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Ithough rechargeable lithium-ion

batteries are widely used in mobile

phones, laptop computers, and si-
milar electronic devices, their energy den-
sity is still insufficient to permit their use in
electric vehicles. Recently, however, Li—
air batteries have shown promise as can-
didates for use as high-energy-density
batteries, but they still suffer from one
serious problem, in that the solid reaction
product (Li,O or Li,O,) is insoluble in
organic electrolytes.! 3

Our group has reported the development
of a new type of Li—air battery with a hybrid
electrolyte designed to overcome the pro-
blem of conventional Li—air batteries.* In
the new battery, an organic electrolyte is
used on the anode (metallic lithium) side,
and an aqueous electrolyte is used on the
cathode (air) side. The two electrolytes are
separated from one another by a solid-state
electrolyte [a lithium superion-conductor
glass film (LISICON)] so that they do not
intermix. However, several problems remain
to be overcome, such as the complex cell
structure, the stability of the LISICON, and
corrosion of the air electrode catalysts. Cor-
rosion of the air electrode catalysts is
considered to result from oxidation of
carbon to form Li,COs. It is therefore im-
portant to choose suitable electrode ma-
terials to improve the performance of the
battery.

In general, the air electrode for a Li—air
battery is prepared from a combination of
Pt—Au or a metal oxide such as Mn;O,
supported on a carbon material>~° In al-
most all cases, mesoporous carbon has
been used as the support for the metal
nanoparticles. Such mesoporous carbon-
supported electrocatalysts have shown
quite moderate performance in Li—air
batteries, and several major obstacles
arising from the carbonaceous air cathode,
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ABSTRACT Metal-free graphene nanosheets (GNSs) were examined for use as air electrodes in a
Li—air battery with a hybrid electrolyte. At 0.5 mA cm ™, the GNSs showed a high discharge voltage
that was near that of the 20 wt % Pt/carbon black. This was ascribed to the presence of sp* bonding
associated with edge and defect sites in GNSs. Moreover, heat-treated GNSs not only provided a
similar catalytic activity in reducing oxygen in the air, but also showed a much more-stable cycling
performance than GNSs when used in a rechargeable Li-air battery. This improvement resulted from
removal of adsorbed functional groups and from crystallization of the GNS surface into a graphitic
structure on heat treatment.

KEYWORDS: graphene nanosheets (GNSs) - air-electrode - discharge overpotential -
hybrid electrolyte - Li—air battery

such as carbon's oxidation in both charge
and discharge processes, remain to be
overcome if the cycling efficiency and
cycle life of Li—air batteries are to be
improved.

Recently, graphene nanosheets (GNSs),
which have a two-dimensional carbon
nanostructure, have attracted a great atten-
tion as a carbon support material for elec-
trocatalysts, energy-storage materials, and
polymer composites.®”'° This is because
GNSs have a high thermal conductivity
(~5000 W-m~"-K™"), a high electrical con-
ductivity (10*-10* Sm™"), and a high spe-
cific surface area (calculated theoretical
value 2630 m?-g~")."""? GNSs have been
prepared by a chemical method that readily
produces exfoliated graphene sheets from
graphite on a large-scale. The products have
many edge sites and defect sites located on
the GNSs surface. Such edge and defect
sites are considered to serve as active sites
for chemical reactions. Furthermore, the

two-dimensional structure of GNSs provides ~ *Address correspondence to

a pathway for access by oxygen gas from
both sides of the nanosheet. With these
characteristics, GNSs were expected to be
useful novel catalysts for Li—air batteries.
However, until now, although GNSs have
been widely investigated as support hosts
for catalysts, metal-free GNSs have not been
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directly used as catalysts in air electrodes for either fuel
cells or Li—air batteries.

In this study, GNSs and heat-treated GNSs were
prepared by a chemical method, and their electro-
chemical properties as air—electrode catalysts
for new type of Li—air battery were studied, with
particular attention to their charge—discharge per-
formance.

RESULT AND DISCUSSION
;

The surface area of GNSs was 342.6 mz-gf , as
measured by the BET method; the surface areas of
the heat-treated GNSs and AB used in this study were
211.1 and 749 m?-g ™', respectively.

