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Abstract: Cathodes prepared using graphene 
nanosheets (GNSs), nitrogen-doped graphene nanosheets  
(N-GNSs), exfoliated nitrogen-doped graphene 
nanosheets (Ex-N-GNSs) as well as composite of Ex-N-
GNSs with  lithium aluminum germanium phosphate 
(LAGP) have been explored for application in lithium-
oxygen batteries. These cathodes exhibit remarkable 
enhancement in cell capacity in comparison to 
conventional carbon cathodes. This enhancement is 
ascribed to the unique morphology of GNSs, higher 
oxygen reduction and oxygen evolution activity as well as 
fast lithium ion conduction of LAGP. These results 
demonstrate a strong potential of GNSs as cathodes for 
rechargeable lithium-oxygen batteries. 

Keywords: Nitrogen-doped graphene nanosheets;                                                                                                                                 
scanning electron microscopy; oxygen reduction reaction; 
cyclic  voltammetry; lithium-oxygen battery. 

Introduction 

The continuous increase in demand for energy as well as 
global concerns over the depletion of fossil fuels has led 
to the exploration of high density energy storage systems 
[1].  Among these energy systems, lithium-oxygen battery 
holds a great potential, as this battery has a theoretical 
energy density [2] comparable to gasoline [3]. A typical 
lithium-oxygen battery is composed of lithium metal 
anode, porous carbon based cathode exposed to gaseous 
oxygen, and   lithium ion conducting electrolyte. During 
discharge, lithium is oxidized at the anode and oxygen is 
reduced at the cathode to produce discharge products. 
Subsequent charging causes the decomposition of 
discharge products and the generation of oxygen. 
Although these batteries operate on a simple chemical 
reaction between lithium ions and oxygen molecules, 
there are many technical challenges that need to be 
overcome for realization of practical lithium-oxygen 
battery operating in an ambient environment. Several 
factors dictate the performance of these batteries such as 
oxygen cathode, electrolyte composition, relative 
humidity, and cell design [4-7]. In particular, the material 
architecture of oxygen cathodes play a key role in 

governing the electrochemical performance of lithium-
oxygen battery. 

Abraham and Jiang [8] pioneered the lithium-oxygen 
battery technology. They reported cell capacity of 1410 
mAh/g in pure oxygen atmosphere. Following this work, 
significant efforts have been focused on cathode 
formulations [9-13], efficient oxygen reduction catalysts 
[16-17], electrolyte compositions [14-15], effect of 
moisture [18], etc. In spite of these efforts to improve the 
sluggish kinetics of oxygen reduction reaction (ORR) as 
well as oxygen evolution reaction (OER) at the cathode,  
lithium-oxygen cells still exhibit significantly lower 
discharge capacity than the theoretical cell capacity, and  
high overpotential with limited cycle life. To this end, it is 
important to develop oxygen cathodes with a highly 
efficient ORR and OER catalyst that have significant 
impact on the desired energy densities of these cells. 
Recently, graphene nanosheets (GNSs) have been 
investigated as electrocatalyst for energy storage 
applications [19] because of its excellent electrical 
conductivity, distinct morphology, large surface area, and 
outstanding electrocatalytic activity. GNSs have been 
employed as oxygen cathode in fuel cells and show a 
higher discharge voltage under acidic condition [20]. 
GNSs, nitrogen-doped graphene nanosheets (N-GNSs) 
were also exploited in non-aqueous lithium-oxygen cells 
as cathode material that demonstrated an exceptionally 
high discharge cell capacity [21].  

In continuation of our work on a fully solid-state, 
rechargeable lithium-oxygen cells [22-25], we report here 
the use of GNSs, N-GNSs, exfoliated nitrogen-doped 
graphene nanosheets (Ex-N-GNSs) and composite 
cathode prepared from mixture of Ex-N-GNSs and 
lithium aluminum germanium phosphate (LAGP) in a 
solid-state lithium-oxygen cell and compared the cell 
performance with cells using cathodes prepared from 
mesoporous carbon.   Furthermore, the role of porosity, 
surface area and electro-catalytic activity of GNSs on the 
electrochemical performance is also discussed. 
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Experimental Details 

Commercially available GNSs (Angstron  Materials, Inc.) 
were heated in a vacuum oven at 250 C to remove any 
residual surfactant. These GNSs were used for further 
work. N-GNSs and Ex-N-GNSs were prepared using 
procedure described in the literature [19]. LAGP was 
prepared by solid-state sintering technique. 

