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We report on the construction and investigation of Li—air batteries consisting of a charcoal cathode and cotton texture soaked with
different organic solvents containing a lithium triflate (LiOTf) electrolyte. Charcoal was found to be an appropriate cathode for
Li—air batteries. Furthermore, cycling tests showed stable operation at over 800 cycles when dimethyl sulfoxide (DMSO) and
diethylene glycol dimethyl ether (DEGME) were used as solvents, whereas low electrochemical stability was observed when
propylene carbonate was used. The charging, discharging, and long-term discharging steps were mathematically modeled.
Electrochemical impedance spectroscopy showed Gerischer impedance, suggesting intensive oxygen transport at the surface of the
charcoal cathode. Diffusion, charge transfer, and solid electrolyte interphase processes were identified using distribution of
relaxation time analysis. In the polypropylene (PP) membrane soaked with LiOTf in DEGME, three different states of Li ions were
identified by "Li-triple-quantum time proportional phase increment nuclear magnetic resonance measurements. On the basis of the
latter results, a mechanism was suggested for Li-ion transport inside the PP membrane. The activity of the charcoal cathode was
confirmed by Raman and cyclic voltammetry measurements.
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Efficient energy storage and environmental sustainability are of
paramount importance in our rapidly developing, energy-consuming
world. More than 30% of greenhouse gasses are released by the
transportation sector, including aviation, shipping, and residential
industries.! Therefore, the electrification of existing vehicles will
result in a sustainable world. The continuously increasing energy
demand requires higher energy densities for various applications
such as electric vehicles and satellites.>> Thus, intensive research is
being conducted to develop a new generation of lithium-containing
batteries such as lithium—silicon/calrbon,4 lithium—sulfur,>® and
lithium—air batteries (LABs). The latest, fifth generation of batteries
containing lithium is the LAB, which can theoretically provide the
highest specific energy with respect to the anode compartment (at an
operation voltage of ~3V, it is more than 11000 Whkg™").”
Furthermore, by using heavy metal-free air cathodes and considering
the carbon and water footprints of LABs, LABs are expected to be
cheaper and “greener” than current lithium-ion batteries and other
lithium battery generations.® At present, no commercial LAB is
available in the market. Several difficulties have retarded the
commercial introduction of LABs, such as the high reactivity of
lithium, the decomposition of organic electrolytes, and the insolu-
bility of the formed lithium oxide.” The lithium anode can react with
oxygen and moisture (originating from ambient air); thus, especially
for aqueous cells, a special layer is required to prevent these side
reactions.'” Furthermore, special gas diffusion layers (GDLs) are
applied at the cathode compartment''™"? to prevent the evaporation
of solvents and the diffusion of water from the ambient air into the
cell while providing appropriate oxygen transport. In addition to the
application of GDLs, protective polymer films'*'> can be used on
the surface of lithium. Furthermore, different lithium-containing
alloys'® or electrolyte compositions'’ have been designed to enhance
the corrosion resistance ability and increase the lifetime of lithium
anodes in LABs. On the cathode side, the insolubility of different

“E-mail: keki.sandor @science.unideb.hu

lithium oxides such as Li,O,, LiO,, and Li,O causes the deposition
of these salts in the cavities of the cathode, hindering oxygen and
lithium-ion transfer, thereby reducing the capacity of the batteries.”
Because the discharged products are insoluble in organic solvents,
the porosity of the cathode has a significant effect on the deposition
of the products formed during discharging.'® The degradation of the
deposited Li oxides (especially that of the Li,O,) requires higher
energy, leading to higher charging potentials and undesirable side
reactions.'” Some of these reactions are triggered by singlet oxygen
formed by the decomposition of LiO,."” The overpotential and side
reactions can be minimized by dissolving different additives (such as
redox mediators) in the electrolyte.?>*' Nevertheless, owing to their
high theoretical energy density, extensive studies are in progress to
develop safe and long-life LABs suitable for commercial use. Four
main types of LABs can be distinguished: (i) LABs with an aqueous
electrolyte,”>>* (ii) LABs with a nonaqueous electrolyte,”**> (iii)
hybrid cells (an organic solvent at the anode compartment and an
aqueous solvent at the cathode compartment),?® and (iv) LABs with
a solid electrolyte.'®” The application of solid electrolytes can
improve the properties of LABs. For example, metal-oxide-based
materials are stable at elevated temperatures and their electroche-
mical stability is significantly higher than that of organic solvents,
providing high (up to 6 V) operation voltage.'® Nevertheless, the
main disadvantage of cells operating with solid electrolytes is their
high internal resistance.?®

Note that most LABs contain porous carbon, including modified
carbon nanotubes,”® Pt/C (Vulcan) cathodes,**' graphene,**** and
fullerenes.>* However, these cathodes are typically modified (such as
N-doped graphene) and/or contain heavy metals, which increase
their costs and make them less environmentally friendly.

In this study, a heavy metal-free LAB was constructed using a three-
dimensional (3D) printed polypropylene (PP) house with a metal lithium
anode and charcoal cathode. The charcoal cathode was successfully used
previously in our zinc—air batteries.*>~’ The electrolyte contained lithium
triflate (LiOTf), which is less commonly used than the well-known
lithium  bis(trifluoromethanesulfonyl)imide (LiTESI). However, its
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solubility in organic solvents is high, and because of its lower molecular
weight, LiOTTf has a higher lithium content than LiTFSI. For comparison,
three different organic solvents, propylene carbonate (PC), dimethyl
sulfoxide (DMSO), and diethylene glycol dimethyl ether (DEGME),
were used. The obtained electrolytes were used to soak the cotton texture,
and the soaked cotton was then placed on both sides of the PP
membrane, combining the benefits of solid cells and the low resistance
of the liquid electrolyte. Furthermore, the charcoal cathode is cheap and
easily accessible, and when combined with cotton, it is also environmen-
tally friendly.

