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This study reports the superior performance of graphene nanosheet (GNS) materials over
Vulcan XC incorporated as a cathode catalyst in Li—-O, battery. The GNSs employed were
synthesized from a novel, eco-friendly, and cost-effective technique involving chamber deto-
nation of oxygen (0>) and acetylene (C,H,) precursors. Two GNS catalysts i.e., GNS-1 and
GNS-2 fabricated with 0.3 and 0.5 O,/C,H; precursor molar ratios, respectively, were uti-
lized in this study. Specific surface area (SSA) analysis revealed significantly higher SSA
and total pore volume for GNS-1 (180 m* g~’, 0.505 cm® g™') as compared with GNS-2
(19m* g~', 0.041 cm’® g~'). GNS-1 exhibited the highest discharge capacity (4.37 Ah g-
1) and superior cycling stability compared with GNS-2 and Vulcan XC. Moreover, GNS-
1 demonstrated promising performance at higher current densities (0.2 and 0.3 mA
cm™2) and with various organic electrolytes. The superior performance of GNS-1 can be
ascribed to its higher mesopore volume, SSA, and optimum wettability compared to its
counterparts. [DOI: 10.1115/1.4056937]
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1 Introduction

Rechargeable aprotic lithium—oxygen batteries (LOBs) have
been considered potential candidates to supersede current recharge-
able batteries for next-generation electric vehicles (EV). The Li-ion
battery (LIB) is unable to meet the current demands of high energy
density in EVs, which are developed to reduce the consumption of
fossil fuels. Although LOBs exhibit remarkably high theoretical
energy density (11,680 Wh kg™" or ~3500 Wh kg™ based on the
mass of discharge product, Li,O,), the practically achievable
energy density is significantly low and estimated between 500
and 900 Wh kg™' [1-6].

The major difference which makes LOB (or metal-air battery)
unique from LIB (or metal-ion battery) is the cathodic process.
The LIB involves intercalation and deintercalation processes, and
the active material is stored within the cathode. On the contrary,
the LOB is an open system n which active material (oxygen/air)
is supplied from outside through a breathable cathode, which
reacts with Li* ions to form Li,O,. [7,8]. The possible mechanism
is explained in the following electrochemical reaction [9]. During
discharging, the reaction begins at the anode where Li metal oxi-
dizes to release Li* ions (Eq. (1)). These Li* ions are transported
to the porous cathode through electrolyte where it reacts with
incoming Oo/air to form Li,O,. This reaction is called oxygen
reduction reaction (ORR) as shown in Eq. (2). During charge
cycle, the reverse process takes place. The deposited Li,O,
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decomposes to liberate O, and Li* ions. This process is called
oxygen evolution reaction (OER) as depicted in Eq. (2) [10]. The
overall reaction (Eq. (3)) has a theoretical voltage of 2.96 V.

Anode: 2Li < 2Li* + 2e” (€))]
Cathode: 2Lit +2¢™ + O, < Li, O, )
Overall: 2Li + O, « Li O, 3)

One of the critical challenges that hamper the commercial devel-
opment of LOB is the design of a porous cathode. The insoluble
Li,O, produced during the discharge cycle is stored on the
cathode surface. As the discharge cycle continues, Li,O, gradually
blocks the transport of electrochemical species to the active sites
due to its insulating properties. Consequently, the battery dies out
prematurely [11-13]. Therefore, an ideal cathode should have a
high surface area (more active sites), high mesopore volume
(more storage capacity for Li,O,), high porosity (better ion trans-
port), and enhanced stability to withstand the corrosive environment
of the battery [14,15]. Due to low cost, high electrical conductivity,
and lightness, various carbonaceous materials have been research-
ers’ top priority to incorporate as cathode material [16,17]. It is
often decorated with various noble and non-noble metal catalysts,
including Pt—-Au [18], Pd [19], PRu [20], RuO, [21], a-MnO,
[22], and Co504 [23], to improve stability and battery life by reduc-
ing charge overpotentials. However, due to the higher surface area
of carbon as compared with metal catalysts, the majority of
cathode still comprises carbon material (uncovered with catalysts)
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inflicting a critical impact on battery performance. Consequently, it
is imperative to search for a cathode material that has properties
closest to an ideal cathode for LOB.

