
AFRL-RQ-WP-TP-2015-0052 
 
 

 
 

ELECTROCHEMICAL PERFORMANCE OF HIGHLY 
MESOPOROUS NITROGEN DOPED CARBON 
CATHODE IN LITHIUM-OXYGEN BATTERIES 
(POSTPRINT) 
 
Padmakar Kichambare and Stanley Rodrigues  
Electrical Systems Branch 
Power and Control Division 
 
Jitendra Kumar and Binod Kumar  
University of Dayton Research Institute 
 
 
 
MARCH 2011 
 
 
  

 
Approved for public release; distribution unlimited. 

 
See additional restrictions described on inside pages  

  
STINFO COPY 

 
© 2011 Elsevier B.V. 
 
 
 
 
 
 
 

AIR FORCE RESEARCH LABORATORY 
AEROSPACE SYSTEMS DIRECTORATE 

WRIGHT-PATTERSON AIR FORCE BASE, OH 45433-7541 
AIR FORCE MATERIEL COMMAND 

UNITED STATES AIR FORCE 



 
NOTICE AND SIGNATURE PAGE 

 
 
Using Government drawings, specifications, or other data included in this document for any 
purpose other than Government procurement does not in any way obligate the U.S. Government. 
The fact that the Government formulated or supplied the drawings, specifications, or other data 
does not license the holder or any other person or corporation; or convey any rights or permission 
to manufacture, use, or sell any patented invention that may relate to them.  
 
This report was cleared for public release by the USAF 88th Air Base Wing (88 ABW) Public 
Affairs Office (PAO) and is available to the general public, including foreign nationals.  
 
Copies may be obtained from the Defense Technical Information Center (DTIC) 
(http://www.dtic.mil).   
 
AFRL-RQ-WP-TP-2015-0052 HAS BEEN REVIEWED AND IS APPROVED FOR 
PUBLICATION IN ACCORDANCE WITH ASSIGNED DISTRIBUTION STATEMENT. 
 
 
 
 
*//Signature//      //Signature// 
STANLEY J. RODRIGUES    GREGORY L. FRONISTA, Chief 
Project Manager     Electrical Systems Branch 
Electrical Systems Branch    Power and Control Division 
Power and Control Division    Aerospace Systems Directorate 
 
 
 
 
//Signature//  
DANIEL B. THOMPSON 
Acting Division Chief 
Power and Control Division 
Aerospace Systems Directorate 
 
 
 
 
 
 
 
 
This report is published in the interest of scientific and technical information exchange, and its 
publication does not constitute the Government’s approval or disapproval of its ideas or findings.  
 
*Disseminated copies will show “//Signature//” stamped or typed above the signature blocks.  



 

REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188 

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, searching existing data 
sources, gathering and maintaining the data needed, and completing and reviewing the collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of 
information, including suggestions for reducing this burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson 
Davis Highway, Suite 1204, Arlington, VA 22202-4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a 
collection of information if it does not display a currently valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 

1.  REPORT DATE  (DD-MM-YY) 2.  REPORT TYPE 3.  DATES COVERED (From - To) 
March 2011 Journal Article Postprint 01 March 2011 – 01 March 2011 

4.  TITLE AND SUBTITLE 
ELECTROCHEMICAL PERFORMANCE OF HIGHLY MESOPOROUS NITROGEN 
DOPED CARBON CATHODE IN LITHIUM-OXYGEN BATTERIES (POSTPRINT) 

5a.  CONTRACT NUMBER 
In-house 

5b.  GRANT NUMBER 

5c.  PROGRAM ELEMENT 
NUMBER 
62203F 

6.  AUTHOR(S) 

Padmakar Kichambare and Stanley Rodrigues (AFRL/RQQE) 
Jitendra Kumar and Binod Kumar (University of Dayton Research Institute) 

5d.  PROJECT NUMBER 
3145 

5e.  TASK NUMBER 
N/A 

5f.  WORK UNIT NUMBER 

  Q10H 
7.  PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8.  PERFORMING ORGANIZATION 
Electrical Systems Branch (AFRL/RQQE) 
Power and Control Division, Air Force Research Laboratory 
Aerospace Systems Directorate 
Wright-Patterson Air Force Base, OH 45433-7541 
Air Force Materiel Command, United States Air Force 

University of Dayton  
   Research Institute 
Electrochemical Power Group 
300 College Park 
Dayton, OH 45469-0170 