Figure 1 shows the structure of the rechargeable
Li—air battery based on GNSs as an air electrode.
The GNS is a two-dimensional surface composed
of strongly bonded carbon atoms and it has a high
electronic conductivity as well as a high surface area.
The surface of the GNS contained many edge and
defect sites, such as carbon vacancies and five- or
seven-membered rings. These edge and defect
sites can effectively serve as active sites for specific
chemical reactions; for example, they can act as
catalysts for reduction of oxygen because, in com-
parison with the stacked structure of graphite,
the two-dimensional structure of GNSs permits
ready access of oxygen gas from both sides of the
nanosheet onto defect sites and edges. The ex-
pected reaction pathway for the air electrode is
shown in Figure 1. The edge or defect sites, which
are attributed to sp® bonding of the GNS surfaces,
dissociate O, into atomic oxygen that then migrates
to the GNS surface and forms hydroxide ions (OH™)
by reaction with H,O molecules in the aqueous
electrolyte.

Figure 2a shows the discharge curves for Li—air
batteries based on GNS, AB, or 20 wt % Pt/CB catalysts
at a current density of 0.5 mA-cm™2 for 24 h at room
temperature. The discharge voltage was a constant
3.05, 3.00, or 2.78 V versus Li/Li* for 20 wt % Pt/CB,
GNSs, and AB, respectively. Interestingly, the discharge
voltage of GNSs is near that of 20 wt % Pt/CB, indicating
that the metal-free GNSs exhibited a high catalytic
activity as a cathode electrode in the Li—air battery.
However, for AB, the discharge voltage was 0.28 V less
than that of 20 wt % Pt/CB. The significant difference in
the catalytic activities of Li—air battery electrodes
based on GNSs and AB must be due to differences in
the carbon materials. We therefore considered that
metal-free GNSs might be a promising candidate for
use in an air electrode for a new type of Li—air battery.
Figure 2b shows the charge—discharge curves for GNSs
ata current density of 0.5 mA-cm ™2 for 1-50 cycles. The
difference between the charge voltage and the dis-
charge voltage is denoted here as the voltage gap. The
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Figure 1. Structure of the rechargeable Li—air battery
based on GNSs as an air electrode.

voltage gap at the first cycle was approximately 0.56 V,
which was much lower than the reported values for
Li—air batteries (1.0 and 0.7 V).>'* However, with
increasing numbers of charge—discharge cycles, the
charge voltage increased from about 3.55 t0 3.98 V after
the 50th cycle. The discharge voltage also decreased
from 3.0 to 2.78 V after the 50th cycle. The voltage gap
at the 50th cycle was about 1.20 V. The enhanced
voltage gap probably arises from the presence of many
carbon vacancies and defects on the GNSs surface,
those are formed as a result of the preparation of the
GNSs by chemical reduction of exfoliated graphite
oxide sheets.'® These vacancies and defects might
promote corrosion of the GNSs during the electrochem-
ical reduction of O, from the air. Figure 2 panels cand d
show the charge—discharge curves from the first cycle
to the 50th cycle for Li—air batteries with GNSs and
heat-treated GNSs as catalysts, respectively, at a cur-
rent density of 0.5 mA-cm™ 2 with charge and dis-
charge for 2 h each. For the GNSs, the charge voltage
gradually increased and the discharge voltage gradu-
ally decreased with each cycle. The difference in the
discharge voltage between the first and the 50th
cycle was only 0.2 V. However, the difference in the
charge voltage between the first and the 50th cycle
was as high as 0.4 V. This shows that corrosion in the
charge process is much more serious than that in
discharge process, possibly as a result of oxidation of
the GNSs by the oxygen atoms released in the charge
process.