Graphene has been employed as a cathode catalyst due to its high
electrical conductivity, surface area, and mesopore volume [24]. It
has a monolayer, 2D hexagonal lattice structure with sp>-bonded
carbon atoms [25]. Bing et al. reported superior performance of
graphene in LOB, yielding 2332 mAh g~' discharge capacity at
50 mA g~ as compared with Vulcan XC (1645 mAh g~") [26].
In another study by the same group, they synthesized graphene
with various pore sizes and exploited it as a LOB cathode catalyst.
The graphene with a bigger pore size (~250 nm) displayed
an extremely high discharge capacity of 29,375mAh g~' at
200mA g~' [27]. Jiuhui et al. doped graphene with N and S
before incorporating it as the catalyst and achieved a high dis-
charge capacity (10,400 mAh g™') at 200 mA g~' [28]. Do et al.
utilized binder-free graphene nanoplatelets/graphene oxide cathode
and obtained a specific discharge capacity of ~6910 mAh g~" at
200 mA g~' [29]. Yongliang et al. utilized graphene nanosheets
(GNS) as cathode catalysts and achieved a discharge capacity of
8705.9 mAh g~' at 75mA g~'. However, they achieved very
limited charging capacity (<2,000 mAh g~") [30].

In this study, we employed graphene nanosheet (GNS) materials
with different specific surface areas (SSAs) as LOB cathode cata-
lysts synthesized by a novel, cost-effective, and eco-friendly
method involving chamber detonation of oxygen/acetylene mix-
tures [25,31]. This method yielded graphene in kilograms (1-2) at
a low cost. It has been found that SSA of GNS materials can be
varied by varying O,/C,H, (or O/C) precursor molar ratio. SSA
of GNSs increases by lowering the O/C molar ratio. The electro-
chemical performance of LOBs shows that the GNS prepared
with the lowest O/C molar ratio (0.3) i.e., GNS-1, outperformed
GNS-2 (0O/C=0.5) and commercial Vulcan XC owing to its
higher mesoporous volume, SSA (as compared with GNS-2) and
optimum wettability.

2 Experimental Section

2.1 Electrode Preparation. Two graphene materials, GNS-1
(O/C=0.3) and GNS-2 (O/C=0.5), were prepared using the deto-
nation technique invented by Dr. Sorensen’s group. In a typical
detonation, first, we vacuum the chamber to 0.03 atm (absolute
pressure). Second, we fill the chamber with the desired molar
ratio of the oxygen and acetylene to 1 atm using an electronic flow-
meter. Next, the 10 kV spark at the top detonates the mixture. The
peak pressure recorded by the piezocrystal at the top of the chamber
determines the successful detonation. After a successful detonation,
we vent the overpressure gas and open the chamber to collect the
carbon sample. Detailed information about the material preparation
and characterization can be found in previous publications [25,31].
Vulcan XC 72R and plain carbon cloth (1071 HCB) were purchased
from the Fuel Cell Store. For wettability tests, GNS-1 was mixed
with polytetrafluoroethylene (PTFE) binder at different weight
ratios (C:PTFE=70:30, 80:20, or 85:15) in isopropyl alcohol
(IPA) and water solution (70:30 vol % ratio) to make catalyst mix-
tures. For all other tests, 30% PTFE content was used. These mix-
tures were sonicated in a Branson bath sonicator for 3 h to obtain
well combined slurry. The resulting slurry was blade coated on
plain carbon cloth. The coated substrate was then dried for 24 h
at room temperature (20 °C), followed by heat treatment in the
oven (SentroTech) at 350 °C for 30 min. The carbon loading for
each electrode of area 1.27 cm? was 1.15+0.2 mg em™2,

2.2 Material Characterization. The morphology of synthe-
sized GNSs was analyzed under Hitachi SU8230 Regulus
ultra-high-resolution Field Emission Scanning Electron Microscope
(FESEM) and Hitachi H-8100 High-Resolution Transmission
Electron Microscope (HRTEM). Furthermore, the structure of
fresh GNSs was analyzed by Raman Spectroscopy and X-ray
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Powder Diffraction (XRD) techniques using Invia Reflex Renishaw
microspectrometer and D§ ADVANCE diffractometer (Bruker),
respectively. SSA measurements were conducted by Nova 1000
series surface area analyzer, and Quantachrome instrument using
Brunaver—-Emmett-Teller (BET) method. In order to investigate
the morphology and elemental composition of the discharge
product, deeply discharged graphene cathodes were examined
under FESEM and PHI 5000 Versa Probe II X-ray Photoelectron
Spectroscopy (XPS), respectively.