       REPORT NUMBER  
 
 AFRL-RQ-WP-TP-2015-0052 

9.  SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10.  SPONSORING/MONITORING 
Air Force Research Laboratory  
Aerospace Systems Directorate 
Wright-Patterson Air Force Base, OH 45433-7541  
Air Force Materiel Command 
United States Air Force 

       AGENCY ACRONYM(S) 
AFRL/RQQE 

11. SPONSORING/MONITORING 
      AGENCY REPORT NUMBER(S) 

 AFRL-RQ-WP-TP-2015-0052 
12.  DISTRIBUTION/AVAILABILITY STATEMENT 

Approved for public release; distribution unlimited.  
13.  SUPPLEMENTARY NOTES 

PA Case Number: 88ABW-2010-5634; Clearance Date: 20 Oct 2010.  
Report published in Journal of Power Sources, No. 196, 2011. © 2011 Elsevier B.V.  The U.S. Government is joint 
author of the work and has the right to use, modify, reproduce, release, perform, display, or disclose the work. 

14.  ABSTRACT 
Nitrogen doped carbon with a high surface area was used as cathode electrode in a solid-state lithium–oxygen battery. 
Various techniques including the Brunauer-Emmett-Teller (BET) surface area, X-ray diffraction (XRD), 
thermogravimetric analysis (TGA), scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX) 
were employed to evaluate the nitrogen functionality on carbon. The electrochemical properties of nitrogen doped carbon 
as cathode electrode in lithium–oxygen battery were studied using galvanostatic charge–discharge characteristics and 
electrochemical impedance spectroscopy (EIS). The lithium–oxygen cell fabricated with nitrogen doped Ketjenblack-
Calgon activated carbon cathode exhibits two times higher discharge cell capacity than that of a cathode composed of 
only Ketjenblack-Calgon activated carbon. This work shows that the nitrogen functionality on carbon is responsible for 
the electro-catalytic activity of cathode and an enhancement in cell capacity of lithium–oxygen battery. 

15.  SUBJECT TERMS 
lithium-oxygen battery, oxygen reduction reactions, nitrogen-doped carbon, lithium aluminum germanium phosphate 

16.  SECURITY CLASSIFICATION OF: 17. LIMITATION  
OF ABSTRACT: 

SAR 

18.  NUMBER 
OF PAGES 

   10 

19a.  NAME OF RESPONSIBLE PERSON (Monitor) 
a.  REPORT 
Unclassified 

b. ABSTRACT 
Unclassified 

c. THIS PAGE 
Unclassified 

 Stanley J. Rodrigues 
19b.  TELEPHONE NUMBER (Include Area Code) 

N/A 
 Standard Form 298 (Rev. 8-98)         

Prescribed by ANSI Std. Z39-18 

 



E
c

P
a

b

a

A
R
R
A
A

K
N
L
E
D
S

1

p
[
m
T
e
s
n
u
a
o
a
l
c
i
4
i
a
5
o
g
B

0
d

Journal of Power Sources 196 (2011) 3310–3316

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

lectrochemical performance of highly mesoporous nitrogen doped carbon
athode in lithium–oxygen batteries

admakar Kichambarea, Jitendra Kumarb, Stanley Rodriguesa,∗, Binod Kumarb

Air Force Research Laboratory, Propulsion Directorate, Wright-Patterson Air Force Base, OH 45433-7252, United States
Electrochemical Power Group, University of Dayton Research Institute, 300 College Park, Dayton, OH 45469-0170, United States

r t i c l e i n f o

rticle history:
eceived 30 September 2010
eceived in revised form 8 November 2010
ccepted 22 November 2010
vailable online 26 November 2010

a b s t r a c t

Nitrogen doped carbon with a high surface area was used as cathode electrode in a solid-state
lithium–oxygen battery. Various techniques including the Brunauer–Emmett–Teller (BET) surface area,
X-ray diffraction (XRD), thermogravimetric analysis (TGA), scanning electron microscopy (SEM) and
energy dispersive X-ray analysis (EDX) were employed to evaluate the nitrogen functionality on carbon.
eywords:
itrogen doped mesoporous carbon
ithium–air
lectrochemical impedance spectroscopy

The electrochemical properties of nitrogen doped carbon as cathode electrode in lithium–oxygen bat-
tery were studied using galvanostatic charge–discharge characteristics and electrochemical impedance
spectroscopy (EIS). The lithium–oxygen cell fabricated with nitrogen doped Ketjenblack–Calgon acti-
vated carbon cathode exhibits two times higher discharge cell capacity than that of a cathode composed
of only Ketjenblack–Calgon activated carbon. This work shows that the nitrogen functionality on car-

e elec
ischarge cell capacity
olid-state lithium–oxygen battery

bon is responsible for th
lithium–oxygen battery.

