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ABSTRACT: Nonaqueous Li—O, battery is recognized as one of the @00’
most promising energy storage devices for electric vehicles due to its
super-high energy density. At present, carbon or catalyst-supporting
carbon materials are widely used for cathode materials of Li—O, battery.
However, the unique electrode reaction and complex side reactions lead
to numerous hurdles that have to be overcome. The pore blocking
caused by the solid products and the byproducts generated from the side
reactions severely limit the capacity performance and cycling stability.
Thus, there is a great need to develop carbon materials with optimized
pore structure and tunable surface chemistry to meet the special
requirement of Li—O, battery. Here, we propose a strategy of vacuum-
promoted thermal expansion to fabricate one micron-sized graphene
matrix with a hierarchical meso-/macroporous structure, combining with
a following deoxygenation treatment to adjust the surface chemistry by
reducing the amount of oxygen and selectively removing partial unstable groups. The as-made graphene demonstrates
dramatically tailored pore characteristics and a well-tuned surface chemical environment. When applied in Li—O, battery as
cathode, it exhibits an outstanding capacity up to 19 800 mA h g™ and is capable of enduring over S0 cycles with a curtaining
capacity of 1000 mA h g™" at a current density of 1000 mA g~". This will provide a novel pathway for the design of cathodes for
Li—O, battery.
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1. INTRODUCTION

Nonaqueous Li—O, battery has been considered as a candidate
power source for electrical vehicles due to its extremely high
theoretical energy density that is comparable to gasoline.'”>

(ORR process), followed by its decomposition to Li* and O,
during charge (OER process). As the solid-state Li,O,
continuously deposits at oxygen electrode, it gradually blocks
the transport of oxygen and lithium ion and will prevent further

The main factors restraining the application of nonaqueous Li—
0, battery are the stability of electrolyte®™® and the design of
oxygen cathode.”"® Conventional electrolyte, such as carbo-
nate-based or ether-based electrolyte, is easily decomposed in
the highly oxidizing environment,”® and cannot efficiently
support the operation of Li—O, battery. Recently, dimethyl
sulfoxide (DMSO) was proved to be compatible with discharge
product-Li,O, by Bruce et al,"*” although some indications of
side reaction were observed when operating with carbon
electrode.® However, even if we have established an ultimately
stable electrolyte system, the design of cathode still remains a
critical challenge for the application of Li—O, battery.

The oxygen cathode, which is widely used carbon or catalyst-
supporting carbon, provides the space and surface for oxygen
reduction reaction (ORR) and oxygen evolution reaction
(OER). During discharge, the insoluble Li,O, product locates
on the surface of cathode material and is stored in the pores
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reaction. That means the electrically isolated product will
passivate cathode surface, thus leading to limited rate capability
and capacity fading.”'"'*7*" Therefore, a well-designed
architecture with sufficient reactants diffusion channels and
large pore volume for the storage of solid product will be
beneficial. For this consideration, numerous carbon cathodes
with desired structure have been applied in Li—O, battery, such
as mesoporous carbon,>™* carbon nanotube,*® carbon fiber,?
and graphene,'>*” by the control of structure and porosity.”>*

In addition, the sluggish kinetic of the electrochemical
reaction will give rise to large voltage gap between discharge
and charge, and the byproducts (e.g,, Li,CO;) generated from
the side reactions between Li,O, and carbon will induce poor
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cycle performance.”*** To resolve the problem, tremendous

researches aim to develop catalyst, such as metal (Co,31 pt,"?
Ry, PdCu®® etc) or metal oxide (Co,0,°* Mn;0,"
RuO,,* etc.), that is incorporated into carbon materials to
decrease the polarization. However, the carbon surface is always
dominated in cathode due to its much higher surface area
compared to catalyst, and that means catalyst cannot
completely cover the entire carbon surface. Unfortunately, the
electrochemical reaction will take place on all the carbon
surface with or without catalyst covering. It is inevitable that the
carbon surface will react with Li,O, during the discharge and
charge processes.”****7 Because the byproducts are hardly
decomposed on charge, the accumulation of byproducts in
cathode will lead to continuous passivation of electrochemical
reaction interface. This has been regarded as the critical
obstacle for the practical employment of carbon materials in
Li—O, battery.