2.3 Wettability Measurements. To demonstrate the impact of
the wettability of GNSs, contact angle (CA) measurements were
conducted with GNS-1 (15% and 30% PTFE) and GNS-2 (15%
and 30% PTFE) as substrate and 1M DMSO/LiTFSI using a ramé-
hart 190-U1 goniometer. Furthermore, electrochemical impedance
spectroscopy (EIS) of GNS-1(30% PTFE) and GNS-2 (30%
PTFE) was conducted using a Biologic SP-150 potentiostat.

2.4 Battery Assembly. Commercially available and widely
used organic electrolyte solvents, dimethyl sulfoxide (DMSO),
and tetraethylene glycol dimethyl ether (TEGDME) were incorpo-
rated in this study. Lithium bis(trifluoromethane)sulfonimide
(LiTFSI) was used as Li salt to make 1M concentration solutions.
All these materials were purchased from Sigma-Aldrich and used
as received. The battery was assembled in an argon-filled Mikrouna
glovebox with O, and H,O concentrations maintained below
0.1 ppm. Figure 1 shows the exploded view of LOB housing uti-
lized in this study. The customized cathode electrode was placed
in the customized titanium battery frame, followed by a Whatman
glass fiber separator (GF/C, 1822-021) with a diameter of
1.58 cm. Each battery used 90 uL of electrolyte to soak the separa-
tor. Finally, a Li chip (0.5 mm thick) with 1.27 cm?, acting as the
anode, was placed on top of the separator. The battery was
screwed appropriately and ready for testing.

2.5 Battery Testing. After taking it out from the glovebox, the
battery was connected to a pure O, (99.99%) supply. The battery
was purged for a minimum of 1h at the open-circuit voltage
(OCV). The charge/discharge capacity experiments were performed
on an eight-channel Neware BTS8.0 battery tester. A current
density of 0.1 mA cm™> was used in all experiments, except for
tests using varying current densities. The discharge and charge
cutoff voltages used were 2.0V and 4.5V, respectively. A
number of charge/discharge capacity tests were performed with cus-
tomized electrodes at room temperature (20 °C).

SS-Hex

SS-Housing " Nuts

SS- Housing N
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Fig. 1 Exploded view of the serpentine channel housing
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Fig. 2 N2 Adsorption/desorption isotherm of (a) GNS-1 and (b) GNS-2

Table 1 SSA and total pore volume calculated by BET method

Catalyst Specific surface area (m® g=') Total pore volume (cm® g™")
GNS-1 180 0.505
GNS-2 19 0.041
Vulcan XC 233 [30] 0.273 (mesopore volume) [30]

3 Results and Discussion

3.1 Specific Surface Area. SSA and pore volume of cathode
materials significantly impact the electrochemical performance of
LOB [32]. N, adsorption—desorption isotherm measurements were
conducted to determine SSAs of graphene materials employed in
this study. Figure 2 shows the isotherm plots obtained for GNS-1
(Fig. 2(a)) and GNS-2 (Fig. 2(b)). Table 1 shows the SSAs and
mesopore volume of graphene materials calculated by ET analysis.

GNS-1 exhibits SSA and pore volume of 180 m? g~! and 0.505 cm®
g™, respectively. The SSA of GNS-1 is approximately 9.5 times
higher than the SSA of GNS-2 (19 m?* g™ ).

3.2 Material Characterizations of Fresh Samples. Figure 3
shows the SEM and HRTEM images of fresh GNS-1 (left) and
GNS-2 (right). SEM images (Fig. 3(a)) of fresh graphene catalysts
indicate that with the increasing O/C molar ratio, i.e., from 0. 3
(GNS-1) to 0.5 (GNS-2), the aggregate size also increases. The par-
ticle size of GNS-1 is in the range of 50-100 nm. On the other hand,
GNS-2 exhibits particle size in the 75-500 nm range. HRTEM
images (Fig. 3(b)) show the relatively darker profile of GNS-2 as
compared with GNS-1. The darker appearance of GNS-2 agglomer-
ates indicates higher thickness and density due to a higher O/C
molar ratio [25]. Furthermore, the structure of graphene materials
was examined by Raman spectroscopy (Fig. S1 available in the
Supplemental Materials on the ASME Digital Collection) and
XRD (Fig. S2 available in the Supplemental Materials) techniques.