. Introduction

Metal–air batteries have garnered attention as potential high
erformance lightweight power sources for electronic devices
1]. Among metal–air batteries, lithium–air batteries offer the

ost promise for extremely high persistence applications [2,3].
hese batteries have significant advantages over conventional
lectrochemical energy storage devices [4] because of their high
pecific capacity. Abraham and Jiang [5] demonstrated the first
on-aqueous, rechargeable lithium–oxygen cell that was based
pon metallic lithium anode, polymer electrolyte separator, and
carbon-impregnated solid-polymer electrolyte composite cath-

de with gravimetric capacity of 1410 mAh g−1 in pure oxygen
tmosphere. Even higher cathode capacity of 2120 mAh g−1 for
ithium–air cell is reported by Read et al. [6] and the improved cell
apacity is due to the designing of air cathodes capable of sustain-
ng higher oxygen concentrations. Cathode capacity approaching
000 mAh g−1 for a Mn based catalyst [7] and cathode capac-

ty 5360 mAh g−1 for cell employing a hydrophobic ionic liquid
nd lithium salt were reported [8]. A gravimetric capacity of

813 mAh g−1 was achieved using a novel lithium–oxygen cath-
de architecture without the use of catalyst [9]. Although large
ravimetric capacities are obtained, the current density is small.
ruce and co-workers reported a rechargeable lithium–oxygen

∗ Corresponding author. Tel.: +1 937 255 2848; fax: +1 937 656 7529.
E-mail address: Stanley.Rodrigues@wpafb.af.mil (S. Rodrigues).

378-7753/$ – see front matter Published by Elsevier B.V.
oi:10.1016/j.jpowsour.2010.11.112
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tro-catalytic activity of cathode and an enhancement in cell capacity of
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battery using Li2O2 and LiCoO2 electrodes [10,11]. They report
Li2O2 decomposes to yield Li + O2 on electrochemical charging
and that the charge/discharge cycling is sustainable for many
cycles. To improve the capacity of lithium–oxygen battery, various
approaches in lithium–oxygen cell architecture were reported, for
example the use of bi-layer carbon electrode consisting of an active
and diffusion layers [12], different carbon sources [13], superfine
platinum particles [14] and bi-functional platinum–gold nanopar-
ticles loaded onto carbon [15].

In our most recent studies, a fully solid-state, rechargeable
lithium–oxygen battery [16] with an excellent thermal stability and
re-chargeability in the 30–105 ◦C temperature range was reported.
The cell was subjected to 40 charge–discharge cycles at current
densities ranging from 0.05 to 0.25 mA cm−2. Since our approach
to fabricate a totally solid-state and rechargeable lithium–oxygen
battery is easily scalable, such a battery holds great potential for
realization of commercially viable, safe and lighter lithium–oxygen
batteries for applications ranging from electric cars to unmanned
aerial vehicles. Although these batteries are of considerable inter-
est, their active life is limited by the diffusion and reduction of
oxygen in the cathode. The performance of the cathode in these
batteries is a major limiting factor in optimizing the power out-
put. To enhance the performance of the cathode, it is of interest to

investigate nitrogen doped carbon to enhance the oxygen reduction
reaction activity. The doping of the carbon with nitrogen atoms has
drawn much attention because conjugation between the nitrogen
lone-pair electrons and graphene �-systems [17–19] may cre-
ate nanostructures with desired properties. Recently, the nitrogen

e; distribution unlimited.
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oped carbon nanoparticles exhibited a good support for anchor-
ng platinum nanoparticles than carbon XC-72 [20,21]. Importantly,
he nitrogen doping of carbon materials has been shown to improve
he activity of carbon for oxygen reduction [22–24]. Furthermore,
he mesoporous carbon with high porosity is expected to facilitate
he access of oxygen to the reaction sites inside the pores of car-
on. In this work, we explore the use of nitrogen doped carbon in
he cathode of a solid-state lithium–oxygen cell. The roles of poros-
ty and surface area of nitrogen doped carbon on electrochemical
erformance of the lithium–oxygen cell are investigated.