On the basis of the above analysis, the optimal carbon
material for Li—O, battery should afford large pore volume to
store the discharge product and optimized pore structure to
transport lithium ion and oxygen. Besides, the surface of the
carbon material should provide a stable electrode/electrolyte
interface that could efficiently suppress the side reactions
between carbon and Li,O,. Herein, we propose a general
strategy to prepare a micron-sized porous matrix with
hierarchical three-dimensional architectures together with
well-tuned surface chemical environment. Graphene, a
monolayer of two-dimensional carbon crystal with high surface
area, excellent electronic conductivity, variable surface chem-
istry and easy processing, has been chosen as the building unit
to construct the porous matrix. However, when deriving
graphene from graphite oxide with a conventional chemical
reduction method, for instance, using hydrazine, the strong van
der Waals forces between graphene layers always induces
irreversible face-to-face restacking,®®~*' which will constrain the
development of porosity in the final product. To improve the
porosity, we employed a vacuum-promoted, thermal expansion
approach to establish the hierarchical structured micron-sized
graphene matrix. Subsequently, one deoxygenation process was
carried out to adjust the surface chemistry by reducing the
amount of surface oxygen and selective removal of some
unstable oxygen groups. The as-made graphene demonstrates
fertile mesopores and macropores together with a highly
reduced graphene surface, which shows synergistic effect on the
battery performance: sufficient reaction sites for electro-
chemical reaction, efficient transportation of lithium ion and
oxygen, and slighter side reaction between graphene surface
and Li,O,. As a result, the Li—O, battery fabricated with this
graphene cathode delivers an outstanding capacity and exhibits
greatly improved cycling stability.

2. EXPERIMENTAL SECTION

2.1. Preparation of Materials. 2.1.1. Preparation of Graphite
Oxide. Graphite oxide was synthesized by an improved Hummers
method.* First, 3.0 g of graphite and 18.0 g of KMnO,, and 360 mL of
concentrated H,SO, and 40 mL of concentrated H;PO, were mixed in
advance, respectively. Then, the solid reactants and liquid reactants
were added into a 1000 mL baker. The beaker was transferred into the
oil bath, and the mixture was stirred for 12 h under 50 °C. The liquid
product was poured onto ice (800 mL) with 30% H,0, (15 mL) and
formed a yellow solution. Then, the solution was centrifuged, washed
by hydrochloric acid (2 times), and washed by deionized water (4
times). The remaining product was dialyzed for 3 days and centrifuged
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to remove solid impurities. The residual gel product was dried at 30 °C
to obtain graphite oxide solid.

2.1.2. Preparation of CRG. Hydrazine was selected as the reductant
for the chemical conversion of graphite oxide to graphene. The
graphite oxide was added into water and ultrasound dispersed for 8 h.
The homogeneous dispersion (50 mL) was mixed with 10 mL of
hydrazine solution (35 wt %) under stirring, and the weight ratio of
graphite oxide and hydrazine was about 10:7.* Then, the solution was
transferred into the oil bath and stirred for 1 h under 95 °C. After
being filtered and washed, the chemical reduced graphene was
obtained, and it is noted as CRG.

2.1.3. Preparation of VTEG. The expansion of graphite oxide was
carried out according to a modified vacuum-promoted exfoliation
method.** The as-prepared graphite oxide (1 g) was put into an
autoclave (100 mL) that was connected to a high-vacuum pump by a
steel tube. After the barometer on the steel tube line pointed to —1
bar, the autoclave was introduced into a muffle furnace under 900 °C
for 2 min. During the exfoliation process, the high-vacuum pump was
still operating. Then, the vacuum-promoted, thermal-expanded
graphene was obtained, and it is noted as VTEG.

2.1.4. Preparation of VTEG-HT. The as-prepared VTEG was heated
from room temperature to 900 °C at 5 °C min~" and held for 6 h in
argon atmosphere. The resulting graphene is noted as VTEG-HT.

