-ion (e.g., Li-ion)'®!" and metal (e.g., Li-S or Al-S)***
batteries.”>? It is well known that electrolytes should have high
conductivity.'??* However, as shown in this paper, a high bulk
electrolyte conductivity does not guarantee high conductivity of the
electrolyte when it infiltrates the porous structures of electrodes and
separators. Hence, more advanced methods of analysis are required to
understand the effect of the microstructure of the battery components
on the macroscopic rate of ion transport.’*-** Separators have been
studied extensively,”> and it is well established that the rate of ion
transport depends on the composition, tortuosity, and porosity.>>40=2
The latter two properties can be correlated using the MacMullin
number.** However, various studies reported different numerical val-
ues for the parameters above, with significant discrepancies in most
of the cases.>*%0 It is generally accepted that the electrolyte con-
ductivity decreases when the electrolyte is contained within a porous
separator,®® but only in a few cases experimental evidence has been
adequately investigated.>>*>* In the case of the porous electrodes, the
resistance of the electrolyte infiltrated into the electrode is affected
by the same structural factors (tortuosity and porosity), which are in
turn a function of the electrode composition, method of preparation,
and cycling history.}!=334047.51-53 These parameters are particularly
relevant in the case of metal-S batteries because a porous carbon ma-
trix is always required in the electrode formulation to facilitate the
electrochemical reactions of the active material (i.e., sulfur), which is
electrically insulating.

In this work, impedance spectroscopy is used to evaluate the re-
sistance associated with the electrolyte contained in different porous
battery components.>*3°-32 Impedance experiments are convention-
ally carried out in a two-electrode cell set-up where a metal elec-
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trode (e.g., lithium) is used as both counter and reference electrode.
Then, the impedance of the cell, Z.;(w), is given by the sum of
the impedance of the working electrode, Zy g(w), the impedance of
the metal counter-reference electrode, Zcg(w), and the impedance
(resistance) across the separator, Z,,(w),:**53-6!

Zcell ((1)) = ZWE ((1)) + ZCE ((D) + Zsep ((1)) [1]

Unfortunately, separation of the different components in the over-
all impedance response is often difficult. Three electrode impedance
measurements have been used for the determination of the working
electrode impedance, Zy z(w),°>% but artefacts due to improper cell
design are difficult to avoid.3%-3365-72

A more convenient approach is to measure the impedance of a
cell containing two identical working electrodes (usually called sym-
metrical cell). Then, the impedance of the cell, Z.;(w), is simply
two times the impedance of one working electrode, Zy (w), plus the
impedance (resistance) of the separator, Zj,,():30-3238.39.56.73-78

Z el ((x)) = 2ZWE ((D) + Zsep ((D) [2]

This symmetrical cell set-up is adopted in this work to deter-
mine the transport properties (e.g., effective conductivity, MacMullin
number, tortuosity and porosity) of the electrolyte contained within
porous carbon-sulfur composite electrodes. In addition, impedance
measurements of symmetrical cells with blocking electrodes are
used to determine the transport properties of electrolytes contained
within porous separators. We focused our attention on three elec-
trolyte concentrations, useful for Li-S battery applications (i.e.,
1.25 molal, 3.5 molal and 5.0 molal), where the salt is lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), and the solvent is
1,3-dioxolane (DOL).”® Only two previous studies used a symmetrical
cell design to investigate the impedance of sulfur-carbon electrodes
for Li-S battery applications,*®*7* and, to the best of our knowledge,
this is the first study in which a quantitative analysis of the impedance
results, by making use of the theory of transport of ions in porous
media, is reported for sulfur-carbon composite electrodes.

Experimental

Materials, separators, and electrodes.—Lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt (Sigma—Aldrich
99.95% purity) and 1,3-dioxolane (DOL) solvent (Sigma—Aldrich,
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Figure 1. Sketch of the different Swagelok cell set-ups used for the impedance tests of (a) glass-based and olefin-based separators, (b) industrial-scale and (c)

laboratory-scale sulfur-containing composite electrodes.

