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High Performance Air Breathing Flexible Lithium—Air

Battery

Ahmad Jaradat, Chengji Zhang, Sachin Kumar Singh, Junaid Ahmed,
Alireza Ahmadiparidari, Leily Majidi, Sina Rastegar, Zahra Hemmat, Shuxi Wang,
Anh T. Ngo, Larry A. Curtiss, Matthew Daly, Arunkumar Subramanian,

and Amin Salehi-khojin*

Lithium—oxygen (Li—O,) batteries possess the highest theoretical energy density
(3500 Wh kg™"), which makes them attractive candidates for modern electronics
and transportation applications. In this work, an inexpensive, flexible, and
wearable Li—O, battery based on the bifunctional redox mediator of InBr;, MoS,
cathode catalyst, and Fomblin-based oxygen permeable membrane that enable
long-cycle-life operation of the battery in pure oxygen, dry air, and ambient air

is designed, fabricated, and tested. The battery operates in ambient air with an
open system air-breathing architecture and exhibits excellent cycling up to 240
at the high current density of 1 A g™! with a relative humidity of 75%. The elec-
trochemical performance of the battery including deep-discharge capacity, and
rate capability remains almost identical after 1000 cycle in a bending fatigue
test. This finding opens a new direction for utilizing high performance Li-O,
batteries for applications in the field of flexible and wearable electronics.

1. Introduction

Flexible and lightweight energy storage systems are emerging
as a promising technology for stretchable and wearable devices
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with applications in health monitoring and
diagnostics,>l human-machine interface
devices,[®”l cell phones and laptops,®*
internet of things,1 and athletics appli-
cations.''2l  Among various alternative
energy storage systems, Li-Oxygen (Li—O,)
batteries are promising candidates to meet
the requirements of modern flexible elec-
tronics with a long-time operation due
to their ultrahigh theoretical energy den-
sity of #3500 Wh kg which is about one
order of magnitude higher than that of
Li-ion batteries (=400 Wh kg).1>5 How-
ever, most flexible Li-O, batteries operate
with a current density in the range of
100-500 mA g7'1%2] which is far from
practical applications of flexible elec-
tronics. In addition, the majority of these
batteries operate in a pure oxygen environment. Thus, it is
imperative that these batteries operate at much higher current
rates in an air-like atmosphere since it enables a much higher
volumetric energy density compared to its operation in a pure
oxygen environment. It also provides a safe and cost-effective
approach. Nevertheless, in the presence of all components of
air (e.g., nitrogen (N,), carbon dioxide (CO,), and moisture),
the Li-O, battery operation becomes more complex and serious
issues are imposed on the battery including: i) degradation of
anode due to its reaction with air compounds, ii) clogging of
the cathode due to formation of poorly reversible side products
such as lithium hydroxide (LiOH), and iii) degradation of the
electrolyte due to sides reactions.?*-28] These issues negatively
affect the round-trip efficiency and cause other problems, such
as parasitic reactions, which lead to poor cyclability and early
death of the battery.2>-32

To resolve these issues, in this study, we designed, fab-
ricated, and tested a new architecture for sheet-type flex-
ible Li-O, batteries that operate in ambient air with an open
system (flow in and out) where unlike closed systems, no gas
storage chamber is needed. In addition, our system is com-
prised of a Fomblin-based protection layer to filter unwanted
air species, such as H,0,B% and an electrolyte blend of 1 m
bis(trifluoromethanesulfonyl) imide (LiTFSI) salt, redox medi-
ator (RM) of indium bromide (InBr;) to simultaneously reduce
the charge potential and protect the anode from parasitic
reactions,? and dimethyl sulfoxide (DMSO) and ionic liquid
of 1-Ethyl-3-methylimidazolium tetrafluoroborate EMIM-BF4

© 2021 Wiley-VCH GmbH
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Figure 1. Schematic illustration and electrochemical performance of flexible Li-O, battery in oxygen and dry air. a) Schematic of flexible Li—O, battery.
b) Multilayer structure of the battery. c) Discharge/charge curves in oxygen chamber. d,e) Discharge/charge curves at different current densities and
capacities in dry air chamber. f) Comparison of current density versus cycle number of the battery in oxygen (blue star) and dry air (red stars), and

other references (only available with O,), based on 2.5 V cut-off voltage.