2.2. Physical Characterization. X-ray diffraction (XRD) was
recorded on a DX-2700 X-ray diffractometer, and the scanning
electron microscopy (SEM) was conducted on QUANTA 200F (FEI)
at an acceleration voltage of 20 kV. X-ray photoelectron spectroscopy
(XPS) was carried out on a surface analysis system (ESCALAB250)
equipped with monochromatic Al Ka radiation. All of the XPS spectra
were peak fit and analyzed using XPS Peak4.1, and the spectra were
calibrated according to the C 1s peak (284.6 eV). N, adsorption/
desorption was tested at 77 K using an ASAP 2020 system.
Brunanuer—Emmett—Teller (BET) method was applied to determine
the surface area. Pore volumes and the pore size distribution (PSD)
curves were calculated from the desorption branches using the
Barrett—Joyner—Halenda (BJH) model. Transmission electron
microscopy (TEM) was detected by Tecnai G* Spirit (FEI) at an
acceleration voltage of 120 kV. Thermogravimetric analysis (TGA)
was carried out on Thermogravimetric/Differential Thermal Analyzer
(Pyris Diamond TG/DTA) with a heating rate of 5 °C min™" from 50
to 900 °C in N, flow.

2.3. Electrochemical Characterization. 2.3.1. Preparation of
Cathode. The cathode was prepared by mixing graphene (10 mg) with
PTFE solution (S wt %, S0 mg) in propylene glycol (5§ mL) by means
of ultrasonic dispersion. The resulting slurry was coated on the carbon
paper (16 mm in diameter) with a loading of 0.5 mg per electrode.
The coated electrode was dried for 24 h at 80 °C under vacuum to
remove residual solvent.

2.3.2. Preparation of Single Cell. The electrochemical cells used to
investigate discharge/charge performance were based on a modified
swagelok design. The single cell was assembled with the graphene
cathode, a lithium anode (16 mm in diameter, 40 ym in thickness) and
a glass filter (Whatman) in a glovebox (H,0 < 1 ppm, O, < 1 ppm).
The electrolyte used here was 0.1 M LiClO, in dimethyl sulfoxide. A
stainless spring was used to ensure good contact of every cell parts.
Except for the oxygen inlet and outlet, the cell was completely sealed.

2.3.3. Electrochemical Characterization. The discharge/charge
performance was recorded by LAND 2100 system (Wuhan, China).
For capacity performance, the applied current density was 300 mA g~
(0.075 mA cm™), and the cutoff voltage was 2.0 V. For cycling
performance, the current density was 1000 mA g™' (0.25 mA cm™).
The electrochemical impedance spectroscopy (EIS) was measured at
the beginning of discharge with a Solarton 1287 test system in a
frequency range of 10°—107' Hz. Before each electrochemical
characterization, the cell was exposed to the flow oxygen for 2 h.

3. RESULTS AND DISCUSSION

The preparation process of VTEG is shown in Scheme 1. The
left side is the precursor-graphite oxide that is highly compacted
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Scheme 1. Schematic Illustration of the Preparation Process
of VTEG
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Figure 1. (a) XRD patterns of graphite oxide, CRG, and VTEG; SEM
images of (b) graphite oxide, (c and d) CRG, and (e and f) VTEG.

COOH, C=0, C-0 and O—H. When expansion is
processing, the pyrolytic gas generated from the decomposition
of oxygen groups will give rise to high inner stress. And on a
high vacuum condition, the inner stress is reinforced to help
expand the interspace of graphite oxide layers into nanosized
pores and micron-sized pores.