99.8% purity, anhydrous) were used to prepare the electrolyte
solutions. LiTFSI was dried for at least 48 hours in a tubular glass
vacuum oven (Buchi, pressure < 1 mbar) at 130°C. Electrolytes were
prepared inside an Ar-filled glove box (O, level < 0.2 ppm and H,O
level < 1.0 ppm) by mixing LiTFSI and DOL with a magnetic stirrer
until complete dissolution of the salt. Glass microfiber separator discs
(GF/F Whatman, made of borosilicate glass — pore size manufacturer
value &~ 0.7 wm — dry thickness manufacturer value =~ 420 pwm)
were cut using a 25 mm, or a 12 mm, diameter arc puncher and
dried at 180°C in a glass vacuum oven (Buchi, pressure < 1 mbar)
for at least 48 hours. Polyolefin separator discs (V20CFD Toray —
pore size < 0.2 um — dry thickness ~ 20 pm)® were cut using
a high—precision 25 mm diameter Nogami handheld puncher and
dried at 40°C in a glass vacuum oven (Buchi, pressure < 1 mbar)
for at least 48 hours. Industrial-scale produced electrodes with a
sulfur content of &~ 70 wt% and an average sulfur mass loading of
~ 1.6 mg cm~? were supplied by OXIS Energy Ltd. in forms of
large sheets, which were cut using a high—precision 25 mm diameter
Nogami handheld puncher. Laboratory-scale produced electrodes
were prepared by dry mixing sulfur (sublimed, 100 mesh, Sigma
Aldrich, density = 2.07 g cm™?), acetylene black (Chevron Phillips
Shawinigan Black Acetylene Black, 50% compressed, density =
1.75 g cm™>) and polytetrafluoroethylene (Du Pont PTFE fine
powder, type 6C-N, density = 2.14 g cm™) in a ground glass mortar
for at least 30 minutes. In one preparation, the weight ratio of active
material (sulfur), conductive carbon (acetylene black) and binder
(PTFE) was 24:66:10, respectively (average sulfur mass loading
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~ 5.0 mg cm™2). In the other preparation, the weight ratio of active
material (sulfur), conductive carbon (acetylene black) and binder
(PTFE) was 70:20:10, respectively (average sulfur mass loading
~ 23.4 mg cm~2). The dry mixture was rolled into a sheet (approxi-
mately 250 pm) and calendared using a rolling mill (Durston DRM
130) and subsequently cut into pellets (diameter = 11 mm) using
a single hole punch tool. All the sulfur-containing electrodes were
dried at 40°C in a glass vacuum oven (Buchi, pressure < 1 mbar)
for at least 24 hours then weighed in air (by means of a METTLER
AT261 DeltaRange electronic 5—digit balance, accuracy £ 0.15 mg)
and dried again for at least other 8 hours, before transfer to the
Ar-filled glove box.

Symmetrical cell assembly and electrochemical test.—Stainless
steel Swagelok-type cells (inner diameter 25.4 mm or 12.7 mm) were
used with stainless steel bars, metallic copper bars and caps, stainless
steel springs, and PTFE or PFA ferrules, as illustrated in Figure 1.
Mylar film (thickness = 0.125 mm) was used to electrically isolate
the body of the cells. To obtain a smooth and oxide-free surface, the
copper current collectors were polished using ethanol-filled 1200 grit
sandpaper and varying grades of alumina powders (i.e., 25 pm, then
3 pm, then 0.3 pm and finally 0.05 wm). Then, they were cleaned in
an ultrasonic bath for at least 20 minutes, dried with Kimtech Science
wipes, and transferred to the Ar-filled glove box antechamber where
they were dried at room temperature under vacuum for 1 hour. For the
characterization of separators, either one, two or three separator lay-
ers were incorporated in the cells. 25.4 mm Swagelok cells were used
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Table 1. Values of porosity (esgp) and thickness of the separators.