In the case of heat-treated GNSs, however,
neither the charge voltage nor the discharge vol-
tage showed a significant difference after as many
as 50 cycles. The difference in the charge voltage
between the first and the 50th cycle was only 0.16 V.
This showed that heat-treated GNSs are much more
stable and cannot be easily oxidized by the oxygen
atomsreleased in the charge process. Moreover, the
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Figure 2. Discharge curves of 20 wt % Pt/CB, GNSs, and AB at a current density of 0.5 mA-cm ™2 for 24 h (a), the correlation
between cycle number and capacity of GNSs (b). Charge—discharge curves of GNSs (c) and heat-treated GNSs (d) at a current

density of 0.5 mA-cm™2 from 1 to 50 cycles.

difference in the discharge voltage between the
first and the 50th cycle was as little as 0.07 V. Thus,
the improved charge—discharge cycling perfor-
mance suggests that heat-treated GNSs have a
good durability when used in Li—air rechargeable
batteries. The improvement may be the result of
changesin the surface structure of GNSs on heating.
The high durability of heat-treated GNSs is ascribed
to the restoration of the carbon framework, as
suggested by the high quality of graphitization of
the surface carbon, as confirmed by X-ray photo-
electron spectroscopy (XPS) and discussed in detail
below.

Figure 3 shows the discharge curves at various
current densities, which provide information on the
internal resistances of the cells. The operating voltage
of the Li—air battery remained at 3.17 V at a current
density of 0.01 mA-cm ™2, whereas it still remained at
2.3V even though at a current density of 3 mA-cm™2,
On increasing the current density, the operating vol-
tage linearly decreased, as can be clearly observed in
the inset to Figure 3; this is mainly due to the resis
tance of the LISICON. By analyzing the current—voltage
curve shown in the inset to Figure 3, we estimated the

YOO AND ZHOU

3.4 T T T T N
3.2 0.01 mAlcm’ ]
0.1 mA/cm?
3.0f— 0.5 mA/cm®—
> 2
E 1 mA/lcm
§’ 2.8 —
o
>
2
2.6/ % -
>
24 2 L _
\Qﬂ.sn. 1:; 1,: 20/ §5 3.0
jischarge density/ m, 3 mAvem?
2.2 | | 1 |
0 50 100 150 200 250

Discharge time/ second

Figure 3. Discharge curves of GNSs at different current
densities, from 0.01 mA-cm™2 to 3 mA-cm™ 2. The inset is
the /—V curve of GNSs.

internal resistance of this Li—air battery system to be
about 200 Q.

Figure 4 shows the discharge overpotential of all
the measured samples, obtained from Figure 1¢,d. The
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Figure 4. Discharge overpotential of all measured sample.
The discharge overpotential was estimated from Figure 1c,
d, asuming the internal resistance due to LISCON is 0.1 V.

following reaction occurs at the lithium anode in the
Li—air battery:

Discharge:

Li—Li*+e E° = —3.03VversusSHE (1)
Charge:

Lit +e” —Li E° = —3.03VversusSHE  (2)

Here, SHE is the standard hydrogen electrode. At the air
cathode, oxygen and water are reduced to form hydroxide
ions (OH"), in the discharge process, as shown in eq 3. In a
basic electrolyte, a direct four-electron reaction occurs as
follows:

Discharge:

0,(9) +4e~ +2H,0 — 40H ™ (aq)

E° = 0.40 Vversus SHE (3)

Charge:

40H" (ag) — 01(g) +2H,0 +4e ™
E° = 0.40 Vversus SHE (4)

The theoretical cell voltage is therefore 3.43 V. The
discharge potential loss from internal resistance in
this system is estimated assuming internal resistance
of 0.1V, because the internal resistance of LiSICON is
estimated to be 200 Q (Figure 3) and the electroche-
mical test is carried out at a current density of 0.5 mA
cm™ . Here, the discharge overpotential is defined as
AV, =Vy— Vi4is — 0.1V, where V, is the theoretical cell
voltage, V,q;s is the discharge voltage at each cycle x,
and 0.1 V is the internal resistance factor. The differ-
ence in the discharge overpotential between the first
cycle and the 50th cycle is denoted as AG. The value of
AV, for 20 wt % Pt/CB was about 0.25 V, showing that
it has the best performance of any cathode among the
measured samples. The values of AV; were about
0.35, 0.4, and 0.58 V for GNSs, heat-treated GNSs, and
AB, respectively. However, after 50 cycles, a significant
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difference was observed in the values of AG. GNSs
showed a AVsq of ~0.7 V, whereas heat-treated GNSs
showed a AVs, of 0.47 V. In comparison, the value of
AG for GNSs was 0.35V and that for heat-treated GNSs
was as little as 0.07 V, which shows an excellent
charge—discharge cycle performance for the Li—air
battery. It was thus considered that the durability in
the electrochemical test is markedly dependent on
the thermal treatment of the GNSs.