XRD was conducted to confirm the transformation of
graphite oxide to graphene. As shown in Figure 1a, the peak at
11.4° which is the characteristic peak of graphite oxide shifts to
24.2° after expansion, indicating the formation of graphene. By
comparison, the diffraction peaks on chemical reduced
graphene (CRG) pattern are sharper and narrower than that
of VTEG and one extra peak at 43.1° is detected, suggesting the
agglomeration in CRG is serious.
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We further investigated the aggregation state of CRG and
VTEG using electron microscopic observations. Although the
individual sheets show similar crumpled texture based on
transmission electron microscopy observations (Figure S2,
Supporting Information), the architectures fabricated by the
graphene sheets exhibit visible distinction (Figure 1c—f). Due
to the strong interlayer van der Waals attractions, the CRG
sheets stack closely to form a dense morphology. While, with
high inner stress of the pyrolytic gas to overcome the interlayer
attractions, the VTEG sheets were expanded to assemble a
micron-sized, highly porous, hierarchically three-dimensional
framework. The continuous pores distribute randomly in the
graphene matrix with size ranging from micron-size to nanosize.
It should be noted that these pores are interconnected from the
inside to the outside due to the nature of this expansion
method. These pores act as path ways for the pyrolytic gas
during the thermal expansion process, and in turn, they
function as the oxygen and lithium ion diffusion channels when
applied in Li—O, battery. The nanosized pores that provide
reaction sites were quantificationally measured by nitrogen
adsorption—desorption isotherms (Figure S3, Supporting
Information) and the corresponding pore size distribution
curves are shown in Figure 4. The pore size distribution of
CRG totally concentrates at 3—4 nm. In contrast, the VTEG
exhibits broad pore size distribution from 2 to 200 nm and the
meso-/macropore volume is far greater than CRG (1.74 cm®
g_1 vs 0.01 cm?® g_l; Table S1, Supporting Information),
additionally, the surface area of meso-/macropores is 192.1 m*
g~! versus 17.1 m* ¢! (Table S1, Supporting Information).
Therefore, with numerous reaction sites and efficient trans-
portation of reactants, the unique pore structure of VTEG is
expected to be an ideal design for oxygen cathode.

Figure 2a demonstrates the discharge performance of Li—0O,
battery utilizing oxygen electrode prepared with CRG and
VTEG. The capacity of VTEG cathode reaches 13 700 mA h
g~ In contrast, CRG cathode only delivers 1780 mA h g™".
And the discharge voltage plateau of VTEG is 60 mV higher
than that of CRG cathode (2.76 V vs 2.70 V). The increased
capacity and voltage plateau confirms that the battery
performance is greatly beneficial from the hierarchical structure
of VTEG. And the cycling stability of the two cathodes was
investigated by controlling discharge—charge depth (1000 mA
h ¢g7') at a current density of 1000 mA g~'. Because CRG
cathode only delivers 400 mAh g' at this current density
(Figure S4, Supporting Information), its cycling stability did
not proceed further. However, the VIEG cathode also exhibits
poor cycling performance. As shown in Figure 2b, the discharge
terminal voltage of VTEG cathode rapidly decays to 2.0 V after
only 2 cycles, and the discharge capacity is about 800 mAh g™,
except the first cycle. As mentioned above, the cycle life of Li—
O, battery is closely associated with the byproducts generated
from the reaction between the carbon surface and Li,O,. Thus,
in order to improve the cycling stability of VIEG cathode, the
surface properties need to be further tuned.

As inherited from the precursor graphite oxide, VTEG sheets
are also decorated by diverse functional groups. It is believed
that hydroxyl and epoxide groups are bounded on the basal
plane and carbonyl carboxyl are located at the edges of
graphene sheets.*> These oxygen groups predominately
determined the surface chemistry of graphene, which will
influence the reactivity between carbon and other chemicals, as
well as the nucleation of product on carbon substrate. To tune
the surface properties of VTEG, we selected a deoxygenation
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strategy of heat treatment to reduce the abundance of oxygen
and selectively eliminate some unstable groups. After the
sample was annealed for 6 h at 900 °C in the tube furnace
under argon atmosphere, the O/C atomic ratio significantly
decreases to 0.05 of VTEG-HT (the VTEG sample after heat
treatment is noted as VTEG-HT) from 0.17 of VTEG, as
shown in Figure 3ab, indicating that a majority of oxygen
functional groups are removed from VTEG surface.