Separator ESEP Thickness (pum)
GF/F 0.89 + 0.03 (compressed) 309 + 30 (compressed)
V20CFD Toray ~0.43 19+3

to improve the accuracy of the measurements. Each test was carried
out using 250 p.L/separator of electrolyte solutions and repeated three
times for reproducibility. The assembled cells were transferred into a
constant climate chamber (Memmert HPP 110, temperature accuracy
= 0.1°C; temperature applied = 25°C) and connected to a VMP2
multichannel potentiostat/galvanostat (Biologic) were the impedance
spectrum was acquired at the open circuit potential using a perturba-
tion signal of 10 mV in the frequency range 200 kHz — 500 mHz,
and fitting of the data was made using the 140 kHz-30 Hz frequency
range. After the impedance tests, the cells were disassembled and the
thickness of the separators was measured with a thickness gauge.

25.4 mm Swagelok cells were used to study OXIS electrodes and
12.7 mm cells were used for the laboratory-scale electrodes. Two
GF/F separator layers were used, and each test was carried out using
250 wL/separator or 63 pL/separator of electrolyte solution for the
25.4 mm or the 12.7 mm cells, respectively. For all the different
electrode/electrolyte combinations, the experiments were repeated at
least two times for reproducibility. Impedance measurements were
done in a frequency range of 30 kHz—20 mHz, and data fitting was done
using a 15 kHz-20 mHz frequency range. The rest of experimental
procedures were the same as in the case of the characterization of
separators.

Porosity and thickness of separators.—The value of porosity
(43%) of the V20CFD Toray separator is taken from the manu-
facturer, and the thickness was measured with a thickness gauge
(Mitutoyo ABSOLUTE Digimatic, accuracy £ 3 m), obtaining a
value of 19 wm =% 3 pm, in good agreement with the value of 20 pm
reported by the manufacturer.’*8! In the case of the GF/F Whatman
separators, the thickness and porosity of the separator when com-
pressed in the Swagelok cell needed to be determined. Attempts were
done to estimate the porosity of the GF/F separators by liquid absorp-
tion tests,>>3%82 but it was difficult to make sure that the excess of
liquid was removed from the surface. Therefore, the porosity, €sgp,
was estimated taking into account the weight of the separator:

espp =1 — — o 3]
Pglass VSE P
where mggp is the mass of one separator (38.5 &+ 0.2 mg, as deter-
mined from the average of 10 separators), pgass is the bulk density
of the borosilicate glass (2.24 g cm™3)® and Vggp is the geometric
volume of the separator, which was was calculated with:

2
Vsgp = T rgpplsep [4]

where rgpp and tsgpp are the radius (12.5 mm) and thickness
(309 =+ 30 pm) of the compressed separator. The thickness was mea-
sured with a thickness gauge (Mitutoyo ABSOLUTE Digimatic, accu-
racy + 3 pm) immediately after disassembly of the cells. The results
are summarized in Table I.

Porosity and thickness of electrodes.—Mean values of the poros-
ity of the electrodes (eg;) were estimated taking into account the
density and the weight contents of the bulk materials which compose
the electrodes:

%i 1
mgL Zi (100 ?)
VEL

where m g is the mass of an individual electrode, %; is the weight
percentage content of the component i (i.e., sulfur, carbon and binder),
p; is the bulk density of the component i, and Vg is the volume of

(5]

eer = 1 —

Table II. Calculated values of porosity (egr) for the various
electrodes considered in this work.

Electrode €EL
OXIS 0.73 £ 0.10
24% S 0.49 + 0.04
70% S 0.24 +0.02

the electrode, which is calculated as follows:
VEL = TtrlsztEL [6]

where rg; and tg; are the radius and the thickness of the electrode.
The calculated values of porosity are reported in Table II. Laboratory-
scale produced lithium-sulfur composite electrodes had an average
thickness value of about 220 + 20 wm. The weight percentage of
sulfur: carbon: binder and the sulfur mass loading was 24:66:10 and
ca. 5.0 mg cm™2 in one preparation and 70:20:10 and ca. 23.4 mg cm™>
for the other preparation. Details of the OXIS electrode formulation
cannot be disclosed.

Results and Discussion

Transport properties of electrolytes contained within porous
separators.—Figure 2 shows the Nyquist plots of the impedance mea-
surements obtained with either one, two or three layers of electrolyte-
filled separators in symmetrical cells containing blocking electrodes.