Fig. 3 SEM images of fresh (a) GNS-1 and (b) GNS-2, and HRTEM images of (c) fresh GNS-1
and (d) GNS-2
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Fig. 4 Comparison of charge/discharge capacity profiles
obtained with GNS-1, GNS-2, and Vulcan XC (all with 30%
PTFE) using 1M DMSO/LITFSI at 0.1 mA cm~?

The results indicate that the as-prepared GNS-1 and GNS-2 exhibit
the characteristic features of graphene materials.

3.3 Deep Discharge Tests. Figure 4 compares the maximum
specific charge/discharge capacity cycle obtained with various
GNSs and Vulcan XC carbon catalysts. The hlghest discharge
capacity is achieved with GNS-1 (4.37 Ah g ) followed by
Vulcan XC (3.83 Ah g™') and GNS-2 (3.50 Ah g™").

It is noteworthy that GNS-1 has a lower precursor gas O/C molar
ratio (0.3) than GNS-2 (0.5). The previous study proved [25,31] that
increasing the O/C molar ratio during GNS preparation led to a
smaller specific surface area (SSA). The maximum SSA was mea-
sured for GNS-1 (180 m* g™") using BET analysis. SSA for GNS-2
decreased substantially as the O/C molar ratio increased. The
specific charge/discharge capacity of GNSs incorporated in this
study is the depiction of the same trend. The superior performance
of GNS-1 over GNS-2 can be attributed to its higher SSA and
pore volume. Higher SSA provides more reaction sites for the
active species to react, resulting in more discharge product deposi-
tion (Li,O,). From the literature, the SSA of Vulcan XC lies in the
range of 233 m* g~ but is still outperformed by GNS-1 (with lower
SSA). This could be ascribed to different mesopore volumes and
pore size distribution (PSD) offered by these materials [30]. A
bigger mesopore volume of GNS-1 can provide better access to
electrolyte and O,, effective utilization of electrochemically active

[ I I |
5.00um

sites, and the accommodation of more discharge products. All
these factors lead to higher discharge capacities.

Figure 5 shows the SEM images of (a) GNS-1 and (b) Vulcan
XC dlscharged to the fixed capacity of 1.0 Ah g_l at 0.1 mA
cm™2 current density. The discharge product Li,O, in the form of
big toroids, can be seen distributed among the porous structure of
GNS-1 and Vulcan XC electrodes. A closer look at each toroid
reveals that they are composed of numerous plate-like structures.
This toroidal morphology of the discharge product is consistent
with the previous reports in the literature [33,34].

In order to confirm the presence of Li,O, discharge product, we
examined the discharged (1.0 Ah g=') GNS-1 cathode under XPS.
Figure 6 shows the XPS spectra, including binding energy curves
for Li 1s (Fig. 6(a)) and O 1s (Fig. 6(b)). The binding energy peaks
for Li 1s and O1s appeared at 55.04 eV and 531.6 eV. These values
are in good agreement for Li,O, with the previous reports [35,36].
Moreover, the presence of Li,CO; was not detected in the dis-
charged cathode, which typically appears at 55.5eV in Li 1s
spectra [37].

3.4 Cycling Stability. Cycling stability tests were conducted
by curtailing the capacity to 1.0 Ah g~'. The cycling stability
plots of GNS-1, GNS-2, and Vulcan XC are shown in Fig. 7.
GNS-1 yielded five cycles with 1.0 Ah g~' capacity, followed by
GNS-2 with four cycles and Vulcan XC with only three cycles.
This indicates enhanced cycling stability of GNS catalysts as com-
pared with Vulcan XC. Superior cycling performance could also be
ascribed to better stability and higher mesoporous volume of GNS
materials.

It is worth mentioning that cycling stability tests did not yield
outstanding results regardless of cathode catalysts. This could be
ascribed to Li anode instability and carbon powders’ utilization
without further treatment with metal catalysts. Nonetheless, GNS
materials demonstrated better cycling performance than Vulcan
XC.