. Experimental details

Commercially available Ketjenblack (KB) EC 600JD and Calgon
ctivated (CA) carbon were washed with 6M HCl to remove metal
mpurities. The carbon materials were then rinsed several times

ith de-ionized (DI) water to remove chlorides and other impu-
ities. The pre-washed carbon was refluxed with 70% HNO3 over
ight, rewashed in DI water followed by drying in an oven at 100 ◦C.
itrogen doped carbon materials were prepared at an elevated

emperature as reported in literature [25,26]. This sample was then
mployed for further investigations.

Morphologies of the KB, CA, and blend of KB and CA (hereafter
eferred as C) carbon as well as the nitrogen doped KB (N-KB),
itrogen doped CA (N-CA) and nitrogen doped blend of KB and CA
hereafter referred as N–C) carbon were examined using SEM. Ele-

ental content in the carbon samples were analyzed with energy
ispersive X-ray (EDX) spectroscopy. X-ray diffraction (XRD) pat-
erns were collected between 15◦ and 80◦ (Rigaku D/MAX) fitted
ith CuK� radiation source. The Brunauer–Emmett–Teller (BET)

urface areas of the carbon materials were obtained using a nitro-
en sorption instrument (Micromeritics, ASAP 2020). Samples were
egassed for 4 h at 250 ◦C under vacuum before surface area
easurements. The porosity of cathode material was measured

sing a gas pycnometer (Micromeritis, Accu Pyc II 1340). Ther-
al stability of these carbon materials were investigated with a

hermogravimetric analysis (TGA) system (TA Instruments, model
050) ramped to 900 ◦C at heating rate of 5 ◦C min−1 in air. Cyclic
oltammetry (CV) measurements were carried out in a standard
hree-electrode cell configuration with 0.1 M KOH as the electrolyte
sing a Solartron SI 1287 electrochemical analyzer with scan rate
f 5 mV min−1. Pastes consisting of KB and Nafion (tetrafluoroethy-
ene based fluoropolymer-copolymer) solution in one case and
-KB and Nafion in another were prepared and spread on graphite,
hich was used as the working electrode. A Pt wire was used as the

ounter electrode and a saturated calomel electrode (SCE) electrode
as used as the reference electrode. All potentials are measured
ith respect to SCE.

Carbon air cathode was fabricated using a procedure reported
reviously [16]. Briefly, a mixture of N-KB and N-CA carbon powder

n a 40:60 wt.% ratio with a polytetrafluoroethylene (PTFE) suspen-
ion was ball-milled for an hour. The carbon powder and PTFE were
ixed with DI water to obtain a soft mass, which was spread on
nickel foam, used as a current collector, and pressed by sand-
iching between two stainless steel plates at 1 MPa. The obtained

athode specimen was dried at 100 ◦C overnight. A solid-state
ithium–oxygen cell with a 2 cm2 area was fabricated in a commer-
ially available cell casing under a dry argon atmosphere. The N–C
lm on nickel foam was used as a working cathode, lithium metal
s anode and polymer-coated lithium aluminum germanium phos-

hate (LAGP) as electrolyte. The processing and properties of the
AGP material have been reported and described in our earlier work
27]. Electrochemical performance of the prepared lithium–oxygen
ell was examined using a Solartron SI 1287 electrochemical ana-
yzer in conjunction with a SI 1260 Impedance/gain-phase analyzer.

2 
Approved for public release; 
Fig. 1. SEM images of nitrogen doped carbon. (a) Nitrogen doped Ketjenblack (N-
KB) carbon, (b) nitrogen doped Calgon activated (N-CA) carbon, and (c) nitrogen
doped blend of KB and CA (N–C) carbon.

Charge–discharge measurements on this cell were performed in a
galvanostatic mode. Electrochemical impedance spectroscopy (EIS)
of the lithium–oxygen cell was conducted over a frequency range
0.1 Hz–106 Hz after the charge–discharge cycle. All measurements
were carried out under oxygen atmosphere.

3. Results and discussion

Fig. 1 shows the high magnification SEM images of N-KB, N-CA,
and N–C carbons.