(9:1 volumetric ratio) that works in synergy with a 2D molyb-
denum disulfide (MoS,) nanoflake (NFs) catalyst. 2D MoS,
NFs are one of the best catalysts®>*% for both oxygen reduc-
tion and evolution reactions occurring during discharge and
charge, respectively, far exceeding the performance of Au and
Pt catalysts.l This combination of MoS, catalyst and elec-
trolyte blend was recently found to be effective in a conven-
tional Li-O, system (Swagelok) which is a closed, rigid, and
bulky system.[*?l With such knowledge learned, in this work,
we focused on design of a robust battery system that enables
working under harsh conditions, such as bending/fatigue tests
with an excellent structural integrity and stable electrochem-
ical performance after 1000 bending cycles. A comprehensive
study of the operation of this battery chemistry was performed
in a pure oxygen, dry air, and ambient air environment (75%
relative humidity).

2. Results and discussion

2.1. Flexible Battery Operating in Oxygen/Dry Air Environment

To perform the battery experiments in oxygen, dry air,
and ambient air conditions, battery setups were assem-
bled using a stack method, in which anode, separator, and
cathode were stacked on top of each other as illustrated in
Figure 1a,b (details in the Experimental Section). Figure 1c
shows the charge and discharge curves in a pure oxygen
environment at the current density of 1 A g!, and cut-off
potentials of 2.5-4.5 V with a fixed capacity of 1000 mAh gL
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The corresponding areal current density and capacity are
0.1 mA cm™2 and 0.1 mAh cm™2, respectively. The total time
for each cycle is 2 h. The charge potential at a selected cycle of
10 is =3.5 V which is a low value at this current density com-
pared to >3.8 V for other works.[9-21 While charging, the Br~
gets oxidized on the cathode surface to Br;~ which reacts with
Li,O; to produce Li* and oxygen molecules as well as regen-
erating the reduced form of Br;~.3*** Through cycling, the
charge voltage reaches 4.04 V after 150 cycles and increases
gradually to reach 4.5 V at 370 cycles. Figure 1d represents
voltage profiles with the current density of 1 A g7, cut-off
potentials of 2.5-4.5 V with a fixed capacity of 1000 mAh g
in dry air environment. Results indicate discharge and charge
potentials of 2.8 and 3.8 V, respectively, at the 10th cycle. These
potentials become 2.5 and 4.5 V after 250 cycles. Figure 1e dis-
plays the results obtained under 2000 mAh g! fixed capacity
and doubled current density of 2 A g7! in dry air environment.
The battery was operated up to 120 cycles where the discharge
potential reached the cut-off value. This is the first sheet-type
flexible Li-O, battery running in dry air environment with a
high current density of 2 A g Figure 1f illustrates a com-
parison between this work and other studies in the literature,
demonstrating that both the current density and the cycle life
are enhanced significantly.["7:18:21:22.24.25.27]

2.2. Flexible Battery Operating in Ambient Air
To operate the battery in ambient air, the carbon cloth porous

membrane was soaked into Fomblin liquid chemical and
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Figure 2. Electrochemical performance and morphology characterization of flexible Li-O, battery in ambient air. a) Discharge/charge curves of battery
in ambient air. b) Cycling stability with charge and discharge voltages for control and real experiments at the current density of 1 A g™'. ¢) Comparison
of current density versus cycle number for sheet-type flexible Li—O, battery in ambient air for our work and other references (based on 2.5v cut-off
voltage). d) Raman spectroscopy of the cathode after 10th discharge and charge cycle. e,f) SEM images of cathode surface after the 10th discharge

and charge cycle, respectively.