3.5 Electrode Wettability. Besides SSA, PSD, and mesopore
volume of LOB cathode, another factor that significantly impacts
the battery’s performance while optimizing cathode properties is
the wettability. Wettability controls the distribution of electrolytes
in the oxygen cathode of LOB [38]. We investigated the effects
of wettability on the specific capacity of GNS-1 by varying the
carbon-to-binder ratio. In this study, we employed a PTFE binder
known for its lyophobic properties. When a cathode surface pos-
sesses a higher percentage of PTFE binder, it shows a higher CA
of an electrolyte. We measured the CAs of 1M DMSO/LiTFSI on
GNS-1 and GNS-2 prepared with varying PTFE binder percentages
(15% and 30%) as shown in Fig. 8(a). The results show that a

54700 10.0kV 11.8mm x11.0k SE{M)

Fig.5 SEM images of (a) GNS-1 and (b) Vulcan XC discharged to the fixed capacity of 1.0 Ah g~ at current density 0.1 mA cm
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surface with 30% PTFE binder with GNS-1 and GNS-2 exhibits the
CA (0) of 135 +2 deg and 145 + 2 deg, respectively, while that with
15% binder shows 98 + 2 deg and 115 + 2 deg, respectively. These
results are intuitive as the CA increases with binder percentage
regardless of the graphene catalyst. Previous studies have shown
that graphene is hydrophobic in nature [39,40]. It is worth mention-
ing that GNS-2 displays higher CAs than GNS-1. This could be
ascribed to the variation in microstructure and nanostructure
caused by different O/C precursor molar ratios. A higher O/C
ratio causes more agglomeration of graphene sheets (as shown in
SEM and TEM images of fresh samples), which increases the lyo-
phobicity of the material [41]. Since GNS-2 was synthesized with a
higher O/C molar ratio, it has shown increased surface lyophobicity
than its counterpart GNS-1. The CA results also indicate that the
lyophobicity of an electrode can be altered by the type (e.g.,

Journal of Electrochemical Energy Conversion and Storage

Nafion, polyvinylidene fluoride (PVDF), and PTFE) and amount
of binder incorporated in the fabrication of the electrode.

The EIS measurements were conducted with GNS-1 and GNS-2
with 30% PTFE to study the ohmic resistance offered by each elec-
trode by varying frequency from 100 mHz to 500 kHz. Figure 8(b)
shows that GNS-2 exhibits a higher ohmic resistance (bigger
x-intercept) at the high-frequency range compared to GNS-1. Sim-
ilarly, this trend continues to the medium-frequency range, where
GNS-2 displays a much larger semicircle which corresponds to
higher charge transfer resistance. GNS-1 and GNS-2 show ohmic
resistance of 4.62 Q and 15.04 Q as calculated by the equivalent
circuit model (ECM), shown in Fig. 8(b) inset. This could be
attributed to the higher lyophobicity of GNS-2. The wettability pre-
sented by GNS-1 is more favorable for LOB application and will be
shown later in this section.

MAY 2023, Vol. 20 / 020907-5
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Fig. 8 (a) Contact angle measurements using 1M DMSO/LITFSI and GNS-1 and GNS-2 with
15% and 30% PTFE substrates. With 15% PTFE, GNS-1 and GNS-2 show 98 + 2 deg and 115
+ 2 deg, respectively, and with 30% PTFE, GNS-1 and GNS-2 show 135+ 2 deg and 145+
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Figure 9 shows charge/discharge capacity profiles obtained with
GNS-1 cathodes with various C:PTFE ratios of 85:15, 80:20, and
70:30. GNS-1 yielded 4.37 Ah g~' with 30% PTEE followed by
3.98 Ah g7 and 0.41 Ah g~' with 20% and 15% PTFE content,
respectively. GNS catalysts display a clear trend of decline in dis-
charge capacity performance when PTFE content is reduced from
30% to 15%.

