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A hybrid gel/solid-state polymer electrolyte has been used as
the separator and electrolyte for the lithium oxygen battery. It
can not only avoid electrolyte evaporation but also protect the
lithium metal anode during reactions over long-term cycling.
Due to its high ionic conductivity and low activation energy,
excellent cycling performance is demonstrated, in which the
terminal voltage is higher than 2.2 V after 140 cycles at 0.4 mA
cm 2, with 1000 mAh g composite) capacity.

The non-aqueous lithium oxygen battery is a promising candidate for
the next-generation energy storage system because of its potentially
high energy density (up to 2-3 kW kg'!), exceeding that of any other
existing energy storage system for storing sustainable and clean
energy to reduce greenhouse gas emissions and the consumption of
non-renewable fossil fuels. It stores and converts energy between
chemical energy and electrical energy via a reversible reaction of
lithium and oxygen (2Li" + O2 + 2¢”= Li202).!* At present, the non-
aqueous lithium oxygen battery is typically composed of a lithium
metal anode, a porous air cathode open to Oz in the atmosphere, and
a lithium-ion-conducting organic liquid electrolyte between the two
electrodes.”’ According to recent published reports, this battery
design has significant technical defects: (i) the liquid electrolyte
evaporates or dries out during long-term cycling; (ii) the lithium metal
anode directly reacts with oxygen; and (iii) liquid electrolytes limit
choices in cell design due to their fluidic characteristics and the need
for separator membranes in the cell assembly.’$!3 Therefore,
replacing the liquid electrolytes may be another promising strategy to
address the challenges mentioned above, by such alternatives as gel-
polymer electrolyte or solid-state electrolyte.!>!'”  Gel-polymer
electrolytes (GPEs) which are generally composed of liquid
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electrolyte in a polymer matrix, are widely used in lithium ic..
batteries owing to their excellent ionic conductivity, high safety, an
mechanical flexibility.!82? Solid electrolytes are good to prevent tl
oxygen diffusion but with low ionic conductivity.?*?¢ Therefore, it
would be good to combine both solid electrolyte and gel-electrolyt s
together to form a hybrid electrolyte to achieve both high ionic
conductivity and good protection for Li to directly contact and rea .
with O2. On the other hand, it is worth considering the deposition ¢
Li202 during discharge: the oxygen reduction reaction (ORR, Oz +
2Li* + 2¢™— Li202), and the decomposition of Li2O2 during .c
charge process: the oxygen evolution reaction (OER, Li202 — Oz -
2Li* + 2e7), which are two important processes that determine the
performance of Li-Oz cells.>”%!? To achieve high energy and long-
term cycling stability, an efficient electrocatalyst plays an importa. t
role in the ORR and OER. Ruthenium based nanoparticles har .
already been actively employed as catalysts in various areas, such :
the water splitting oxygen evolution reaction,>’?° CO oxidation,3%?'
alcohol oxidation,?>** and amine oxidation.>* Recently, Shao-Horn <
and other groups confirmed the catalytic activity of RuO2 towar: s
oxygen evolution in acid and alkaline aqueous solutions, also showir.,
that its stability under OER conditions is higher than that of rutheniur
carbon composites.”?”336  In order to go on to make a hig
dispersion, low aggregation, and large surface area catalyst, two-
dimensional nitrogen-doped graphene catalyst support has t .cn
used.’” Therefore, in this work, we have designed a special flex e
lithium oxygen battery device using gel-solid polymer electrolyte,
which can not only avoid electrolyte evaporation, but also protects tl -
lithium metal anode during reaction. RuOx nanoparticles decorate
uniformly on nitrogen-doped graphene were employed as the cathoc
material. This system exhibits excellent rechargeability performance
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The general process for the system is illustrated in Figure 1. Typically,
the composite, RuOx decorated on the nitrogen doped reduced
graphene oxide (N-rGO@RuOx), is obtained by the microwave
hydrothermal method. The first step is to coat the obtained N-
rGO@RuOx on the gas diffusion layer, following by brushing on a
gel-polymer electrolyte (GPE) layer to a thickness of about 1-2 mm.
Then, the above cathode electrode is exposed to an ultraviolet (UV)
lamp for different times to drive the polymerization reaction to form
a solid-state layer. For the anode electrode preparation, about 1-2 mm
of GPE is brushed on one side of a piece of nickel foam, and the
lithium metal is attached on the other side of the nickel foam. The
schematic diagram in Fig. 1(h) shows the internal structure of the
lithium oxygen battery device. The gel-solid layer and the nickel foam
immersed in GPE were designed to avoid the electrolyte evaporation
and protect the lithium metal anode from oxidization.
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Figure 1. Schematic flow-process diagram of the fabrication of the
flexible lithium oxygen battery system: (a) gas diffusion layer (GDL)
coated with N-rGO@RuOy; (b) gel-polymer electrolyte brushed on the
side of GDL coated with N-rGO@RuOy; (c) air electrode after
polymerization to form a solid layer; (d) nickel foam; (e) fill the nickel
foam with the obtained gel polymer electrolyte and brush about 1mm on
the side of the nickel form;(f) photograph of flexible lithium oxygen
battery; (g) the process of polymerization to form a polymer network; (h)
schematic diagram of the internal structure of the device. TEGDME:
tetracthylene  glycol  dimethyl ether; ETPTA: ethoxylated
trimethylolpropane triacrylate; HMPP: 2-hydroxy-2-methyl-1-phenyl-1-
propanon.