The impedance of the cell can be described as a combination of
a resistance (i.e., R1) and a constant phase element (i.e., CPE) in
series’>3483 by the following equation:

2
QCPE(iw)PCFE
where R1 is the total resistance of all the layers of electrolyte-filled
separator, Q¢ pr is a constant related to the capacitance of the blocking
electrodes (which is denoted as T in the Z-view software), w is the
angular frequency and P¢p is the constant phase of the CPE element.
In the case of Pcpp equal to 1, the Z¢pp is equal to the impedance
of an ideal capacitor and Q¢pr Would represents a capacitance. The
factor of two multiplying Z¢p g in Equation 7 is to account for the fact
that the cell contains two copper blocking electrodes. The fit gives
values of Pcpp between 0.8 — 0.9. If the copper-electrolyte interface
behaved as an ideal capacitor with capacitance of 20 WF cm™2, then the

capacitance of the cell (equal to QCQP £) would be expected to be around

5 x 1073 F. The fit gives similar values of QC; £ ranging between

2 x 107 and 9 x 1073 F s” ~!. The values of R1 obtained from the
fit are summarized in Table III. Each experiment was repeated three
times, and the values in Table III are the average values.

In Figure 3, the values of the resistance R1 are plotted against
the number of separators. The slope of these plots gives the values
of the resistance of one separator (i.e., Rggp) (see Table IV) and the
intercept provides the amount of the residual resistance (e.g., back-
ground contact resistances) associated to the cell set-up (i.e., Rsgr.up)-
In all cases, the resistance of the set-up, Rsgrup, is less than 8% of the
resistance of one separator, Rggp, which confirms the reliability of the
measurements.

From the values of the resistance per separator (Rsgp, see
Table IV), the effective ionic conductivity of the electrolyte contained
in the separator can be calculated by applying the following general
equation:

Zsgp = Zr +2Zcpe = R1 + [7]

(for separators : kporous = ksegp and

kporous =
Rporous-A

RPOROUS = RSEP! for electrodes : kPOROUS = kEL and

Rporous = Rer) [8]

where ¢ represents the thickness of the separator (when compressed
in the cell: 309 & 30 pm and 19 £ 3 wm for GF/F and Toray,
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Figure 2. Nyquist plots of the impedance measurements of cells with GF/F separators (a-c) and the Toray separators (d-f) filled with electrolytes of various

concentrations. Three independent repeated experiments are shown for each cell.

respectively), and A is the cross-sectional area of the separator. The
values of the conductivity of the electrolyte-filled separator (i.e, ksgp)
are compared with the bulk electrolyte conductivity values (i.e, kgy k)
in Table V. Values of the dynamic viscosity (1) are also reported.
The values of kgy ¢ and n were determined in our previous work.”®
Table V shows that, in the case of glass fiber separators, the bulk
conductivity is almost entirely retained, while a significant reduction
in conductivity is observed in the presence of Toray separators. The
main reason for this noticeable dissimilarity is discussed below.

The data reported in Table V shows that the conductivity of the
electrolyte-filled separators and the bulk electrolyte conductivity can
be significantly different. The relationship between these two quan-
tities is given by the MacMullin number (V). In general, the Mac-
Mullin number describes the effect of a porous microstructure on the
macroscopic transport properties of the electrolyte,” and it can be

Table III. Summary of the R1 values obtained from the fit of the
impedance data in Figure 2 using Equation 7.