located on the top of the cathode for filtering of humidity and
other air compounds. Fomblin contains several highly flexible
C—0—C chemical groups which prevent moisture and per-
meation of other gases and facilitate the diffusion of oxygen
molecules.?¥! Since the amount of redox mediator is critical for
the performance of Li-air batteries, we performed optimization
experiments with 100 and 30 x 107 m of InBr; and without
using InBr;. Results indicate that at the concentration of 100 x
1073 M (shown in Figure Sla, Supporting Information), a big
plateau was formed during the discharge process which leads
to a reduced Li,O, capacity. For instance, up to 50 cycles, the
battery loses more than 30% of the discharge capacity. On
the other hand, the result of the battery without using InBr;
is shown in Figure S1b (Supporting Information). At the
50th cycle, the charge potential without InBr; remains above
4.25 V, while the charge potential of 3.88 V was obtained with
30 x 10 ™ of InBr; as shown in Figure 2a. Thus, the 30 x
1073 M of the InBr; is the optimized concentration of the RM.
As shown in Figure 2a, with 30 x 1073 M the InBr;, the bat-
tery also demonstrates a long life of 240 cycles in ambient
air with a relative humidity of 75% operating with a current
density of 1 A g™! and a fixed capacity of 1000 mAh g% This
exhibits remarkable stability of the battery in ambient air with
relative humidity of 75%, especially the discharge voltage,
which remains above 2.6 V in ambient air even up to 200 cycles
as seen in Figure 2b. To study the role of the RM and Fomblin
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protection layer in ambient air environment, we performed two
control experiments. First, we excluded both the Fomblin layer
and RM. As shown in Figure 2b, and Figure S2a (Supporting
Information), the battery failed after 16 cycles due to a drop in
the discharge voltage (2.02 V). In the second step, we used the
RM only and without Fomblin. As seen from Figure 2b; and
Figure S2b (Supporting Information), the discharge potential
dropped to 2.5 V and charge potential was increased to 3.93
after 110th cycle. The battery failed after 120 cycles. However,
with both the protection layer and RM, the battery was oper-
ated up to 240 cycles. This set of results further confirms the
effectiveness of utilizing both the RM and protection layer.
Figure 2c illustrates a comparison between this work and
other studies in the literature. Overall, the current density and
cycle life achieved in this study are much higher than previ-
ously reported values.%226-28] To rule out the contribution of
carbon cloth toward the battery performance, we run a control
experiment using carbon cloth only (without MoS, catalyst).
The battery failed after 45 cycles as illustrated in Figure S3
(Supporting Information). Also, to further evaluate the cata-
lytic activity of 2D MoS; nanoflakes, we performed comparison
experiment using MoS, powder during discharge and charge
processes. When using MoS, powder, the battery failed after
40 cycles as illustrated in Figure S4 (Supporting Information).
As for characterizations of 2D MoS, NFs, we have utilized
different techniques in our previous report, such as scanning

© 2021 Wiley-VCH GmbH
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electron microscopy (SEM), scanning transmission electron
microscopy (STEM), electron energy loss spectroscopy (EELS),
X-ray photoelectron spectroscopy (XPS) to verify morphology,
crystal structure, and electric properties of the material.!l To
study the discharge products, several characterization tech-
niques were also performed on the ambient air samples.
Raman spectroscopy was employed on the cathode surface after
the 10th discharge and charge cycles. As shown in Figure 2d,
Raman peaks observed at 250 and 787 cm™ indicate the for-
mation of Li,O,. Additionally, no side products (e.g., LiOH,
lithium carbonate) appeared as no other Raman peaks were
observed except those corresponding to the substrate (exfoli-
ated MoS, nanoflakes on carbon cloth).* The Li,0, peaks at
250 and 787 cm™ disappeared after the 10th charge cycle, indi-
cating the decomposition of Li,O,. For the Raman results in the

www.small-journal.com

oxygen environment, please see Section S1 (Supporting Infor-
mation). To study the morphology and topography of the dis-
charge product, SEM was conducted. The SEM image shown in
Figure 2e reveals a cloud-like structure for the product. Figure 2f
shows the cathode surface (MoS, catalyst) after the 10th charge
cycle confirming the decomposition of Li,O, product. Detailed
information is available in Section S2 (Supporting Information).