Experimental

Materials.—Lithium foil (thickness: 0.6 mm) and PP membrane
were purchased from Nanografi Nano Technology (Ankara, Turkey)
and Xiamen Tmax Battery Equipment Limited, respectively.
Charcoal was obtained from Molar Chemicals Ltd (Halasztelek,
Hungary), and the diameter of the charcoal particles was calculated
by scanning electron microscopy (SEM) (Fig. S1, Supplementary
material) using ImagelJ software. Supposing ellipse-shaped particles,
the major and minor diameters were 13.55 = 0.08 and 7.55 +
0.04 um, respectively. DMSO (99.9%), DEGME (99.5%), PC
(99.7%), and LiOTf (96%) were purchased from Merck
(Darmstadt, Germany). All chemicals were obtained in anhydrous
form and used as received. Cotton canvas with 40 threads/inch (~16
threads/cm) was purchased from a haberdashery shop, and its
thickness was measured to be 0.30 mm.

Potentiostatic and electrochemical impedance spectroscopy
(EIS) measurements.—For the cyclic performance tests, a
Biologic SP-150 potentiostat (Seyssinet-Pariset, France) equipped
with the EC-LAB software package was used. The working potential
range was set to 2.0-4.3 V. The charging and discharging currents
varied from 1 to 7.5 mA cm 2. The impedance measurements were
recorded at 1 mA cm ™2 from 10 mHz to 500 kHz. Distribution of
relaxation time (DRT) calculations were performed using
MathWorks Matlab 2022a software. All electrochemical tests were
conducted at a constant temperature of 25 °C.

Transmittance measurements.—Transmittance measurements
were performed in a rectangular quartz cell (10 x 10cm) with a
190-2700-nm transparency range using an Agilent Cary 60 spectro-
photometer (Agilent, Santa Clara, CA, USA). The inner surface of
one side of the cuvette was wetted with the actual solvent, and the
PP membrane (45 mm X 9.5 mm, height x width) was placed on the
surface. The cuvette was then filled with 3 ml of the solvent. The
measurements were performed after 10 min; longer waiting times (2
and 6 h) were also attempted, but no significant difference in the
transmittance results was observed.

Raman measurements.—A Horiba LabRam Raman spectro-
meter was used for the Raman measurements. A 633 nm laser was
applied as an excitation source, and the measurement time for each
sample was 5 s. The excitation beam was focused onto the sample
surface with a 20x objective. The measurement range was
200-2000 cm ™', and a 50% neutral filter was used in all cases.

Scanning electron microscopic (SEM) measurements.—The
sizes of the charcoal particles applied were estimated by SEM.
SEM images were obtained using a Thermo Fisher Scientific Scios 2
dual-beam scanning electron microscope. The images were taken at
an acceleration voltage of 5.00kV, a beam current of 0.20 nA, a
magnification of 650/350, and a dwell time of 100ns in the
secondary electron mode.

Nuclear magnetic resonance (NMR) measurements.—High-
field NMR experiments were conducted using a 400-MHz Bruker
Avance II spectrometer with a 5-mm inverse broadband probe and a
z-gradient coil. The temperature was maintained at 298 K. To avoid

any change in the sample, flame-sealed insert tubes filled with
DMSO-d¢ were used. A porous PP separator foil was wrapped
around the insert tube, and the corresponding lithium triflate solution
was transferred onto it. Air bubbles were removed using vacuum,
and the samples were left for a few hours to swell.

After saturation of the samples, 'H and 'Li spectra were
recorded, and then modified versions of triple-quantum time
proportional phase increment (TQTPPI) experiments were con-
ducted. The pulse sequence was the same [7/2(a)—7/2—7(av +
90°)—72—7/2(x + B)—6—7/2(y)—acq(R)] used by Schepkin et al.,
where 7 denotes the 180° RF pulse, 7 denotes the incremented delay,
a, B, and ~y denote the phases of the pulses, § denotes the mixing
time, and R represents the phase of the receiver. It was suggested
that the mixing time should be as short as possible; however, we
found that a longer mixing time is advantageous for the buildup of
the triple-quantum (TQ) signal. A longer mixing time was also
required because ‘Li has a longer relaxation time. To stabilize the
phases of coherences, EXORCYCLE phase cycling was applied to
the phase of the third «/2 pulse and acq using a Ap = 2 coherence
selection. After this modification, the result was an eight-step phase
cycle that stabilized the phases of both single-quantum (SQ) and TQ
coherences. An additional improvement was the better suppression
of double-quantum coherences. Using this sequence, the separation
of the SQ and TQ coherences was possible by performing a second
Fourier transformation. The frequency of the coherences was
determined by A7 between steps. The frequencies of SQ and TQ
coherences were described by f{SQ) = 1/(8*A7) and ATQ) = 3/(8 x
AT), respectively. TQTPPI experiments were conducted with a
mixing time (6) of 5 ms, 8 scans, and 512 steps. The relaxation delay
was 10s.