Molality R1 ()
Separator n° (mole LiTFSI/kg DOL) GF/F Toray

1 1.25 1.194+0.04  0.82+0.02
35 143 £0.06  0.92+0.03

5 2.65 £ 0.06 1.84 +0.03

2 1.25 2.34 4+ 0.05 1.62 +£0.01
35 2.49 £+ 0.05 1.64 &+ 0.01

5 5344+ 0.05 3.20 £ 0.04

3 1.25 344 £0.11 2.44 +0.02
35 4.03+0.15 2.60 & 0.08

5 7.67+£0.04  5.15£0.10

defined as follows:324443:47.50

k
NM — BULK [93]
kPOROUS
Ny = E [(9b]

Equation 9a is used here to calculate the numerical values of Ny,
which we call Ny sgp for separators and Ny, g, for electrodes. Then,
Equation 9b is used to evaluate the effective tortuosity, T, taking into
account the values of porosity ¢ of the separators (and latter, of the
electrodes) reported in Table I (and Table II for the electrodes). The
calculated values of Ny sgp and tsgp are reported in Table VI.
Table VI shows that the MacMullin numbers, Ny sgp, of the glass
fiber separator are close to one in all cases, while in the case of the
Toray separator, the values are much higher. This is because, in the
latter, the conductivity retention is much poorer. This is due, in part,
to the lower porosity of Toray separator (ca. 43%),%° as compared to
the glass fiber separator (ca 89%). However, the main reason is the
much higher tortuosity of the Toray separator, as shown in Table VI.
The effective tortuosity can be understood as the increase in the path-
length of ion transport (in the simplest definition, tortuosity is simply
the ratio of the effective ion pathlength and the geometric thickness of
the porous material). The definition of effective tortuosity in Equation
9b is an empirical definition that can include more complex effects
such as pore clogging and pore narrowing.’>*° For the glass fiber
separator, values of tortuosity are found to be close to unity, evidenc-
ing facile transport and good wetting of the whole porous structure.
Previous studies using ionic-liquids have also reported MacMullin
number for glass fiber separators very close to unity.*! The results of
the MacMullin number and effective tortuosiy of the Toray separator
are also in good agreement with those reported in the literature for
similar types of polyolefin separators.’>#!:86-88 Table VI also shows
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Figure 3. Plot of the R1 values in Table III against the number of separators in the cell, for GF/F (a) and Toray (b) separators filled with different electrolyte

concentrations. The straight lines are the linear fit.

that the MacMullin number and the effective tortuosity vary little with
the electrolyte concentration, even for the more concentrated solution
(which are highly viscous). This suggests that poor wetting of the
separators (due to trapped gas bubbles as a result of improper cell
degassing, for example) is not an issue, confirming the suitability of
highly concentrated solutions (e.g., solvent-in-salt electrolytes) for
practical Li-S cells.

Transport properties of electrolytes contained within porous
electrodes.—The impedance spectra of the porous carbon-sulfur com-
posite electrodes in symmetrical cell configuration are shown in
Figures 4a—4c, for the various electrolyte concentrations. The
impedance values have been normalized by the cross-sectional ar-
eas of the electrodes (4.9 cm? for the OXIS electrodes and 0.95 cm?
for the laboratory-scale electrodes). The impedance spectra in Figure
4 do not show any contribution due to the reduction of sulfur into
polysulfide species. This is because the potential of the as-prepared
carbon-sulfur electrodes is high enough (i.e., ca. 3 V when measured
vs. Li*/Li in Li-S cells containing an Ohara glass separator that stops
shuttling of sulfur species to the Li electrode),® so that the small po-

Table VI. Calculated values of the MacMullin number (Ny,sgp)
and effective tortuosity (tsgp) for the various electrolyte/separator
combinations. The calculations have been done using the values of
porosity (esgp) in Table I and the bulk conductivity (kpyrk) and the
conductivity of the electrolyte-filled separator (ksgp) in Table V.

Molality Nm sep TSEP
(mole LiTFSI/kg DOL) GF/F Toray GF/F Toray
1.25 1.0£01 11.7£19 09+£0.1 51408
35 12+£02 132+£21 1.1+£01 57409
5 1.3£0.1 146+£27 12+£01 62+1.0

tential perturbation associated to the impedance measurements does
not trigger any charge transfer reactions of sulfur reduction to polysul-
fides. As aresult, the electrochemical response of the electrodes at low
frequencies is dominated by double-layer charging of the electrode-
electrolyte interface (i.e., capacitive or blocking behavior). In other
words, at the open circuit potential, the charge-transfer resistance of

Table IV. Values of the resistance per separator (Rggp), as obtained from the slope of the linear fit in Figure 3. The table also shows the values of
the residual resistance of the cell (RsgT.up), as obtained from the intercept of the fit in Figure 3.