The distribution of electrolytes into the porous structure of the
oxygen cathode is critical to avoid full saturation of the electrolyte,
which slows down oxygen transfer. Instead of a flooded cathode, a
partially wetted cathode has been found more efficient for LOB.
The cathode with lyophobic properties tends to be partially
wetted. It forms a combination of wetted and non-wetted parts
deep inside the porous structure. The wetted part includes a thin
film of electrolyte on electrochemically active sites of the cathode
structure, ensuring the transportation of ions. In contrast, the non-
wetted part makes the cathode accessible to oxygen by ameliorating
its diffusivity. This approach increases triphase boundaries, which
are essential for the reaction. On the contrary, a flooded electrode
prevents the faster diffusion of oxygen deep into the cathode
surface due to its limited diffusivity and solubility in organic elec-
trolytes. This leads to ineffective utilization of active sites and fewer
triphase boundaries. In fact, most of the discharge product

4.5 —0— GNS-1/15% PTFE
=0— GNS-1/20% PTFE
~—~ —&— GNS-1/30% PTFE
5 4.0
5
L35
=
[}
E 3.0
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0.0 1.0 2.0
Specific Capacity (Ah g

Fig. 9 Comparison of charge/discharge capacity profiles
obtained with various GNS-1:PTFE ratios including 85:15,
80:20, and 70:30 using 1M DMSO/LITFSI at 0.1 mA cm™
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accumulates toward the oxygen side of the cathode due to inade-
quate oxygen diffusivity to the cathode near the separator [42—46].

3.6 Current Density. The low power density has been a bottle-
neck in the application of LOB. Efforts were made to achieve higher
power densities while maintaining a high energy density. The power
density of the battery depends on its current density. In this study,
GNS-1 and Vulcan XC were subjected to different current densities
to investigate their impact on the discharge capacity of LOBs. Figure
10 compares discharge capacity obtained at 0.1, 0.2, and 0.3 mA
cm™2 current densities. A clear trend emerges, which shows dis-
charge capacity decays with increasing current density.

Although Vulcan XC displays a decent discharge capacity at
0.1 mA cm™>, the discharge capacity quickly fades away at higher
current densities. The capacity deterioration can be ascribed to
various factors, including sluggish charge transfer, formation of
Li,O, layer, and ineffective utilization of active sites of the cathode.
The faster electron transfer rate at a higher current density does not
allow enough time for the intermediate product, lithium superoxide
(LiOy), to undergo solvation in electrolyte and subsequently dispropor-
tionation. This leads to the formation of a continuous film of Li,O, by
electrochemical reduction on the cathode surface. Due to its insulating
nature, it passivates the surface of the cathode, thereby restricting the
utilization of active sites available inside the cathode [47,48].

GNS-1 exhibits significantly higher discharge capacity at 0.2 mA
em™ (1.73 Ah g7") and 0.3 mA cm™ (1.43 Ah g™") than Vulcan
XC. The superior performance of GNS-1 at higher current densities
can be attributed to its higher mesoporous volume, which allows
the Li™ and O® to have access to electrochemically active sites
for a longer period of time before Li,O, passivation layer blocks
it completely.

Figure 11 shows the SEM images of the cathode with GNS-1 cat-
alyst discharged to the fixed capacity of 1.0 Ah g™' at the current
density of 0.1 mA cm™ (Fig. 11(2)), 0.2 mA cm™> (Fig. 11(b))
and 0.3 mA cm™2 (Fig. 11(c)). Figure 11(a) shows that at a lower
current density, Li,O, nanocrystals nucleate to form big toroids.
On the contrary, at higher current densities, the discharge product
accumulated in the form of film, as shown in Figs. 11(b) and
11(c), thereby insulating the cathode surface and premature death
of the battery [49,50].

3.7 Electrolyte. The electrochemical performance of LOB
incorporated with GNS-1 and Vulcan XC was also investigated
with ether-based organic solvent (TEGDME), in addition to
DMSO Fig. 12 shows the comparison of specific capacity achieved
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Fig. 10 Comparison of charge/discharge capacity profiles obtained at various current densities including 0.1, 0.2, and 0.3 mA
cm~2 using 1M DMSO/LITFSI: (a) GNS-1, (b) Vulcan XC (all with 30% PTFE), and (c) discharge capacity versus current density plot

Fig. 11
and (c) 0.3 mA cm—2

with two organic electrolytes. It is evident from Fig. 12 that GNS-1
displays higher discharge capacities with both electrolytes as com-
pared with Vulcan XC. Moreover, regardless of carbon catalysts,
the battery employed with DMSO-based electrolyte achieved sig-
nificantly higher discharge capacity with low potential gap as com-
pared with its counterpart. DMSO-based LOBs yield 4.37 Ah g~
and 3.83 Ah g_l, whereas TEGDME-based LOBs exhibit
2.88 Ah g~ and 1.88 Ah g~' with GNS-1 and Vulcan XC, respec-
tively. This could be explained in terms of formation mechanisms of
Li,0, and physiochemical properties of respective organic solvents.