The morphological structures of GNSs and AB were
examined by TEM. Figure 5 shows TEM images of GNSs
and AB. As can be seen in Figure 4a, the GNSs have a
curled morphology with a thin, wrinkled, paper-like
structure. To elucidate its atomic structure and layer
stacking, we examined the GNSs by high-resolution
TEM (HRTEM). A graphite hexagonal lattice could be
seen in the HRTEM image. TEM imaging next to the
edge confirms that the GNSs consisted of one- and
two-layer graphene sheets, seen as two sets of dark
lines running in a parallel direction [Figure 5b]. Further-
more, the electron-diffraction pattern was recorded to
confirm the structure of GNSs [inset to Figure 5b]. The
well-defined 6-fold-symmetry diffraction pattern was
similar to that of peeled-off graphene, thereby con-
firming the crystalline structure of the as-prepared
GNSs."® The fact that the {2110} spots appear to be
more intense than the {1100} spots provides further
confirmation that the resulting graphene consisted of
several layer sheets.'” Thus, the electron-diffraction
pattern seen in the inset of Figure 5b demonstrates
the presence of a graphene sheet consisting of a few
layers. Furthermore, Figure 5c shows a conventional
TEM image of AB in which the particles can be seen to
have an aggregated structure of nanoparticles linked
to one another to form a linear chain-like structure.

XPS was used to estimate the number of defects in
the GNSs. Figure 6a shows the C;5 XPS spectra of GNSs
and heat-treated GNSs. The curves are deconvoluted
into three or four peaks, depending on the sample. In
brief, the spectra clearly show the presence of a
considerable degree of oxidation, with four compo-
nents that correspond to carbon atoms in various
functional groups, including nonoxygenated ring C=C
sp? bonding at 284.6 eV, sp> bonding at 285.6 eV,
carbonyl carbon (C=0) at 286.8 eV, and carboxylate
carbon (O—C=0) at 288.4 eV.'®'? Although the C;; XPS
spectra of heat-treated GNSs also show these same
functionalities, the intensities of the corresponding
peaks are much smaller than those in GNSs. In addition,
as can be seen in Figure 6b, the O, XPS spectra of heat-
treated GNSs also show that their peak intensity is
much less than that of GNSs. On the basis of these
results, we conclude that heat-treatment of GNSs
promotes the removal of functional groups from the
GNSs. This result is in agreement with results of ther-
mogravimetry (TG) and differential thermal analysis
(DTA) (see Supporting Information, Figure S2). Figure 6¢
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Figure 6. XPS spectra of (a) C;5 and (b) O, for GNSs and heat-treated GNSs. The atomic concentration by integrating XPS peak
of sp? bonding, sp® bonding, and sp>/sp ratio for GNSs and heat-treated GNSs (c).

shows the contents of the various functional groups on
GNSs and heat-treated GNSs, calculated by integrating
the corresponding XPS peaks. The sp® and sp® carbon
contents, attributed to diamond and graphite, respec-
tively, were obtained by integrating the corresponding
component against the binding energy. The relative
content of sp? carbon in defect-free graphite for GNSs
is 54.1%, which is much less than that in the heat-treated
GNSs (70.3%). On the other hand, the percentage of sp®
bonding associated with defect carbons in GNSs is higher
(16.6%) than that in the heat-treated GNSs (13.2%). We
also investigated the sp®/sp> hybridization ratios of GNSs
and of heat-treated GNSs to understand the dependence
of defects and edges state on GNSs for electrochemical
performance. The sp®/sp? hybridization ratio was derived
from their relative contents. After heat treatment of GNSs,
the carbon sp/sp? hybridization ratio decreased from
31% to 19%, indicating that the sp® bond is more
thermally stable than the sp® bond. The decrease in the
sp/sp? ratio is mainly caused by an increase of sp*
bonded carbon sites due to the formation of graphitized
C—C bonds on heating. We confirmed the graphit
ization of GNSs after heat-treatment by means of Raman
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spectroscopy (Supporting Information, Figure S3). The
ratio of the intensities of the G and D bands (I/Ip),
assigned to the active E,4 vibrations of graphite and
disordered structures, respectively, was 0.54 for GNS and
0.72 for heat-treated GNSs, indicating that the GNSs was
graphitized on annealing.