PP cell body and electrolytes.—The house of the battery cell was
printed from PP (Fiberlogy) using a Prusa i3 MK3S 3D printer
(Czech Republic, Prague). The copper collector in the anode
compartment was fixed to the PP cell house using epoxy resin.
The size of the lithium anode was 10 x 10 x 0.6 mm (length, width,
and thickness), resulting 1 cm? surface. The cotton cloth (11 x 11 x
0.30 mm) and the PP membrane (11 x 11 x 0.016 mm) were soaked
in the electrolyte solution, and 0.25 g of charcoal was mixed with
600 pl of the electrolyte (charcoal mud) 1 h before use. To prepare
the cathode, charcoal mud was deposited onto the cotton cloth. The
cathode was covered with a PP cap containing holes for air and a
copper electron collector. The active area (the sum of the area of the
holes) was 0.1 cmz, and the mass of activated carbon deposited in
this area was 0.7 mg. These data were used to calculate the current
density values. The electrolyte was lithium triflate dissolved at 1.0 M
in organic solvents, including PC, DMSO, and DEGME. As the last
step of battery preparation, the cell was closed with a PP cap
containing holes for air and a brass collector for the cathode (Fig. 1).

Results and Discussion

Cycling test.—As discussed above, several forms of carbon
cathodes with and without modification have been used in various
lithium—air cells.**** However, to the best of our knowledge,
charcoal deposited onto immersed cotton has not yet been tested
for this purpose. Our goal was to design a 3D printable Li—air house
for the battery and to use the charcoal/cotton layout as the cathode in
the presence of LiOTf salt dissolved in three different organic
solvents, namely, PC, DMSO, and DEGME. Recently, we success-
fully used charcoal as the air cathode in a Zn—air secondary battery.
Nevertheless, for a Li-air cell, several modifications should be
applied. First, on both sides of the PP membrane, cotton textures
soaked with a LiOTf electrolyte were placed, providing some
additional benefits, including ensuring conductivity inside the cell,
preventing any physical damage to the PP membrane during
assembly of the cell (for instance by charcoal particles or metal
lithium), achieving physical binding for the charcoal between the
gaps of the cotton texture, eliminating the application of any
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chemical binders and making our cell greener, and preventing/
retarding short circuits caused by dendrites, as the shape and type of
the dendrites are extensively varied by the shear modulus of
medium.*® Finally, the optimal amount of charcoal bound to the
cotton texture was determined. It was found that by increasing the
thickness of the charcoal layer on the surface of the cotton, the
performance of the cell was reduced. The best result was obtained
using a charcoal layer as thin as it was possible to make during the
handmade preparation containing ~0.7 mg charcoal on a 0.1 cm?
cotton surface. Using this cell preparation with PC as the solvent,
stable operation was observed over 200 cycles, as shown in Fig. 2.

As shown in Fig. 2, the cell operated for over 200 cycles in the

Figure 1. Structure of 3D printed Li-air cell:
exploded structure (a), cross-section of the cell
body (b), schematic cell structure (c), and photo
of the cell (d).

unstable operation.’**® Therefore, better performance is expected
with a more electrochemically stable solvent. Thus, our Li-air cell
was also tested with the solvents DMSO and DEGME (Fig. 3).

Figures 3a—3c show the cycling test results of the Li—air cell with
PC (a), DMSO (b), and DEGME (c) solvents. As evident from
Fig. 3, in line with the literature, PC provides the least stable
operation compared with the other two electrochemically more
stable solvents. Figures 3a-3c also show a significant decrease in
the potential in the first 30-50 cycles. To make it more visible, the
relative average cell potential (Rel. Avg. E,,.) was calculated for the
first 50 cycles according to Eq. 1.

presence of the PC solvent; hpwever, previous research has shown Rel. Avg. Ewe,i= Evemaxi + Ewemin; (1]
that using PC or other cyclic carbonates as solvents, results in 2 X Avg.Eye 1
101.00 1 .
Coulomb efficiency vs. cycle number
. 100.00
>
>
9 99.00 -
Q
- 10th cycle 4.00 200th cycle
© 3.40 4 v
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Figure 2. Coulomb efficiency vs cycle number obtained for LAB using a charcoal cathode and 1.0-M LiOTf dissolved in PC. Insets show the 10th and 200th

cycles.
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Figure 3. Cycling tests of LABs using PC (a), DMSO (b), and DEGME (c) as solvents (current = 1 mA cm™ % cycle time = 2 min). (d) and (e) Relative average
cell potential and voltage gap against cycles under ambient air, respectively. (f) Enlarged voltage gap data of PC. The insets in (b) and (c) show the results of the

cycling test conducted in dry air.

where Rel. Avg. Eyei, Ewe maxi» and Eye min; denote the relative
average potential, the highest potential obtained during the charging
period, and the lowest potential obtained during the discharging
period for the ith cycle, respectively, and Avg. Ey. ; denotes the
average cell potential for the first cycle calculated as follows: Avg.
Ewe:,l = (Bwe max,1 T Eye min,l)/z-