Different electrolyte solvents follow different Li,O, formation
mechanisms. The way Li,O, accumulates depends mainly on
two factors (1) current density and (2) solvent Gutmann donor
number (DN). Since the current density is kept consistent at
0.1 mA cm™2, the DN becomes the limiting factor. During ORR

a5l —0— 1M DMSO/LITFSI
—O— 1M TEGDME/LITFSI
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SEM images of GNS-1 discharged to the fixed capacity of 1.0 Ah g~ at current density: (a) 0.1 mA cm™2, (b) 0.2 mA cm~2,

reaction, the reaction initiates with a one-electron reduction of
oxygen to form lithium superoxide (LiO,), as explained in Egs.
(4a) and (4b). Depending on its solvation in the electrolyte
solvent incorporated, it can either undergo a second electron trans-
fer (called electrochemical reduction) and forms Li,—O, film on the
surface (Eq. (5)) or dissolves into electrolyte and forms Li,O, by
decomposition of LiO, (called disproportionation) as shown in
Eq. (6) [48,51]. The superior performance of DMSO could be attrib-
uted to its higher DN (29.8 kcal mol™") as compared to TEGDME
(16.6 keal mol™). Higher DN promotes solution-based Li,—O,
deposition i.e., intermediate product LiO, dissolves into the electro-
lyte and is disproportionate to form toroidal Li,O, from the bulk
solution to the electrode surface [52]. On the contrary, lower DN
supports surface-based Li,O, deposition by electrochemical reduc-
tion, which results in the accumulation of thin layers (5-10 nm),

—o— 1M DMSOILITFSI
4.5 ~O— 1M TEGDME/LITFSI
i
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=
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=
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Fig. 12 Comparison of charge/discharge capacity profiles obtained with 1M DMSO/LiTFSI
and 1M TEGDME/LITFSI at 0.1 mA cm~2: (a) GNS-1 and (b) Vulcan XC (all with 30% PTFE)
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thereby insulating the electrode surface [53]
O +e” <0 (4a)

Li* + 0; « LiO, (4b)
Electrochemical Reduction: LiO, + Li* + e~ < Li,0,  (5)

Disproportionation: 2LiO, < Li, O, + O, 6)

This prevents the further mass transfer of reactive species (Li*
and O®") from reaching reaction sites resulting in lower discharge
capacity. Moreover, DMSO has a higher ionic conductivity
(2.11 mS ecm™!) and a lower viscosity (1.94 cP) as compared with
TEGDME (0.3 mS cm™! and 4.05 cP) [54-59]. Both these pro-
perties have a significant impact on the performance of LOB.
Especially, a higher viscosity () impedes a faster mass transfer
(diffusivity, D), according to Stokes—Einstein equation (D =kT/
(6zma)), which is essential to achieve higher discharge capacity [60].

4 Conclusion

We presented the charge/discharge performance of novel GNSs,
produced by chamber detonation of oxygen and acetylene precur-
sors, with various SSAs incorporated as LOB cathodes. Various
electrochemical tests including deep discharge, cycling stability,
effects of wettability, current density, and electrolyte on the perfor-
mance of LOB were performed. Among GNS catalysts and Vulcan
XC, GNS-1 exhibited superior performance with the highest deep
discharge capacity and cycling stability. Moreover, GNS-1 main-
tained significantly higher discharge capacity even at high current
densities than commercial Vulcan XC. The superior performance
of GNS-1 can be ascribed to its higher mesoporous volume
despite having lower SSA as compared with Vulcan XC. Effects
of wettability and electrolyte tests showed that 70:30
carbon-to-binder ratio and 1M DMSO/LIiTFSI were optimum for
improved performance of LOB, respectively. The novel GNS-1 is
inexpensive and available in large quantities.
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