Next, transmission electron microscopy (TEM) was performed
at low- and high-resolution imaging conditions to examine
the discharged cathode, as illustrated in Figure 3ab. High-
resolution TEM image in Figure 3b shows that the discharged
cathode is comprised of a surface layer on top of the crystalline
MoS, nanoflakes. The measured lattice spacing of 6.2 A within
this flake is consistent with previously reported MoS, interlayer
spacing!*®! (see Section S3 for details on TEM imaging, Sup-
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Figure 3. Elemental mapping and chemical composition characterization of Li-O, battery in ambient air. a,b) Low- and high-resolution TEM images
of discharged cathode showing Li,O, deposited on MoS, cathode. c) STEM image of the cathode surface after the 10th discharge. d,e) EELS spectra
of Li,O, at the cathode surface after its 10th discharge; d) O-K edge and e) Li—K edge. f) XPS of the cathode including O Ts and Li 1s regions after
the 10th discharge. g) XPS results of In3d region on the Li anode after the 10th cycle in ambient air. h) Top-view SEM-EDX composition mapping of
anode for Indium element. i) EIS measurements and fitted data for fresh and cycled anode surface. The dots represent the experimental data and lines
represent the fitted data.
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porting Information). EELS is performed to further identify the
elemental composition of the discharge product that is formed
on the surface of the MoS, nanoflakes. A TEM micrograph of
the sample used in this EELS analysis and the regions on this
sample from which the EELS data are acquired are shown in
Figure 3c. The Li K- and O K-edges obtained from these EELS
measurements, which are attributed to a Li,O, product, are
presented in Figure 3d,e. The sharp Li K- and O K-edges in the
spectra confirm the presence of these elements in the surface
layer, and the dataset is also consistent with previously reported
EELS measurements involving a Li,O, product®? (for the details
of EELS experiment, see Section S4, Supporting Information).
Furthermore, XPS was performed on the discharged cathode
after 10th cycle. The presence of Li 1s and O 1s peaks at 56.0
and 532.5 eV, respectively, further confirms the Li,0, as the dis-
charge product on the cathode surfacel® (Figure 3f). Section
S5 (Supporting Information) presents the XPS results of the
cathode obtained in an oxygen environment.

To analyze the solid electrolyte interphase (SEI) layer on the
Li anode. XPS was performed on the Li anode surface after 10th
cycles of battery operation as shown in (Figure 3g). The main In
3d peaks were observed at 444.6 and 452.2 eV.l Two extra peaks
were also located at 441.3 and 450.3 eV. These peaks suggest the
formation of SEI layer on the anode containing In and Li-In
alloy.?¥ Scanning electron microscopy-energy dispersive X-ray
spectroscopy (SEM—-EDS) was conducted on the anode surface
after 10th charge cycle as shown in (Figure 3h). The top view of

www.small-journal.com

SEM-EDS shows elemental mapping of indium revealing its
presence and indicating the uniform layer formation on top of
the anode. Electrochemical impedance spectroscopy (ELS) meas-
urements were also conducted on the anode with different cycling
(0, 5, 15, 20 cycles) as shown in (Figure 3i). Our results suggest
the rise in the charge transfer resistance from 55 to 84 ohms after
20 cycles, indicating the formation of an SEI layer (for the details
of EIS experiment see Section S6, Supporting Information).

To test the performance of our battery for the flexible and
wearable applications, we probed its performance both with
and without bending. Figure 4a demonstrates a similar OCV
(open circuit voltage) obtained for the bent (3.00 V) and flat
(3.04 V) conditions. The battery was also tested to power up a
red light-emitting diode (LED) in flat and bending conditions
(Figure 4a) indicating good structural integrity of the battery
(see Video S1 for wearable feasibility, Supporting Information).

To study the effect of bending cycles on the performance of
the battery, a fatigue bending test was performed in ambient air
for 1000 cycles as shown in Figure 4b (for the details of fatigue
bending test see Section S7, Supporting Information). A deep
discharge experiment with a current density of 1 A g~! was car-
ried out on the battery before and after repetitive bending as
shown in Figure 4c. An almost identical discharge capacity of
56 Ah g was obtained before and after bending. A compar-
ison of discharge capacity and current density of our flexible
Li-O, battery in ambient air with other references based on the
cut-off voltage of 2.5 V is illustrated in Figure 4d. These results

d
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Figure 4. Bending test of flexible Li-O, battery in ambient air. a) Open circuit voltage measurement and LED lighting of flexible battery at different
bending conditions; (1,2) flat (0° bending) and (3,4) bent batteries. b) Li—O, battery under bending experiment in ambient air (fatigue test). c) Deep
discharge of flexible battery in ambient air before and after bending tests. d) Comparison of discharge capacity and current density of our battery in
ambient air with other references based on cut-off voltage of 2.5 V. e) Charge/discharge curves at different current densities in ambient air. f) Rate

capability results before and after bending test.
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indicate that the performance (discharge capacity) of our flex-
ible battery is significantly improved compared to the state-of-
the-art results.[18:20.22.242748:4] Figure 4e shows discharge—charge
curves at different current densities of 0.5, 1, 2, and 4 A g™! at
a fixed capacity of 1000 mAh g~'. The charge potential changes
from 3.40 to 3.65 V upon increasing the current density from
0.5 to 4 A g7!, indicating the effectiveness of our electrolyte
blend in reducing the charge overpotential.