The as-prepared cathode materials were characterized by Raman
spectroscopy and high-resolution transmission electron microscopy
(HRTEM), as shown in Figures 2(a, b) and S1 in the Supporting
Information (SI). Compared with pure rGO, thre are two
corresponding Raman bands at 1590 cm™! (G band) and 1325 cm™! (D
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band), but two additional Raman bands also appear at the positions of
~ 510 and ~ 620 cm™! for N-rGO@RuOx composite, whic "
correspond to the Ru-O bonding shift.® HRTEM analysis was
employed to determine the morphology and the particle si: -
distribution of the RuOx nanoparticles on the rGO. The as-preparc
rGO nanosheets have a laminar structured morphology, and the R-:C
nanoparticles are uniformly attached on the nanosheets. The size <
most nanoparticles is in the range of 1-3 nm. The composite was alc .
characterized by X-ray diffraction (XRD), as shown in Fig.S™,
although there are no obvious RuOx signals, which may have resulte '
from the small particle size.

X-ray photoelectron spectroscopy (XPS) was further used to gaiu
insight into the chemical bonding in N-rGO@RuOx composite, o
shown in Figure 2(c-f). The XPS spectrum in the C 1s region (Fig. 2~
is quite complex, showing a total of seven components, includine
peaks assigned to the Ru 3d photoelectrons, at 282.7 eV (Ru 3d5/.)
and at 284.6 and 287.5 eV (Ru 3d3/2).373-%2 The C 1s peak of the
original N-rGO can be deconvoluted into four components. The mo
intense peak at 284.8 ¢V is assigned to C=C/C-C, which, together wi. °
the component at 289.3 eV that corresponds to C=0/0-C=0, is 2
signature of graphene obtained via the hydrothermal method. -
addition, two peaks at 285.9 and 287.5 eV result from sp2 C-N ~= °
sp3 C-N bonding. The same information for nitrogen is shown in 1 1g.
2(d), where the N peak of the original N-rGO can be deconvoluted
into three different components, at 398.3, 400.1, and 401.4 = ~~
corresponding to pyridinic, pyrrolic, and graphic types of nitroge .
respectively.*** In order to confirm the hydrous nature of the as-
synthesized RuOx nanoparticles in the composite, although rutheniu
is typically analyzed by the strong signals from the 3d photoelectrons,
here we used the 3p spectrum instead in order to avoid interfere=- »
from the carbon substrate. The Ru 3p3/2 peak in Fig. 2(e) was
deconvoluted into two components, which were identified with RuO t
(467.1 V) and RuO: (463.8 eV). A signal with a similar ratio ..
estimated from Ru-O-Ru, identified at 528.9 eV, and Ru-O-H, centre’
at 530.2 eV (Fig. 21).373-42

High ionic conductivity is one of the most important prerequisites ¢ 1
materials for application in electrolyte. The temperature dependent
ionic conductivity of the gel-polymer electrolyte with varior ,
polymerization times was examined using the AC impedanc.
spectroscopy technique. With extended polymerization time, the ionic
conductivity of the electrolyte tends to decrease (Fig. S3). 7 s
observation is largely attributed to the formation of a solid structurc
that restricts the mobility of the lithium ions when compared with the
liquid electrolyte. On increasing the testing temperature, the
electrolyte ionic conductivity experiences an increasing trend due )
the kinetic influence. Meanwhile, it is worth calculating the activatic .
energy (Ea). The activation energy of different gel-polym

electrolytes with various polymerization times was calculated (see S'
for details), and the results are shown in Fig. 3(a). GPE with 5 =
polymerization time has lower activation energy, 16.1 kJ mol'!, the 1
GPE with 10 s (17.8 kI mol") and 15 s (19.6 kI mol"). A low Ea valu..
for a gel electrolyte indicates facile ionic transport along th

conducting channels. Therefore, it is reasonable to assume from tl »
above results that the increasing thickness of the solid layer decreases
the electrolyte ionic conductivity and increases the activation en: gy
of the electrolyte. In order to test the oxygen permeability of the ¢ °E
with different polymerization times, small bottles containing lithium
foil and using GPE as the cover were kept in pure oxygen atmospher .
After several days, the lithium metal was still shining when kept und-