Fig. 1a reveals the presence of highly dense fibrous and/or spher-
ical carbon in N-KB carbon. It appears from the SEM micrograph that
these fibrous carbons are attached with graphitic flakes. Shown
in Fig. 1b is the morphology of N-CA carbon revealing flakes or
plates like structures. The morphology of the N–C carbon (Fig. 1c)
exhibits both the fibrous and plate like structures. EDX analysis was
employed to characterize nitrogen contents in these carbons. The
EDX conducted on N-KB, N-CA as well as N–C carbons revealed the

nitrogen content to be in the range 5–7 at.% (Table 1).

Effect of nitrogen doping in carbons on the micro-structural and
electro-catalytic properties was further evaluated by XRD, TGA and
CV techniques. XRD patterns for KB and N-KB carbons are shown
in Fig. 2a.

distribution unlimited.
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Table 1
Physical and structural parameters of various carbon materials.

Carbon

KB N-KB CA N-CA C N–C Cathode with N–C

Surface area (m2 g−1) 1123 1664 1025 1132 1366 1385 903
Pore volume (cm3 g−1) 1.2 2.5 0.6 0.7 1.6 1.8 1.1
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Pore sze (nm) 4.5 6
Porosity (%) 39 44 6
TGA (carbonization Temp. ◦C) 495 521 54
EDX (at.%) 0 6.7

The XRD spectra of these carbons reflect one prominent peak
round 23◦ and a weak peak at 44◦ corresponding to the (0 0 2)
nd (1 0 0) planes of graphite, respectively. The reflection (0 0 2)
round 23◦ indicates the presence of a small domain with paral-
el stacking of graphene sheets. While the reflection (1 0 0) around
4◦ is attributed to the fibrous/spherical structures formed by sp2

ybridized carbons as evident from SEM micrograph. The XRD spec-
rum exhibits a small shift in the (1 0 0) reflection for N-KB carbon
nd this shift is due to the incorporation of nitrogen in the car-
on. There was no observable shift in the (0 0 2) plane. The TGA
nalysis was conducted in air for KB and N-KB carbon. No remark-
ble weight loss or gain was observed (Fig. 2b) in sample mass at
emperatures below 490 ◦C. Significant mass loss occurs at about
95 ◦C and 521 ◦C for KB and N-KB carbon, respectively. This is
ttributed to the thermal oxidation of carbon powder in air involv-
ng breakage of C–C and C–N bonds. Above 680 ◦C, the carbon is
ully decomposed. TGA shows higher decomposition temperature
or N-KB carbon in comparison to KB carbon, which demonstrates
hat N-KB carbon possess high thermal stability. This may be due
o incorporation of nitrogen in carbon, wherein nitrogen contain-
ng groups are linked to carbon structures and this induces a highly
table structure.

The CV of the KB and N-KB carbon in air saturated aqueous solu-
ion of 0.1 M KOH (Fig. 2c) reveals a weak oxygen reduction reaction
ORR) activity along the negative scan direction around 0.6 V vs
CE (shown by arrow in Fig. 2c) for N-KB, whereas no clear ORR
ctivity was observed for KB carbon. The broad oxygen reduction
ignal for N-KB carbon is due to the presence of low concentra-
ion of dissolved oxygen in air saturated aqueous solution of 0.1 M
OH solution. Compared to KB carbon, the N-KB carbon exhibits
ne order of higher magnitude difference in reduction current at
otential of 0.6 V along the negative scan direction.

The BET nitrogen adsorption–desorption isotherms of KB, CA
nd C carbons as well as N-KB, N-CA, and N–C carbons used in the
ir cathode were obtained.

Shown in Fig. 3a is a typical nitrogen adsorption isotherm for the
as well as N–C carbons. Both isotherms exhibit adsorption hys-

eresis indicating the presence of mesopores. There is a vertical shift
n the location of hysteresis loop to higher volumes of nitrogen gas
dsorption for N–C carbon indicating the enhancement in porosity
n this carbon. BET surface area, pore volume, pore size, and porosity
alues of KB, CA, C carbons as well as N-KB, N-CA and N–C carbons
ere determined and are summarized in Table 1. The remark-

ble nitrogen uptake above the relative pressure ratio of 0.80 was
bserved in BET isotherm (Fig. 3a) and is due to the condensation
f nitrogen in a mesoporous carbon. The mesopore size distribu-
ions of C and N–C carbons are shown in Fig. 3b. The pore size
istributions were derived using the BJH (Barrett–Joyner–Halenda)
ethod. Fig. 3b shows the pore size distribution curves for both

amples are centered at the 9.5, 12.5 and 42 nm pore diameter.