The evolution of surface oxygen functional groups was
further investigated by the C 1s and O 1s fine scan spectra. As
shown in Figure 3c,d, the intensity of C=C (284.6 eV)
component obviously increases after heat treatment. Mean-
while, the abundance of C—O (286.9 eV*¢) species is
correspondingly reduced, suggesting that some oxygen
heteroatoms are removed from VTEG surface during the
annealing process. Moreover, the intensity of C=0 (288.6
eV*®) and COOH (290.1 eV*) on VTEG-HT surface is quite
low, indicating a lower content of these functional groups.
Results provided by fitting O 1s spectra are more reliable to
highlight the change in the types of oxygen functional groups.
The pristine VTEG surface distributes plentiful groups of O—
H, C-0, C=0, and COOH. After heat treatment, O—H
(533.6 eV*’) and C—0O (532.8 eV**) become the predominant
groups. In contrast, it is hard to detect C=0 (531.9 eV**) and
COOH (5312 eV*) on VTEG-HT surface, suggesting
selective removal of C=0 and COOH groups. This may be
ascribed to their relatively low thermal stability or the
conversion of C=0 and COOH to other chemical species.***°
Besides, the content of C=0 and COOH is less than that of
C—O and O-H, and thus, it is possible that they may
decompose completely earlier than C—O and O—H groups. In
brief, the reduction of the amount of oxygen and the
elimination of unstable groups leave a largely reduced form
of graphene that is expected to be a better candidate for Li—O,
battery.

Unexpectedly, the meso-/macropore property of VITEG is
simultaneously modified with the reduction of oxygen groups.
As shown in Figure 4, the PSD curve of VITEG-HT shows
much higher pore volume than that of VTEG. Actually, the
meso-/macropore volume of VIEG-HT increases from 1.74
cm?® g_1 of VTEG to 2.84 cm® g_1 (a 63% increase; Table S1,
Supporting Information), and the surface area of meso-/
macropores increases from 192.1 m* ¢! to 283.6 m* ¢! (a
48% increase; Table S1, Supporting Information), which would
provide more reaction sites for electrochemical reaction. The
improvement of meso-/macropore properties may be attributed
to the conjunction of interlayers broken by the removal of
oxygen groups.”' In addition, the weight-loss of VTEG during
heat treatment is relatively high (Figure SS, Supporting
Information), suggesting the reaction between graphene and
pyrolytic gas (CO, and H,0). And this would also help to
construct the meso-/macropores. More importantly, since the
temperature was restricted to be less than 1000 °C, no structure
shrinking phenomenon of the hierarchical structure is
observed.”” The VTEG-HT material has retained the original
open framework (Figure S6, Supporting Information), which
ensures facile accessibility of lithium ion and oxygen to the
inner part of graphene matrix.

Figure Sab demonstrates the capacity performance and
cycling stability of Li—O, battery fabricated with VIEG-HT
cathode. Interestingly, the battery delivers an outstanding
capacity as high as 19 800 mA h g~'. And it is worth noting that
the capacity could still remain a high value of 1100 mA h g™,
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Figure 4. Pore size distributions of CRG, VTEG, and VTEG-HT.

based on the total weight of carbon and discharge product,
Li,O,, which is nearly 94.4% of the theoretical value (1165 mA
h ¢! for pure Li,O,). Subsequently, the cycling stability of
VTEG-HT cathode was evaluated at 1000 mA g~' by
controlling the charge—discharge depth of 1000 mA h g~".
The VTEG-HT cathode shows greatly enhanced cycling
stability. Remarkably stable cycles were achieved, which could
continue over 50 cycles. And the discharge terminal voltage still
remains above 2.0 V at the end of cycle test. This is far superior
to the VIEG cathode. The enhanced cycling behavior of
VTEG-HT is further confirmed by the initial five discharge/
charge curves. The voltage gap for VIEG cathode increases
rapidly from 1.55 to 2.05 V. While in the case of VTEG-HT
cathode, the discharge/charge profiles do not change
significantly, and the voltage gap between charge and discharge
remains at nearly 1.51 V, indicating that the cycling
performance is further improved by varying surface oxygen
functional groups.

The large discharge capacity is attributed to three aspects.
First, the increased meso-/macropores provide more reaction
space and sites for oxygen reduction. The impedance spectra
fitted by a typical equivalent circuit for Li—O, battery”>**** are
shown in Figure S7 (Supporting Information), and the
obtained data are given in Table S2 (Supporting Information)
clearly demonstrate that the interfacial resistance (R;,,) and the
charge transfer resistance (R,) of VTEG-HT are smaller than
that of VTEG. Second, the open porous framework enhances
the diffusion of lithium ion and oxygen from outside to the
inside of graphene, which supports enough reactants for the
electrochemical reaction. Additionally, a smaller amount of
byproducts generated on VIEG-HT electrode which will be
discussed below also benefits the capacity performance.