Rsgp Rser.up
GF/F Toray GF/F Toray
Molality (mole LiTFSI/kg DOL) (Q) (Q-cm?) (Q) (Q2-cm?) (Q) (£2-cm?) (Q) (€2-cm?)
1.25 1.124£0.02 552+0.10 0814001 3984005 0.08+0.03 0404015 0.01+0.01 0.05+0.05
3.5 1304+0.14 6384069 0844007 4124034 0054010 025+050 0.04+0.05 0.20=+0.25
5 2514011 12314054 1.66+0.17 8.15+083 020£0.15 098+0.75 0.08+0.10 0.39+0.49

Table V. Conductivity values of electrolyte-filled separators (ksgp). For comparison, the table also shows the bulk electrolyte conductivity (kpypx)
and the bulk electrolyte dynamic viscosity (1), as obtained in Reference 79.

ksgp (mS cm™!)

Molality (mole LiTFSI/kg DOL) 1’ (mPoise) kpurk " (mS cm™!) GF/F Toray
1.25 16.8 5.63 5.60 £ 0.54 0.48 £0.08
3.5 99.9 6.06 4.84 £0.70 0.46 £ 0.07
5 303.0 3.37 2.51+£0.24 0.23 £ 0.04
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Figure 4. (a-c) Nyquist plots of electrolyte-filled carbon-sulfur composite electrodes in symmetrical cell configuration. The insets show a zoom-in of the plot for
the OXIS electrodes; (d) equivalent circuit used to fit the data of the laboratory-scale produced electrodes; (e) equivalent circuit used to fit the data of the OXIS

electrodes.

sulfur reduction to polysulfides is high enough so that the reaction
does not affect the impedance measurements. This is in agreement
with previous impedance studies with carbon-sulfur composite elec-
trodes in symmetrical cells, which showed that replacement of sulfur
by inert AL,O; particles produced very similar impedance results,
hence demonstrating the absence of charge-transfer reactions.**74

The impedance behavior of the porous electrodes in the whole fre-
quency range can be described by an equivalent circuit model defined
as “transmission line model” as proposed by Robert De Levie.”*?
This model takes into account: (i) the fine-length diffusion of ions
contained within the pores of the electrolyte-filled electrode, (ii) the
transport of electrons through the carbon conductive matrix of the
composite electrode, and (iii) the charging of the carbon-electrolyte
interface as a double-layer capacitor, which in our case is modelled
as a constant phase element to include deviations from ideal capaci-
tive behavior, 303284859395 The electrical component associated to the
“transmission line model” is called “open” Warburg element (i.e., Wo)
which can be described by the following equation:

coth ([Twuiw] PW")

(10]
(Tw,iw)™

Zyo, = Ry,

where Ry, represents the sum of all the resistances associated with the
electrolyte contained within the porous electrode, Ty, is a characteris-
tic time constant and Py, is an exponent associated to deviations from
non-ideal capacitive behavior (for ideal behavior Py, = 0.5). Thus,
the impedance of the cells with the laboratory-scale produced porous
electrodes (i.e., the 24% S and the 70% S pellets) can be described by
the following equation:

coth ([TW”1 io] Pw"l)

Zperrer = Zro +2Zwo1 = RO+ 2Ry, )Pwm

(Tw, im

[11]

where RO is the resistance of the separator (in this case, two
electrolyte-filled glass fiber separators) and Ry,; is the resistance
of a single electrolyte-filled porous electrode. The factor of two mul-
tiplying Zy,; in Equation 11 accounts for the fact that two identi-

cal electrodes have been used in the symmetrical cell set-up. Fig-
ure 4 shows that the model fits the experimental data very well.
The impedance spectra of the cells with the industrial-scale pro-
duced electrodes (black dots and lines in Figures 4a—4c) contain
an additional depressed semicircle. This semicircle has been as-
cribed to the contact resistance of the aluminum current collector and
the composite electrode.’>3*°%7 In agreement with previous stud-
ies, we only observed the depressed semicircle with aluminum or
unpolished copper current collectors (data not shown here), which
indicates that it is due to the presence of an oxide layer. The de-
pressed semicircle can be described as a contact resistance (i.e.,
R1) and a constant phase element (i.e., C PE1) in parallel, and the
whole impedance data of the cell can be fitted with the following
equation:

2
Zoxis = Zro + (ll) +2Zwor

ZR1 ZcPEL

2
= RO+ : 1
Rl 1/[QCPE](iw)PCPEl]
. 1Pwor
coth ([vallw] )
+ 2Ry, (2]

(Ti i) ™!

where Zy,; is the impedance of one electrolyte-infiltrated porous
electrode, which can be described with an open Warburg element,
as discussed above. The insets in Figure 4 show a zoom-in of
the impedance results showing the characteristic behavior of the
open Warburg element. Figures 4d—4e show the equivalent cir-
cuits used to fit the data. The results of the fit are summarized in
Table VII.

Table VII shows that Ry, (that is, the resistance of the elec-
trolyte contained inside one porous electrode of unity area 1 cm?) is
much smaller for the OXIS electrodes than for the laboratory-scale
produced pellets, and for the latter, increasing the sulfur content in-
creases the value of Ry,,. Similarly, the value of Ty, (that is, the
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Table VII. Values of the total resistance (Rwy1), time constant (Tw,1) and exponent (Pywy,1) associated to the open Warburg element of the fit of
the impedance data in Figure 4 to Equation 11 for the laboratory-scale electrodes, and to Equation 12 for the OXIS electrodes.

Molality (mole LiTFSI/kg DOL) Wol Fit
Rwol (€2-cm?) Two1 (ms) Pwo1
OXIS 24% S 70% S OXIS 24% S 70% S OXIS 24% S 70% S
1.25 2914+0.03 14711 62+4 244+£04 63191 1175 £76 0.490 4 0.002 0.488 + 0.001 0.494 £ 0.001
3.5 271 +£0.02 169+02 89+4 21.6+03 7154+18 1870+ 118 0.491 & 0.001 0.485 £ 0.001 0.493 &+ 0.001
5 3.88+0.05 29.1+1.45 113£7 28.0+09 1333 &£ 137 2199 + 121 0.491 £ 0.001 0.485 4+ 0.001 0.488 + 0.01

Table VIII. Conductivity of the electrolyte contained within the various sulfur-carbon composite electrodes (kgr,). For comparison, the bulk
electrolyte conductivity (kpyrk) is also included, as reported in Reference 79.

Molality (mole LiTFSI/kg DOL) kpurLk’® (mS cm™)

kgr (mScm™!)

OXIS 24% S 70% S
1.25 5.63 1.48 £0.21 1.50 £0.18 0.35+£0.03
3.5 6.06 1.59 £0.22 1.30 £0.12 0.25 £0.02
5 3.37 1.11 £0.15 0.76 &+ 0.07 0.19 £0.02

time required for ions to penetrate the whole porous electrode) is also
significantly shorter for the OXIS electrodes. Those results are, in
part, due to the thinner thickness of the OXIS electrodes. Thus, the
values of Ry, are used to calculate the effective conductivity of the
electrolyte contained within the different electrodes, kg, which is
obtained using Equation 8, taking into account that kg, = kporous.,
t is the electrode thickness, and Rporous = Rer = Rwo1/A, where
A is the geometrical area of the electrode. The results are shown in
Table VIIL

The MacMullin number of the electrolyte-filled electrodes,
Ny, gL, can be obtained from the ratio of the effective conduc-
tivity in the porous media (i.e., kpporouvs = kgo in this case)
and in the bulk (i.e., kgyr k), as shown in Equation 9a. In ad-
dition, using Equation 9b, the effective tortuosity of the elec-
trodes, tg;, can be obtained by using the values of the electrodes
porosity eg; described in Table II. The results are summarized in
Table IX.