As shown in Fig. 3d, the cell potential significantly decreased (by
more than 15%) when the DMSO solvent was used in the Li—air cell,
whereas, in the cases of PC and DEGME, the potential drop was
approximately 5%—8%. Interestingly, the best result (lowest poten-
tial drop) was obtained for PC; therefore, the results cannot be
interpreted simply using the electrochemical stability of the solvent.
Alternatively, it can be explained by the hygroscopic nature of the
solvents. Although anhydrous grade solvents were used for the cells
in all cases, after beginning cell operation, the solvents can absorb
water from the ambient air. Among the three solvents used in this
study, DMSO is the most hygroscopic, whereas PC is moderately
hygroscopic with limited water solubilit?r at room temperature (8.3 g
of water dissolves in 100 g of PC).*' Furthermore, it has been
reported that the partial pressure of water vapor above the

DMSO-water mixture is lower by one order of magnitude than
above the PC—water mixture at the same water concentration and
temperature*” due to the more significant hygroscopic property of
DMSO. Unfortunately, no related study has been found for DEGME;
however, to estimate its hygroscopic property, data for poly(ethylene
glycol) with M, = 1540 Da (PEG1540) were used.*’ According to
the study reported by Baird et al., at 60% relative humidity,* the
change in the polymer weight was found to be lower than 5 w/w%
within 180 days, whereas, for DMSO, it was approximately 50 w/w
% within 35 days at 53% humidity.** These findings reveal that dry
DMSO is significantly more hygroscopic than dry PEG1540 even
though PEG1540 contains -OH end groups, whereas DEGME is an
aprotic solvent. Moreover, the dielectric constant of DEGME (e =
7.3) is close to that of PEG400 (11.6)* and significantly lower than
that of DMSO (46.7) and PC (64.9), indicating the lower polarity of
DEGME. Nevertheless, note that there is no direct correlation
between hygroscopicity and dielectric constant, but solvents with
low polarity typically exhibit a moderate or low tendency to
hygroscopicity or a lower absorption rate for water. Based on these
findings, moderate hygroscopic properties can be expected for dry
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DEGME compared with dry DMSO. Therefore, it can be assumed
that after opening the air cathode and running the battery, DMSO
accumulates more water than PC and DEGME during the first 30-50
cycles. Moreover, according to the literature, the adsorption of water
occurs on the active sites of activated carbon, and the oxygenated
sites play a predominant role in the adsorption process.*® Based on
these observations, the decreasing potential (Fig. 3d) can be

3.2

—10 cycles
—25 cycles
—50 cycles
—65 cycles

80 cycles

3.1 4

E (V)
N n n
~ [e] © w

2.6
2.5 1
24 v T T T T T
0.0001  0.001 0.01 0.1 1 10 100 1000
Time (s)
3.05
b.
3 -
2.95
2.9
_2.85 ] —10 cycles
2 —50 cycles
u 2.8 1 =100 cycles
—150 cycles
2.75 4 \ 250 cycles
277 \
—
2.65 e
2.6 v v v v v v
0.0001  0.001 0.01 0.1 1 10 100 1000
Time (s)
32
c. —10 cycles
3.15 4 —50 cycles
===100 cycles
3.1 4 —150 cycles
250 cycles
3.05 4
2 31
w
2.95
2.9 A
2.85 1
2.8 v T T v T T
0.0001  0.001 0.01 0.1 1 10 100 1000
Time (s)

attributed to the adsorption of water molecules onto the free active
sites of the charcoal cathode, thereby reducing the performance and
potential of the cell. To prove that the potential drop can be
attributed to air humidity, the cell performance was also tested
under a dry air atmosphere. As shown in Fig. 3d, the potential drop
was minimal for the cell operated with a DMSO-containing
electrolyte under dry conditions, whereas, under ambient air, the
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Figure 4. Discharge curves for secondary LABs containing different solvents and using a charcoal cathode at distinct charging/discharging cycles: PC (a),
DMSO (b), and DEGME (c). (d)—(f) Show the charge and discharge cyclic tests for secondary LABs containing different solvents: PC (d), DMSO (e), and
DEGME (f). The solid lines represent the experimental charge and discharge curves, and the dashed lines represent the fitted data calculated using Eqs. 2 and 3
for the discharging and charging processes, respectively. The experimental curves were obtained in cyclic test numbers of 50 (PC) and 150 (DMSO, DEGME) at

a cycle time of 2 min and a constant charge and discharge current of 1 mA cm

-2
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Figure 5. Potential vs capacity curves for secondary LAB containing the solvent DEGME and charcoal cathode at discharge currents of 1, 2.5, 5.0, and
7.5 mA cm ™2 (a). The inset in (a) shows the variation in relative potentials (regarding initial potential as 1) with capacities on logarithmic scales. (b) shows the
experimental discharge curve recorded at 2.5 mA cm 2 (solid line) and the fitted data (dashed line) with the equation used for the fittings (where Q = I-t) and the
fitted parameters. The inset shows the change in potentials with capacities on logarithmic scales.

Table 1. Fitting parameters obtained from Eqs. 2 and 3 for LABs
using PC, DMSO, and DEGME solvent. The cycle number is
indicated in brackets after the solvent.