Considering that the byproducts have great impact on the
cycling stability of Li—O, battery, XPS was conducted to
analyze the surface composition of cathode after discharge. As
revealed in the C 1s spectra in Figure 6, the peak of Li,COj at
289.7 eV*® representing the byproducts is observed on both
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cathode surface in addition to the C=C peak corresponding to
the basic graphene. The lower emission intensity of Li,COj; in
VTEG-HT cathode indicates the amount of byproducts on
VTEG-HT cathode surface is smaller than VTEG cathode,
which is further confirmed by the Li 1s spectra. When switching
to Li 1s spectra, Li,O, (54.8 €V*®) and Li,CO; (55.5 eV*°) can
be found on both graphene surfaces, while VTEG-HT cathode
contains predominated proportion of Li,O,. The area ratio of
Li,0,/Li,CO; is 3.9 for VTEG-HT cathode and 1.6 for VTEG
cathode. As reported, the Li,CO; layer will cause the drop of
exchange current density leading to high polarization” and it is
hardly to be decomposed during charge, resulting in rapidly
increased polarization at the following cycles. Therefore, with a
smaller amount of byproducts generated on VTEG-HT surface,
the VITEG-HT cathode exhibits greatly enhanced cycling
stability.

To explain the formation of Li,COj; on graphene surface, we
propose the following hypothesis. Due to the stronger
electronegativity of oxygen compared with carbon (3.04 vs
2.04), carbon becomes relatively electropositive when it forms a
covalent bond with oxygen, such as COOH, C=0, C—0. And
the intermediate product O*~ and discharge product Li,O, are
powerful nucleophiles®” in aprotic media. As a consequence,
under the nucleophilic attack of O*~ and Li,O, to electro-
positive carbon, byproducts will form on graphene surface.”®*’
It is worth noting that the electropositivity of carbon in COOH
and C=O0 is higher than that of C—O, which may lead to
higher reactivity to O>~ and Li,O,. Thus, the side reaction may
be suppressed by reducing the amount of oxygen and
selectively removing some unstable groups.

We have also investigated the morphology of discharged
electrode. As shown in Figure 7, the discharge products

Figure 7. SEM images of (a) VTEG discharged cathode and (b)
VTEG-HT discharged cathode.

distributed on VTEG surface show an amorphous morphology.
Closer inspection reveals that the larger particles of 2—3 pm
size are composed of nanoparticles of 70—100 nm. For VTEG-
HT cathode, the solid products display perfect toroidal
structure consisting of bundles of nanosheets with a thickness
of 30—60 nm and up to 2 um in length, which is consistent
with literature reports.'® The well-defined morphology on
VTEG-HT cathode maybe attributed to the preferential growth
of Li,O, on Li,O, surfaces,*® which is expected to deliver large
capacity.*® In contrast, the growth of Li,O, on VTEG surface is
partially restricted by the Li,CO; layer. However, it is reported
that the amorphous Li,O, particles with less O-rich surfaces
exhibit better rechargeability than toroidal type products**®!
due to the morphology effect. While, in fact, the cycle stability
of VTEG-HT cathode is far better than that of VTEG cathode.
This further confirms that the stable electrochemical reaction
interface of VTEG-HT can reduce the amount of byproducts.

3395

4. CONCLUSION

In summary, we have successfully fabricated a hierarchically
structured graphene matrix with well-tuned surface chemical
environment via a vacuum-promoted, thermal expansion
method followed by a deoxygenation method to tailor surface
oxygen groups. The unique combination of the open porous
structure and deoxygenated graphene surface exhibits a high
discharge capacity of 19800 mA h g™ and operates over SO
cycles at 1000 mA g~'. This is mainly attributed to the
synergistic effect of the hierarchical structure and the stable
surface chemistry, which provides numerous reaction sites,
strengthens the reactant transfer, and reduces the formation of
byproducts. Our results introduce a new way to design oxygen
electrode for Li—O, batteries with high capacity and high
cycling stability.
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