In addition, the rate capability of the battery was explored
by increasing the discharge current density from 0.5 to
4 mA cm™ and sweeping back to its initial value. As shown
in Figure 4f, the potential difference after discharging up to
7 Ah g! capacity is negligible and the potential returns to
the original value of =2.78 V. Moreover, the battery after 1000
bending cycles shows the same rate capability indicating an
excellent structural and electrochemical integrity of the bat-
tery after bending tests.

3. Conclusions

In summary, we developed an air-breathing sheet-type flexible
Li-O, battery operating under different conditions (oxygen, dry
air, and ambient air). The flexible battery showed an excellent
performance (370 cycles in pure oxygen, 250 cycles in dry air,
and 240 cycles in ambient air) under a high current density
of 1 A g™l It was uncovered that there is an excellent synergy
between different components of the battery including elec-
trolyte/redox mediator, cathode catalyst and Fomblin-based
protection layer suppressing H,O permeation into the battery
cell. The battery operating in ambient air exhibited a superior
performance including high charge/discharge curves stability,
excellent rate capability and a deep-discharge capacity as high
as 56 Ah/g before and after bending. The obtained results open
a new direction in utilizing Li-O, batteries in flexible and wear-
able electronics.

4. Experimental Section

Materials: Lithium chips (>99.9%) were purchased from (MTI
Corp), EMIM-BF4 (HPLC grade, >99.0%, Sigma-Aldrich), dimethyl
sulfoxide (DMSO), Lithium Bis(trifluoromethanesulfonyl) imide (LiTFSI)
(>99.0%), and MoS, powder were bought from (Sigma-Aldrich). Carbon
cloth was obtained from (Fuel Cell Co.) and glass-fiber separator
(WhatmanTM, GF/C) was acquired from GE healthcare science,
Pressure-Sensitive Adhesive was procured from (Adhesive Research),
polydimethylsiloxane (PDMS) was bought from (Gelpak Co) and heavy-
duty duct tape was purchased from amazon.

Cathode Preparation: MoS, nanoflakes were prepared by liquid-phase
exfoliation method. 300 mg of MoS, powder (99%) was dispersed in
60 mL isopropyl alcohol (>99.5%). The solution was then exfoliated
using ultrasonication for 20 h followed by centrifugation at 2000 RPM
for 1 h. The centrifuged MoS, was coated on top of the carbon cloth and
then dried before use. The areal mass loading was 0.1 mg cm™2.

Electrolyte Preparation: The electrolyte was prepared in argon-filled
glove box. T m of Lithium LiTFSI) and 30 x 10 m of indium bromide
(InBr3;) were added to the solution of DMSO and EMIM-BF4 ionic liquid
with a volumetric ratio of 9-1, respectively.

Battery Assembly: For the battery assembly, the anode, separator,
and cathode were stacked on top of each other. First, PDMS layer
was attached via heavy-duty duct tape to a pressure-sensitive

Small 2021, 17, 2102072

2102072 (6 of 7)

www.small-journal.com

adhesive, followed by attaching to the copper sheet as a current
collector. The polyethylene terephthalate spacer was then used to hold
lithium anode. Second, the glass-fiber separator containing 50 pL of
electrolyte was sandwiched between anode and MoS, coated carbon
cloth cathode followed by attaching copper sheet. The membrane of
carbon cloth used as a supporting matrix was soaked in the Fomblin
liquid (oxygen permeable chemical), then assembled on the top of the
cathode. Finally, another layer of PDMS was attached via heavy-duty
tape (with punched holes) to allow air-breathing. The cell thickness
and weight were measured to be 4 mm and 5 g, respectively. The whole
assembly process was done in the argon-filled glove box with humidity
and oxygen level less than 0.1 ppm. The galvanostatic tests were
carried out inside small and sealed bags filled with pure oxygen or dry
air. Other experiments were conducted in ambient air. Galvanostatic
Battery analyzer (MTI Corp, BST8-MA) was used to run the battery
experiments. All batteries were tested at room temperature (25 °C).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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