A scanning electron microscope (SEM), (JEOL JSM-
6060) equipped with energy dispersive X-ray (EDX) 
spectroscopy assembly was used to observe the 
morphologies of the specimens. Structure and purity of 
these materials were performed by powder X-ray 
diffraction (XRD) on a Bruker D8 Discover 
diffractometer operated at 40 kV, 40 mA current with 
CuK in the 2 range of 15 to 80 at an increment of 
0.05. The surface areas of the specimens were 
determined by nitrogen adsorption / desorption 
measurements at 77 K (Micromeritics ASAP 2020). The 
porosity of cathode material was characterized by a gas 
pycnometer (Micromeritis, Accu Pyc II 1340). Cyclic 
voltammetry (CV) and galvanostatic charge-discharge 
measurements of the specimens were conducted using a 
computer controlled VersaSTAT 4 (Princeton Applied 
Research) electrochemical workstation. CV 
measurements were performed in a standard three-
electrode cell configuration using 0.1 M KOH as the 
electrolyte at 25 C with a scan rate of 5 mV/sec. The 
working electrode for CV measurement was prepared by 
applying the paste of specimens and Nafion 
(tetrafluoroethylene based fluoropolymer-copolymer) on 
the tip of a graphite rod. A Pt wire was used as the 
counter electrode. All potentials were measured with 
respect to saturated calomel electrode (SCE).  

Powders of GNSs, N-GNSs, Ex-N-GNSs, and composite 
1 (mixture of Ex-N-GNSs with 5 wt % LAGP) were used 
to fabricate the oxygen cathode. These powders were 
mixed with de-ionized water and polytetrafluoroethylene 
(PTFE) to obtain a viscous solution. A nickel foam was 
then suspended in this solution with sonication for 2 
hours. This process was carried to load GNSs in the open 
voids of nickel foam. Subsequently, the cathode specimen 
was dried overnight at 100 oC under vacuum.  A solid-
state lithium-oxygen cell with a 1 cm2 area was fabricated 
using a Swagelok type cell in a dry room with controlled 
moisture content. Nickel foam with GNSs/N-GNSs/Ex-N-
GNSs/composite 1 were used as working cathodes along 
with lithium metal as anode and LAGP as electrolyte. 

Electrochemical impedance spectroscopy (EIS) 
measurements on the lithium-oxygen cells were 
conducted over a frequency range of 0.1 Hz to 106 Hz 
before and after discharge/charge measurements. All 
electrochemical tests on these cells were carried under 
oxygen atmosphere. 

 

 

Figure 1.  SEM image of composite 1 (Ex-N-GNSs and 5 
wt % LAGP).   

Results and Discussion 

The morphology of the working cathode was examined 
under SEM. Figure 1 shows the SEM micrograph of 
composite 1 that contains wrinkled, porous, 3D 
architectures with interconnected pore channels of Ex-N-
GNSs and crystals of LAGP (shown by arrows). This 
favorable morphology facilitates oxygen transport, 
enhances electrocatalytic activity and provides enough 
void to accommodate discharge products. EDX conducted 
on these samples revealed the nitrogen content to be 3-4 
at. wt. %. 

A typical nitrogen adsorption – desorption isotherm at 77 
K for composite 1 is shown in Figure 2. Isotherm shows 
adsorption hysteresis indicating the presence of 
micropores The Brunauer-Emmett-Teller (BET) surface 
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Figure 2. N2 adsorption - desorption isotherm for 
composite 1 (Ex-N-GNSs and 5 wt % LAGP). 
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area of GNSs, N-GNSs, Ex-N-GNSs, and composite 1 
were found to be 482, 583, 685, 470 m2/g, respectively 
The remarkable nitrogen uptake above the relative 
pressure ratio of 0.40 has been observed in BET isotherm 
and is due to the condensation of nitrogen in mesoporous 
GNSs. 

The CV curves recorded for GNSs, N-GNSs, Ex-N-
GNSs, and composite 1 in oxygen saturated aqueous 
solution of 0.1 M KOH are presented in Figure 3. Well 
defined ORR peaks at around -0.389 V, -0.449 V, -0.397 
V, and -0.478 V (vs. SCE) were observed for GNSs, N-
GNSs, Ex-N-GNSs, and composite 1, respectively, with 
highest reduction current density of 0.0032 A/cm2 for 
composite 1. Figure 3 also shows OER peaks at around 
0.466 V, 0.496 V, 0.525 V, and 0.895 V (vs. SCE) for 
GNSs, N-GNSs, Ex-N-GNSs, and composite 1, 
respectively. This indicates that loading of LAGP 
particles on Ex-N-GNSs helps improve electro-catalytic 
activity. No electro-catalytic activity was observed for all 
these cathode materials when the electrolyte was saturated 
with nitrogen.  