Solvent Parameter Discharge Charge

PC (50) E, (V) 4.4478 0.7290
Bsh 0.0124 2297 x 107°

I 0.0063 0.2076

E, (V) 0.2137 0.2015

a(s™h 312.02 361.65

E.. (V) 0.9647 3.8358

DMSO (150) E, (V) 0.4282 0.1386
86 4422 x 107° 2.004 x 1074

m 0.3544 0.3704

E, (V) 0.0334 0.0206

a@6h 629.80 501.42

E.. (V) 2.2450 2.8650

DEGME (150) E> (V) 0.7539 0.4369
Bsh 5.895 x 107* 1412 x 1073

m 0.7333 0.7487

E; (V) 0.0535 0.0529

a @™ 238.19 239.66

E.. (V) 2.1974 3.3659

cell with DMSO exhibited the highest potential drop. Thus, it can be
concluded that the hygroscopic solvent accumulates water from the
ambient air, and a portion of this water is adsorbed onto the surface
of the charcoal cathode. In line with its highest hygroscopicity
among the solvents under study, the highest potential drop was
observed for DMSO, whereas lower and similar decreasing trends in
the potentials were obtained for PC and DEGME. Despite having the
highest potential drop, the LAB with DMSO after the first 50 cycles,
similar to the cell with DEGME, exhibited stable operation up to ca.
800 cycles (Figs. 3b and 3c). Therefore, it is likely that with the
increasing moisture content absorbed from the ambient air, the
absorption rate decreases; therefore, it can be assumed that after
approximately 50 cycles, the water content in the electrolyte did not
vary significantly. Moreover, as shown in Fig. 3e, the voltage gap
was lower than 0.4V after 800 cycles for DMSO and DEGME,
whereas, for PC, it started to increase from a value of 0.6 V and
reached 1.0 V after 100 cycles. The lower cell performance for PC
agrees well with the literature data.>**° Furthermore, the tendency of

variation in the voltage gap is very similar for DMSO and DEGME
but different for PC (Fig. 3f). As shown in Fig. 3f, there are two
well-separated steps on the voltage gap vs cycle number plot at ca.
50 and 100 cycles. These steps can most probably be attributed to the
electrochemical decomposition of PC. The superoxide anion (O,")
can undergo further reduction, yielding the hydroperoxide anion
(HO, ™), which induces the decomposition of PC to allyl alcohol
(CH,=CH-CH,-OH) and CO,, whereas the initial superoxide anion
is re-formed.*’ Subsequently, the allyl alcohol formed may initiate
further side reactions such as chemical corrosion of the metal
lithium. In addition, although the voltage gap is slightly lower for
DMSO than for DEGME, the variations in the voltage gaps with the
number of cycles are very similar. Moreover, after 800 cycles, the
behavior of the cells is different (Figs. 3b and 3c). That is, the
increase in the voltage gap with the number of cycles is more
pronounced in the case of DEGME; however, for DMSO, the LAB
reached the 2-V cut-off voltage at approximately 900 cycles. Thus, it
can be surmised that in the case of DMSO, the higher moisture
content causes chemical corrosion of the lithium anode, resulting in
decreased cell potential. Conversely, glycol ethers (such as
DEGME) are sensitive to oxidation in the presence of oxygen;
thus, oxidative side reactions may occur similarly to PC, yielding
higher voltage gaps with an increasing number of cycles.
Conducting the tests under dry air conditions, the cell with DMSO
exhibited stable operation after 800 cycles (Fig. 3b inset), whereas in
the case of DEGME, an increase in the voltage gap was observed
after 800 cycles (Fig. 3c inset). This finding indicates that in the
latter case, under ambient air conditions, oxidative side reactions
occur. Moreover, in a dry air environment, the higher capacity of the
cell was tested at a current density of 1 mA cm™2 and a charging/
discharging time of 30 min (Fig. S2, Supplementary material).

To obtain additional information about the performance of the
batteries, the individual cycles were also studied. As shown in
Figs. 4a—4c, where the discharge curves are shown at distinct cycles
for PC (a), DMSO (b), and DEGME (c), there is a significant
decrease in the potentials between the 1st and 50th cycles.
Consistent with the previous results, the most significant potential
drop can be found for DMSO. However, in the case of DMSO and
DEGME, after the potential drop, stable operation was obtained over
several hundred cycles, resulting in similar discharging voltage
curves after 50 cycles, as shown in Figs. 4b and 4c. Conversely, it is
also evident from Fig. 4a that because of the low oxidative stability
of PC, the potential continuously decreases from cycle to cycle.
Interestingly, after a decrease, an increase in the potentials was
observed for DEGME, as shown in Fig. 4c at 250 cycles. This
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finding is in good agreement with previous studies, demonstrating
that higher water concentrations result in lower battery performance.
Conversely, trace amounts of water can improve cell properties
because of the reaction of Li,O, with water.*® Therefore, the
removal of water by the latter chemical reaction liberates active
sites, which can improve the performance of the battery. Similar but

less significant behavior is observed for DMSO in Fig. 4b. It can be
rationalized that the absorption of water into the electrolyte and its
adsorption onto the charcoal occur simultaneously in the first 50
cycles. Moreover, the adsorption is more significant in DEGME,
whereas, in DMSO, both processes occur, most likely, to a similar
extent.
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Table II. Fitted parameters for Nyquist plots of secondary LABs
prepared using different solvents.

Parameter PC DMSO DEGME
R; () 679.1 151.0 105.6
Q, (F x s®271) 0.01236 470 x 107° 1.80 x 10~*
a, 0.8583 0.5097 0.493
R, () 204.2 2283 37.99

Q; (Fxs®~Dy 129 x 107° 7.65 x 10°° 7.34 x 10°°
as 0.5349 0.7836 0.8717
R; () 1343 556.3 232.6

C4 (F) 2.05 x 107° 8.79 x 1073 0.02238
R4 () 396.9 56.48 141.1

Mathematical modeling of cycles and long-term discharge of
LABs.—To mathematically describe the variation in the potential of
the LABs during charging/discharging processes, the stretched
exponential function model™ was used, which has been successfully
used for modeling the cycling curves of our Zn—air batteries.*®
Figures 4d—4f show the charging/discharging curves at a given
number of cycles, along with the fitted curves for PC (d), DMSO (e),
and DEGME (f).