To summarize, Figure 5 illustrates the different scenarios studied
and assessed in this work. The resistance of the electrolyte confined
inside one electrode of unity area (Ry,;, Table VII) is found to be
minimum for the combination of OXIS electrodes with 3.5 molal elec-
trolyte. Interestingly, this particular combination was reported to lead
to improved performance (capacity retention) in Li-S cells.”® For the
laboratory-scale electrodes, the resistance increases markedly with
increasing the sulfur content (Table VII), and it is also found that
the resistance increases with increasing the electrolyte concentration
(Table VII), which can be attributed to the increase in the bulk elec-
trolyte viscosity (Table V). However, Table VIII shows that the varia-
tion of the effective conductivity of the electrolyte inside the compos-
ite electrodes (kz; , as calculated from the resistance values) does not
exactly follow the bulk electrolyte conductivity, kgyrx, and higher

values of the MacMullin number are observed at 3.5 molal concentra-
tion than at other concentrations (N, g1, Table IX). This is reflected
in a higher effective tortuosity (tg,. Table IX), which could be at-
tributed to poorer electrode-electrolyte interactions for that particular
combination. The results of the effective tortuosity (tg,, Table IX)
clearly show that increasing the sulfur content of the laboratory-scale
composite electrodes produces a marked increase in the tortuosity.
This can be attributed to the fact that sulfur is soft and hence fa-
cilitates blocking of the carbon pores, which results in an increase
of the effective pathlength for ion transport. However, Table IX also
shows that for advanced electrode formulations, such as those of the
OXIS electrodes, very low values of the effective tortuosity can be
achieved at very high sulfur loadings (of 70%). This demonstrates
that the effective tortuosity (and other key transport properties) will
critically depend on the details of electrode formulation, including
the physico-chemical properties of carbon, method of impregnation
of sulfur, method of electrode preparation, binder, etc. and the present
study shows that electrode and electrolyte optimization has to be done
synergistically.

Conclusions

We have shown that the analysis of impedance measurements of
porous separators and porous carbon-sulfur composite electrodes al-
lows the evaluation of: (i) the resistance of the electrolyte when
confined within the porous structure, (ii) the effective conductivity,
(iii) the MacMullin number, and (iv) the effective tortuosity. The
resistance of the electrolyte contained within the porous structures
of the separator and electrode represents a measure of the rate of
transport of Li™ ions contained within those battery components.
The reduction of sulfur to Li,S requires Li* ions, and hence fast

Table IX. Calculated values of the MacMullin number (Ny,g1) and effective tortuosity (tgr) for the various electrolyte/electrode combinations.
The calculations have been done using the values of porosity (egr) in Table II and the bulk conductivity (kpyrLk) and the conductivity of the

electrolyte-filled electrode (ksgp) in Table VIIL.

Molality (mole LiTFSI/kg DOL) Nu.EL TEL
OXIS 24% S 70% S OXIS 24% S 70% S
1.25 3.8+0.5 37+04 159+ 1.8 28+04 1.8 £0.2 38+04
3.5 38+0.5 47+04 244+25 2.8+04 234+0.2 59405
5 30+04 45405 174+19 22403 22402 424+04
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Figure 5. Schematic representation of the cross-section of a Swagelok cell for various electrode/electrolyte combinations. The sulfur-carbon active materials is
represented by the black/yellow spheres. The binder is represented by the gray curve line. The electrolyte solution is represented by the transparent blue background
(i.e., the solvent DOL) and the grey/green balls (which represent the various ion associations of the LiTFSI salt). The current collectors and the separators show

the same colors already reported in Figure 1.

enough supply of Li* ions is required for optimal operation of the
cell. Extensive work has been done to develop carbon-sulfur com-
posite electrode structures that prevent polysulfide diffusion away
from the electrode, 31997193 but fast enough transport of polysulfides
within and to the whole electrode structure is necessary to assure
full utilization of sulfur'®'%7 and to avoid buildup of high local
concentrations of polysulfides, since the latter will lead to precipi-
tation of Li,S and/or sulfur'®'% and consequent pore clogging.''’
Thus, an optimal value of the rate of ion transport is expected to lead
to optimized performance, and this work describes an approach to
quantify it.
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t thickness cm
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