itrogen enrichment of C carbon preserves the mesostructure of C
arbon as shown in Fig. 3b. Compared to the C carbon, a narrow pore
ize distribution at 42 nm has been observed for N–C carbon. The
igh porosity in N–C carbon helps to improve the cell capacity of

ithium–oxygen battery as described in the oxygen diffusion model

3 
Approved for public releas
2.4 4.5 4.8 4.6
71 38 42 25

537 553 545 –
5.3 0 5.2 –

that predicts the cathode pore radius is reflective of the distribu-
tion of the lithium peroxide product formed in the cathode during
the cell discharge [28]. It is observed from Table 1 that KB carbon
has high surface area, while CA carbon has high porosity. Our ratio-
nale for using a C carbon was to take advantage of the high surface
area of KB carbon and high porosity of CA carbon. It is seen from
Table 1 that there is an enhancement of porosity for the nitrogen
doped carbons and this facilitates more efficient access to gaseous
molecules than those of the undoped carbons. BET measurements
on the cathode composed of N–C carbon free standing films show a
loss in surface area and porosity that is due to the presence of PTFE
component of the air cathode.

The lithium–oxygen cells composed of the C and the N–C car-
bons as active material in the cathode were fabricated (Fig. 4a)
to study their electrochemical performance under oxygen atmo-
sphere. A solid electrolyte laminate reported in our previous work
[16] was used to couple the lithium anode with an oxygen cath-
ode. This electrolyte provides very high lithium–ion conductivity,
passivates the lithium surface, and enhances lithium–electrolyte
interfacial stability. Fig. 4b shows the portion of discharge–charge
behavior of the lithium–oxygen cells with cathode fabricated with
a C and N–C carbons at the low discharge current of 0.05 mA at
75 ◦C. It is noticed from the Fig. 4b that at the discharge current
of 0.05 mA, the operating cell voltage initially fluctuates for the C
carbon cathode. The voltage fluctuation during discharge process
remains relatively constant around 2.5 V and reflects existence of
interfacial flaws and improper processing of the cell. During the
conditioning cycle, sometimes such transient behavior of the cell
is noted. Variations of the cell voltage against cell capacity of cath-
ode show flat discharge profile from 2.55 to 2.75 V. The values of
open circuit voltage (OCV) were 3.18 V and 2.45 V for N–C and C
carbon cathode, respectively. Fig. 4b shows that at the cell capacity
of 0.1 mAh, the cell voltage is higher by 0.25 V and 0.38 V for N–C
carbon during discharge and charge process, respectively.

Fig. 4c exhibits the discharge capacities of the lithium–oxygen
cells with cathode composed of the C and N–C carbons at the
discharge current of 0.2 mA at 75 ◦C. It is observed from Fig. 4c
that the cell composed of N–C carbon delivers two times higher
cell capacity of 1.44 mAh at a discharge current of 0.2 mA, while
a cell capacity of 0.7 mAh was obtained at a discharge current of
0.2 mA for the lithium–oxygen cell with cathode composed of the
C carbon. An increase in the cell capacity of the lithium–oxygen
cell with cathode composed of the N–C carbon in this work is
ascribed to the higher electrocatalytic activity of N–C carbon that
helps facilitate the cathodic reactions in lithium–oxygen cell. Apart
from higher activity of the N–C carbon, the electrochemical per-
formance of the lithium–oxygen cell also depends on the porosity
of the air electrode. Higher porosity of the N–C carbon improves
higher oxygen diffusivity in N–C carbon that enhances the cell
capacity. It is seen from Fig. 4c that the initial high OCV and its

rapid drop for the lithium–oxygen cell with cathode fabricated
with N–C carbon might be associated to the cell impurities and
residual moisture that could lead to parasitic reactions occur-
ring at the cathode–electrolyte interface. Although, the OCV of
lithium–oxygen cell fabricated with N–C cathode is high, there is

e; distribution unlimited.
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ig. 2. (a) XRD patterns of Ketjenblack (KB) carbon and nitrogen doped KB carbon
N-KB), (b) TGA of KB and N-KB carbon and (c) CV of KB and N-KB carbon.

o benefit of this OCV as it drops down quickly to 2.5 V. However,

he role of nitrogen doping in carbon and the parasitic reactions
t the cathode–electrolyte interface on the OCV of lithium oxygen
ell is not clear and it is of fundamental interest to investigate how
itrogen doping in carbon affects the OCV of these cells. Further

4 
Approved for public release; 
Fig. 3. (a) N2 adsorption–desorption isotherms for the blend of KB and CA (C) and
nitrogen doped blend of KB and CA (N–C) carbon and (b) corresponding pore size
distributions for the C and N–C carbon calculated by BJH method.

work will be carried to understand the role of these parameters.