As shown in Figs. 4d—4f, Eqs. 2 and 3 adequately describe the
cycling curves obtained for our batteries. The fitting parameters are
presented in Table 1.

For charging,

E(t) = E, — Eje™® — E,e~ 0", [2]

for discharging,

E(t) = Ey + Eje™ + E,e™#", [3]

where E;| and E, denote the potential change; o and 3 denote the rate
coefficients of the fast and slow decay, respectively; p denotes the
stretching exponent; E., denotes the terminal potential.

As shown in Table I, the stretched exponential factor ()
increases with decreasing solvent polarity and the highest value
was found for DEGME (~0.75). A similar trend was observed for
the Zn—air battery, where a higher p value was obtained for higher
molecular weight-mediated carbox?/methyl cellulose with lower
functionality (i.e., lower polarity).”® Furthermore, the difference
between the p values obtained for the charging and discharging
regimes was lower than 5% in the case of DMSO and DEGME,
whereas a significant difference was observed for PC, indicating the
low electrochemical stability of PC in LABs.

Because DEGME exhibited the most stable operation in our
LABs, long-term discharge studies were also conducted using
DEGME. The obtained discharge curves recorded at distinct currents
are shown in Fig. 5.

As shown in Fig. 5a, with increasing current density, the capacity
decreases and plateaus appear in all cases. However, by compiling
all discharge curves in one plot, they are only visible at current
densities of 1 and 2.5 mA cm 2. Thus, to make them visible, the
relative potential values (actual potential divided by the initial
potential) were plotted against the capacities on logarithmic scales.
The highest capacity was obtained at a current density of
1 mAcm™2 According to Fig. 5b and its inset showing the
experimental discharge curve (solid line) and the fitted data (dashed
line) at a current density of 2.5 mA cm 2, the discharge curve can
unambiguously be described using the stretched exponential func-
tion model. The employed equation and the obtained parameters are
shown in Fig. 5b.
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Figure 7. Transmittance of PP membrane recorded at various wavelengths
in 1.0-M LiOTf electrolyte containing DEGME, DMSO, and PC solvents.
The pictures show the PP membrane in DEGME and DMSO.

Electrochemical impedance spectroscopic (EIS) measure-
ments.—To shed more light on cell operation, impedance measure-
ments were also performed and the DRT was calculated. As shown
in Figs. 6a—6c, the resistance increases in the order of DEGME <
DMSO < PC. The R; values (Table II) correspond to the ohmic
resistance of the cell (the real axis intercept of the semicircle at high
frequencies), which is mainly caused by the resistance of the PP
membrane.”® To investigate the behavior of the membrane in the
battery, further measurements were performed (see later).
Interestingly, the opposite order for the ohmic cell resistance was
expected on the basis of the polarity of the solvents, i.e., the
resistance decreased in the order of PC (679.1 ) > DMSO
(151.0 ©2) > DEGME (105.6 2). Comparing the R, values listed in
Table II, which represent the interfacial resistance between the
lithium electrode and the electrolyte (the resistance of the passiva-
tion film on lithium), the highest value was found for DMSO
(228.3()), whereas the lowest value was found for DEGME
(37.99 Q). This finding indicates that the structure of the passivated
layer on the lithium anode highly depends on the solvent of the
electrolyte. Moreover, as reported by Zhang et al., the thickness of
the solid electrolyte interphase (SEI) formed on the surface of
lithium decreased from 20 to 10nm after drying the surface,
indicating swelling of the solid electrolyte interface (SEI) on
lithium.’" DEGME is a flexible molecule with three oxygen donor
atoms, providing good chelating properties, whereas DMSO and PC
are weak complexing agents. Thus, it can be assumed that in the
presence of DEGME, a SEI with higher conductivity (lower
resistance) was formed because of its flexibility (which provides
more modality for incorporation into the SEI lattice) and favorable
chelating properties, resulting in a lower R, value (Table II).

The R; values (Table II) represent the resistance of charge
transfer at the electrode/electrolyte interphase. This resistance
depends on several factors, such as temperature, coatings, and
particles.”® The lowest R; resistance was found for DEGME
(232.6 ), and the difference in Rz values between DMSO
(556.3 Q2) and DEGME can be interpreted by the differences in
their properties discussed above. However, a significantly higher
resistance (1343 €2) was observed for PC. It is likely that in the case
of PC, in addition to its different molecular properties, its electro-
chemical decomposition remarkably increased the resistance of
charge transfer. As discussed above, the oxidative decomposition
of PC can occur on the surface of carbon-based cathodes.”” The
undesirable side reactions can increase the resistance of charge
transfer, providing a significantly higher value of Rj for PC.