Jiang et al. have reported that the zigzag edge of a
graphene nanoribbon has a unique electronic state,
and that this might serve as an active site for specific
chemical reactions.?° In other words, sp*-bonded car-
bon atoms in GNSs, the presence of which is attributed
to edge states and defects, might serve as active sites
for the oxygen-reduction reaction in the basic electro-
lyte of the Li—air battery, so that GNSs exhibit a high
electrochemical performance in the Li—air battery.

We have therefore demonstrated that metal-free
GNSs shows a good performance as a catalyst for
reducing oxygen in the air in Li—air batteries with a
hybrid electrolyte, even though it shows a little poor
cycling performance. The low overpotential of GNSs
used in Li—air battery derives from both the presen-
ce of dangling o-bonds (sp® carbon atoms) at the
edges and defects of GNSs.?' The higher electronic
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conductivity of GNSs also contributes to the low
overpotential of GNSs used in Li-air battery. More-
over, heat-treated GNSs show a much more-stable
cycling performance. Two possible reasons for the
improved cycle stability are proposed on the basis of
the surface state of heat-treated GNSs. The first is a
decrease in the sp>/sp? ratio as a result of crystal-
lization of the GNSs surface on heat treatment. The

MATERIALS AND METHODS

GNSs were obtained by using precursor graphite as a starting
material through the chemical reduction of graphite oxide in
solution.">"* Graphite oxide was reduced by stirring with hydrazine
hydrate at room temperature for 24 h, washed with distilled water
until neutral, and then dried at room temperature for 24 h to obtain
the GNSs. To graphitize the surface of the GNSs, it was heated in a
quartz-tube reactor in flowing 4% H,/Ar (50 cm*/min) for 30 min
at 950 °C.

Catalyst pastes were prepared from GNSs, heat-treated
GNSs, or acetylene black (AB) by the following procedure. The
carbon material (GNSs, heat-treated GNSs, or AB) (90%), poly-
(tetrafluoroethylene) (PTFE) (7%) and AB (3%) were well mixed,
and the mixture was then roller-pressed into a sheet to form the
catalytic layer. A gas-diffusion layer was prepared by mixing the
carbon material (GNSs, heat-treated GNSs, or AB,) (60%) with PTFE
(40%), and then rolling the mixture to form a film. Finally, the air
catalytic layer was prepared by pressing the catalytic layer and the
gas-diffusion layer onto a nickel foam.

The electrochemical test set up used for the Li—air battery with a
hybrid electrolyte has been described in a previous report from
our group.* 1 M LiCIO,/ED/DEC was used as the organic electro-
lyte, and 1 M LiNO; + 0.5 M LiOH was used as the aqueous
electrolyte. A solid-state electrolyte Liy , ., Al(Ti,Ge),—,Si,P3—,01>
(LISICON) film was used as a separating membrane between the
organic and aqueous electrolytes to prevent intermixing of the
two solutions. The cells were discharged at a current density of 0.5
mA-cm 2 for 24 h. The charge—discharge performance was
carried out the voltage range 2—4.8 V at a current density of 0.5
mA-cm 2 for 2 h.

The GNSs, heat-treated GNSs, and AB were characterized by
means of X-ray photoelectron spectroscopy (XPS) (S-Probe ESCA
model 2803) and transmission electron microscopy (TEM) (JEOL,
JEM-2010F). The Brunauer—Emmet—Teller (BET) specific surface
areas were measured by means of N, adsorption by using a
Micromeritics TriStar instrument.

Commercial 20 wt % Pt/carbon black (CB) (Johnson Matthey)
and AB were used as reference materials under the same
experimental conditions to compare the performance of the
electrodes in the Li—air battery.
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