A flat discharge plateau around 2.5 V is also observed in Fig. 4c for
the N–C carbon. Such type of flat plateau has been reported for
lithium–oxygen cell when discharged in oxygen atmosphere that
involve formation of Li2O2 and/or Li2O by the oxidation of metallic

distribution unlimited.
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Fig. 4. (a) Schematic representation of lithium–oxygen battery showing lithium anode with three layer membrane laminate, polymer ceramic PC + Li2O/LAGP(lithium
aluminum germanium phosphate) + BN, and N-doped blend of KB and CA (N–C) cathode, (b) discharge–charge curves of lithium–oxygen battery with a constant current of
0.05 mA for the blend of KB and CA (C) carbon (1: discharge and 2: charge) and N–C carbon (3: discharge and 4: charge) at 75 ◦C and (c) discharge curve of lithium–oxygen
cell with discharge current of 0.2 mA at 75 ◦C for the C (1) and N–C (2) carbon.

5 
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ig. 5. Nyquist impedance plots of lithium–oxygen cell (a) before discharge of cell
nd (b) after discharge of cell.

i [5,6,16,29,30]. The lower cell capacity value for the C carbon is due
o lower porosity in cathode to accommodate the discharge prod-
cts that fill the pores of the cathode and increases the polarization.
his is one of the factors that affects the progress and magnitude of
ischarge reactions.

EIS was used to investigate the electrochemical performance
f cathode in the lithium–oxygen cell. The impedance of the
ithium–oxygen cell was measured before and after discharge. Typ-
cal Nyquist plots in the frequency range from 0.1 Hz to 1 MHz for
he C and N–C carbons are shown in Fig. 5a and b.

All plots exhibit a semicircle and a tail. The high frequency inter-
ept on the Z’ axis corresponds to the resistance of the cell which
ncludes contributions from the electrodes, electrolyte, and con-
act resistance. The numerical value of width of semicircle on the
’ axis corresponds to the charge-transfer resistances and indicates
he overall kinetic effects. A tail in the low frequency region repre-

ents the characteristics of a diffusion controlled process due to the
iffusion of lithium ions and oxygen in the cathode [31,32]. From
he Nyquist plots obtained after discharge, the values of diameter
ere determined to be 130 � and 55 � for the C and N–C carbon,
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respectively. Nyquist plots exhibit a higher charge-transfer resis-
tance for the C carbon pointing to slower charge-transfer kinetics.
It is observed from these Nyquist plots that the apparent diameter
of semicircle of the lithium–oxygen cell fabricated with N–C carbon
is smaller than the lithium–oxygen cell fabricated with the C car-
bon. The decrease by almost half in the charge-transfer resistance
of the cathode prepared from the N–C carbon indicates the faster
charge-transfer kinetics on cathode made from N–C carbon. A high
charge-transfer resistance of air cathode fabricated with C carbon
is attributed to the formation of discharge products in the pores
of the cathode. EIS analysis suggests that the major contribution
to the cell resistance is the charge-transfer resistance, indicating
thereby the nitrogen doping suppresses charge-transfer resistance
and improves the ORR, as evidenced from Fig. 5a and b. In addition,
at discharge currents of 0.05 and 0.2 mA, there is an increase in cell
capacity of lithium–oxygen cell prepared with N–C carbon relative
to the capacity of cell with C carbon. Both of these studies lead to
the conclusion that the nitrogen doping in carbon helps the kinetics
of ORR on the oxygen cathode, thereby improving the cell capac-
ity of lithium–oxygen battery. Further studies on the dependence
of discharge current on voltage and cell capacity for the cathode
prepared from N–C carbon are being investigated.

4. Conclusion

This paper demonstrated that the nitrogen doping of the C car-
bon significantly improved cell performance of lithium–oxygen
battery. The improvement in the cell capacity is attributed to higher
surface area, porosity and electrocatalytic activity of N–C carbon. By
comparison with the C carbon, the N–C carbon provides a promising
approach and suggests a potential for operating in lithium–oxygen
battery platforms.
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