The local minima indicated by the arrows reveal the total
resistance of the cells. As shown in Fig. 6, the highest resistance
(2417 Q at 320.71 mHz) was determined for the most polar PC,
whereas resistance values of 924 ) (1.50 Hz) and 375 ) (4.76 Hz)
were found for DMSO and DEGME, respectively. The high
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resistance value for PC agrees with the aforementioned observations.
Moving toward lower frequencies after the local minimum, instead
of the general shape of the Warburg impedance, an additional
semicircle can be observed (Fig. 6). This region of the impedance
spectrum is typically attributed to Li-ion diffusion in the electrode
and electrolyte. However, it has been shown that an asymmetrical
semicircle in the Nyquist plot can be obtained for the cathode at low
frequencies if oxygen mass transport (diffusion) is the dominant
factor in cell operation, and it can be negligibly small at a low
cathode thickness or low oxygen concentration.’® In our LAB
configuration, the thickness of the charcoal cathode can be regarded
as constant; thus, the presence of a second semicircle at low
frequencies can be interpreted by dominant oxygen mass transport
at the surface of the charcoal cathode, which can be described by
Gerischer impedance.’® Moreover, a second semicircle at low
frequencies was observed for all three solvents (Figs. 6a—6c¢),
indicating an appropriately high oxygen concentration at the
cathode. In addition, the asymmetrical shape of this semicircle
observed for DEGME (Fig. 6a) is most probably due to the
superimposition of additional physical and electrochemical pro-
cesses, including the diffusion of Li ions. The R, values found in
Table II may describe the diffusion processes. The lowest Ry
resistance (56.48 2) for DMSO suggests better Li-ion diffusion
than that in a less polar DEGME electrolyte (141.1 €2), whereas the
higher R4 value (396.9 2) for PC can be attributed to undesired
electrochemical side reactions. Furthermore, as presented in Table II,
lower C, capacitance was found for higher solvent polarity, and the
C, value obtained for PC (2.05-107° F) is in the order of typical
capacitance values published in the literature for electrochemical
double layers.54

On the basis of impedance sg)ectroscopy, DRT analysis was
performed using Matlab software >~° to gain deeper insight into the
contributions of different processes. DRT is an effective method for
identifying the different electrochemical processes involved in the
impedance spectra. The time constants (7) of processes increase as
follows: the contact process < the process of passive films on
electrodes < the charge transfer process < the diffusion processes on
electrodes.”” Typically, diffusion processes are not informative in
DRT because the anode and cathode processes cannot be distin-
guished. As shown in Figs. 6d—6f, the two peaks that appeared at
high 7 values (D1 and D2, in region 3) can be attributed to the
diffusion processes on the anode and cathode surfaces. Furthermore,
a positive shift in the time constants of these peaks from DEGME
(Fig. 6d) to PC (Fig. 6f) can be seen, and the intensity ratio of these
two peaks also changes significantly. Interestingly, based on the
relative intensities, peak D2 is more dominant if the relative intensity
of the second semicircle (at the imaginary axis) in the impedance
spectrum is higher. Moreover, the presence of two peaks in the
diffusion region indicates two distinct diffusion regimes, possibly
for Li ions and oxygen molecules (or Li species such as peroxide
ions). In region 2, at higher relaxation times (7 > 0.001s), DRT
peaks attributed to the charge transfer processes of the cathode and
anode are present. As shown in Fig. 6f, several peaks are visible in
this region for PC, which may be ascribed to the chemical/
electrochemical side processes. The highest intensity peaks in this
region (Figs. 6d and 6e) correspond to lithium transport through the
SEI layer.”® Interestingly, the intensity of the SEI peak was
significantly lower for PC (Fig. 6f). C1 and C2 can be attributed
to cathodic processes and/or liquid films formed on the surface of the
cotton fibers. The DRT peaks referring to contact processes such as
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those that occur between the electrode and current collector occurred
at low 7 values (high frequencies) in Region 1.>

Behavior of the PP membrane in LAB.—As discussed above,
the lowest ohmic resistance was obtained for the LAB with a less
polar DEGME. It was found that during cell preparation by the
addition of DEGME to the white PP membrane, its transparency
significantly increased, whereas no similar phenomenon was ob-
served for DMSO and PC (Fig. 7).

Figure 7 shows that a significant transmittance value is measured
for the PP membrane in DEGME in the visible wavelength region,
whereas it is negligible for DMSO and PC.

On the basis of these observations, it was rationalized that better
swelling of the nonpolar PP membrane could occur in DEGME of low
polarity, aiding the permeation of LiOTf salt into the membrane and
thus forming Li-ion channels. To support this theory and gain better
insight into the membrane processes, NMR measurements, including
TQTPPI with the pulse sequence introduced by Schepkin et al.,” were
performed. Figures 8a and 8c show the 'Li-TQTPPI and ’Li-NMR
spectra of the PP membrane in the electrolyte solution containing
LiOTf salt dissolved in DEGME at a concentration of 1.0M,
respectively. As shown in Fig. 8c, in DEGME, two states of lithium
ions were detected, whereas, in DMSO and PC, only one peak was
observed. The intensive peak in the spectrum recorded in DEGME
(Fig. 8c) corresponds to Li ions in the bulk electrolyte phase; however,
the second peak can be attributed to Li ions incorporated into the PP
membrane. Furthermore, in the "Li-TQTPPI spectrum, an additional