GPE with longer polymerization time (Fig. S4). Therefore, the sol:-
layer can efficiently slow down the oxygen diffusion rate. To
investigate the electrochemical stability of the GPE, linear swec )
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voltammetry (LSV) measurements were carried out in the potential
range between 3.0 and 6.0 V (V vs. Li/Li") at a scan rate of 5.0 mV
s'1. As shown in Fig. 3(b), no obvious significant oxidation current
was observed below 5.0 V, indicating that the obtained gel-polymer
electrolyte samples were electrochemically stable up to 5.0 V, so that
they could be applied in high voltage batteries. These results were in
agreement with previous results. 40
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Figure 2. (a) Raman spectra for rGO and N-rGO@RuOx composite;
(b) HRTEM image of the N-rGO@RuOx composite; XPS results for
N-rGO@RuOx composite: (c) Carbon XPS data; (d) Nitrogen XPS
data; (e, f) Ruthenium XPS data.

The electrochemical properties were then examined in pure oxygen
atmosphere. The rate performance of the cell using GPE with 5 s
polymerization time with a fixed specific capacity of 1000 mAh g
Lcomposite) is shown in Fig. 3c. At the current densities of 0.1, 0.4, 0.6
and 0.9 mA cm?, it exhibits lower overpotential and excellent round
trip efficiency. At the same time, reversibility of the catalyst is also
shown in Fig. 3d. Compared with the pristine electrode, there is clear
evidence of crystalline Li2O> formation at the end of discharge. In the
following charging, the discharge products become barely visible and
cannot be detected, which is consistent with the results obtained by
other groups.>”121446 The high catalytic activity of RuOx together
with the high ionic conductivity of the gel-polymer electrolyte plays
an important role in the formation and decomposition process.

The GPE-5s sample was compared with normal liquid electrolyte in
Fig. 3(e). The cell using liquid electrolyte showed stability during the
first 40 cycles, following by a slow decrease until 65 cycles. Then, the
cell died, which largely resulted from the drying out of the liquid
electrolyte and lithium metal oxidation after long-term cycling, from
the evidence cell disassembly in Fig. S5. Compared with liquid
electrolyte, the cell using GPE with 5 s polymerization time shows a
stable cycling performance, and the voltage obtained at the discharge
terminal is higher than 2.2 V for 140 cycles with 0.4 mA cm™ current
density. There are also no obvious chemical bonding changes as
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shown in the FT-IR results (Fig.S6), which indicates the hybrid
gel/solid state electrolyte keeps a highly stability during the discharc »
and charge. In addition, in Fig. 3(f), the device using GPE with 53
polymerization time also shows a lower overpotential and high .
round trip efficiency than the normal liquid electrolyte even after tl

20th cycle. Meanwhile, the stability of the GPE with £-
polymerization time after cycling was tested using the same techniqu 2
in Fig. S6, where even after 140 cycles, the gel polymer electroly..
still exhibits high stability when the working potential is lower than

V. The excellent cycling performance was largely attributed to the lo -
evaporation rate and higher stability of the GPE-5s electrolyte, as well
as the protection of the lithium metal anode during long-term cyclin .
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Figure 3. (a) Activation energy of the gel-solid-state polymer
electrolyte with different degrees of polymerization; (b) stabilit or
the gel-solid-state polymer electrolyte with different degrees o1
polymerization; c) First discharge-charge curves of the cell using GPE
with 5 s polymerization time at different current densities of 0.1, 0.4
0.6, and 0.9 mA cm?, with a capacity of 1000 mAh g (composite); ¢ )
XRD patterns of the cathode electrode collected at different reactic .
steps (current density = 0.4 mA c¢cm?) () cycling performance of cel’
using liquid and GPE-5s electrolyte; (f) Discharge/charge curves fe
the 20th cycle for cells using liquid and GPE-5s electrolyte.

In addition, for further research on a flexible battery, the battery (insc.
image in Fig. 4b) was bent and tested in oxygen atmosphere. In Fig.,
it shows an excellent discharge and charge curve in the first cycle ar. !
demonstrates good cycling performance. After 10 cycles, however,
the overpotential was greatly increased, and the terminal voltage vas
also decreased significantly, which may have resulted from the L. oe
connection resistance due to bending.
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