Based on the high surface area, porous structure as well as 
electro-catalytic activity towards oxygen reduction and 
oxygen evolution of GNSs, N-GNSs, Ex-N-GNSs, and 
composite 1, solid-state lithium-oxygen cells with 1 cm2 
active area were fabricated. The cathode side of the cell 
has perforations to access oxygen. The lithium anode was 
coupled to an oxygen cathode through a solid electrolyte 
laminate, described in our previous work [22].  The solid 
electrolyte laminate provides very high ionic conductivity 
for transport of lithium ions from lithium anode to oxygen 
cathode. In addition, the electrolyte laminate improves 
lithium-electrolyte interfacial stability and passivates the 
lithium surface.  
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Figure 3. CV of (1) GNSs, (2) N-GNSs, (3) Ex-N-GNSs) 
and (4) composite 1 in oxygen saturated 0.1 M KOH at a 

scan rate of 5 mV/sec at 25 oC. 
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Figure 4. Discharge profiles for a lithium-oxygen cell at 75 
C using (1) GNSs, (2) N-GNSs, (3) Ex-N-GNSs) and (4) 

composite 1 as cathode in oxygen atmosphere. 

The electrochemical performance of GNSs, N-GNSs, Ex-
N-GNSs, and composite 1 was evaluated as cathodes in 
lithium-oxygen cell in oxygen atmosphere.  Figure 4 
shows the first discharge profiles of the lithium-oxygen 
cells with GNSs, N-GNSs, Ex-N-GNSs, and composite 1 
cathodes using discharge current of 0.2 mA at 75 C.  Cell 
with composite 1 as cathode delivers 4.75 mAh discharge 
cell capacity. On the other hand, cells composed of GNSs, 
N-GNSs, and Ex-N-GNSs as cathodes delivered 1.95 
mAh, 3.0 mAh and 3.7 mAh discharge capacities, 
respectively.  In comparison to the discharge cell capacity 
of GNSs, cathode composed of N-GNSs and Ex-N-GNSs 
demonstrated significantly improved discharge cell 
capacity. In our previous work on cells composed of 
carbon blend (mixture of Ketjenblack and Calgon 
activated carbon) and nitrogen-doped carbon blend under 
identical conditions delivered 0.7 mAh and 1.44 mAh cell 
capacity. Thus, cell capacity enhancement is more than 
two times when the carbon blend is replaced by  graphene 
in the cathode of lithium-oxygen cells; while nitrogen 
doping in GNSs and exfoliation of nanosheets has further 
improved the cell capacity by more than two times. Cell 
based on composite 1 exhibits highest discharge cell 
capacity among all cathodes studied in this work. This 
enhancement in cell capacity is due to improved electro-
catalytic activity of composite 1 and fast lithium ion 
transport deep inside the cathode due to superionic 
conducting LAGP. A gradual decrease in cell discharge 
from 2.8 to 2.4 V is also observed in Figure 4 for 
composite 1. A sharp cell discharge is observed at around 
2.1 V for N-GNSs and Ex-N-GNSs; while GNSs show a 
sharp cell discharge at around 2.5 V. These results are 
consistent with our previous work wherein, an 
incremental increase of up to 20 wt% of LAGP in cathode 
formulation (N-C blend) is reported. It is noticed from 
Figure 4 that although open circuit voltage (OCV) of all 
cells are high, there is a significant potential drop during 
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the initial stage of discharge. This potential drop is due to 
both an activation barrier of cathode chemistry that 
includes sluggish kinetics, and series resistances between 
various cell components. Further research work to tailor 
cathode architecture and improve the cell performance of 
lithium-oxygen batteries is currently underway. 

                                                                                               
Conclusion  

In conclusion, this work demonstrates excellent cell 
performance of lithium-oxygen cell with cathode 
formulation based on GNSs. The discharge cell capacity 
of the cell with cathode of Ex-N-GNSs with LAGP is 
4.75 mAh. This work highlights the importance of novel 
cathode architecture and opens up a promising approach 
to develop highly efficient oxygen electrodes for lithium-
oxygen cells. 
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