TQ signal was detected in addition to the SQ signal, revealing a third
state of lithium (Fig. 8a insets). The detection of the TQ signal of the
lithium ion can be interpreted by the interaction between the lithium ion
incorporated into the PP membrane and that adsorbed onto the PP
membrane surface. Similar TQ signals and interactions were not
detected in DMSO (Fig. 8b or PC. Thus, the NMR results show
lithium ions with three different states in the PP membrane-DEGME-
—LiOTf system: the lithium ion in the bulk electrolyte, the lithium ion
adsorbed onto the surface of the PP membrane, and the lithium ion
inside the PP membrane (the incorporated lithium ion). Note that the
permeation of lithium ions into the PP membrane is also possible in the
cases of DMSO and PC solvents (as our LAB functioned with these
solvents). Moreover, this process seems to be less significant because
NMR failed to detect it. On the basis of these findings, it can be
concluded that in the electrolyte containing DEGME, a more pro-
nounced swelling process of the PP membrane occurs, yielding
additional ion channels through the membrane and resulting in lower
ohmic resistance of the LAB. On the basis of these results, a
mechanism was suggested for Li-ion transport through the PP
membrane (Fig. 8d). Accordingly, as shown in Fig. 8d, there is an
ion channel in the PP membrane: the nonpolar moieties of DEGME and
LiOTf are coordinated to the PP wall, whereas the polar moieties,
including lithium, are arranged around the center of the channel, far
away from the PP wall. During the charging and discharging processes,
because of the presence of oxygen donor atoms, conduction occurs by
Li-ion hopping (as indicated by the blue and red arrows in Fig. 8d),
which is a well-known phenomenon in Li-ion batteries.*’
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Raman spectroscopy and cyclic voltammetry—To study the
products formed on the charcoal cathode and lithium anode during
the LAB operation, Raman measurements were performed. Peaks in
the Raman spectra were identified using reference data.’'* As
shown in Fig. 9, LiOH was detected at 327 cm~! on the cathode
(Fig. 9a) and anode (Fig. 9b) after 24 h of battery operation. Note
that in the case of lithium during the Raman measurements, lithium
was kept under a thin hexane layer to prevent it from reacting with
the components of the ambient air.

Several peaks were identified in the Raman spectrum of the
cathode. First, the two main peaks in Fig. 9a correspond to the
typical carbon peaks detected at 1332 and 1600 cm . Furthermore,
a peak was observed at 1075 cm ™', and the shoulder of this peak was
found at 1040 cm™!. These Raman shifts correspond to Li,CO;.9
Moreover, Li,O, (at 778 cm™ ') and typical shifts of LiO, (at 1117
and 1509 cm™ ') were also observed in the Raman spectrum of the
cathode. The presence of these Li oxides proves the activity of the
cathode.

The activity of charcoal as the cathode was also recognized in the
cyclic voltammogram (CV) (Fig. 10).
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As shown in Fig. 10a, a reduction peak occurred at approximately
2.5V in the DEGME-containing electrolyte, indicating the activity
of the cathode. Similar results have been reported for graphene
nanosheets;* however, nitrogen doping had to be achieved to make
the reduction peak in CV more visible; whereas, in our cell,
unmodified charcoal had been used. In the CV measurements in
dry oxygen using DEGME (Fig. 10b) and DMSO (Fig. 10c) as
solvents, a slight shift of the cathodic peak was found at lower
potentials for DEGME, which can be attributed to its oxidative
sensitivity. Nevertheless, the physical stability of the cathode was
excellent in all three solvents applied, as shown in Fig. 10d, which
shows no significant difference in the appearance of the charcoal
cathode after 0 and 1000 cycles using the DMSO solvent.

On the basis of the Raman spectroscopic and cyclic voltammetric
results, the mechanism shown in Scheme 1 was proposed. According
to Scheme 1, during the discharging process, the metal lithium
dissolves in the form of solvated lithium ions (Li+(sol)), whereas
LiO, forms (LiO,,4s)) on the surface of the charcoal cathode by
oxygen reduction. Subsequently, further reduction of LiO, occurs,
producing Li,O, (a surface mechanism). However, according to the
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literature,* the solution-mediated mechanism can be significant in
the case of electrolytes containing polar solvents (such as DMSO).
According to this mechanism, a significant amount of LiO, can
dissolve in the electrolyte (LiOo) to yield Li,O, and oxygen by
disproportionation.

Conclusions

In this study, LABs were designed using a charcoal cathode,
metal lithium anode, and PP membrane. Furthermore, the cotton
texture was soaked in an organic electrolyte containing lithium. The
batteries were investigated using three different organic solvents:
PC, DMSO, and DEGME. It was demonstrated by long-term
performance tests that charcoal deposited onto cotton texture is a
suitable cathode for LABs. Furthermore, stable cell operation with
practically 100% coulombic efficiency was found at more than 800
cycles in the cases of DMSO and DEGME, whereas the same was
obtained at only 200 cycles for PC because of its low electro-
chemical stability in LABs under ambient air. It was also highlighted
that using dry air, battery operation can be considerably prolonged.
Furthermore, the obtained cycles and long-term discharge curves
were successfully described mathematically using the stretched
exponential model. To gain a deeper insight into battery operation,
EIS measurements were performed, and DRTs were calculated and
evaluated. The highest ohmic resistance of the battery was found for
PC, whereas the lowest value was obtained for DEGME. The
swelling properties of the PP membrane were studied by transmit-
tance and NMR measurements, which confirmed better swelling of
the PP membrane in the less polar DEGME. The ’Li-TQTPPI
measurements showed three lithium states in the presence of the PP
membrane using DEGME. On the basis of these findings, a
mechanism was suggested for the transport of Li ions through the
PP membrane. In the DRT spectra, peaks due to diffusion, charge
transfer, and SEI processes were identified, and the activity of
charcoal as the cathode was also proved by Raman and cyclic
voltammetry measurements.
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