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Activated and nitrogen-doped exfoliated graphene as
air electrodes for metal–air battery applications†

Drew Higgins,‡ Zhu Chen,‡ Dong Un Lee and Zhongwei Chen*

Capitalizing on the immense theoretical energy storage densities of metal–air batteries requires the

development of high performance air electrode materials. These materials must simultaneously meet

the criteria of high surface areas, excellent oxygen reduction reaction activity and low cost. Herein,

catalyst materials with exemplary surface areas (2980 m2 g�1) and ORR activity were developed by

innovatively coupling KOH activation of exfoliated graphene with ammonia induced nitrogen doping

(N-a-ex-G). Specifically, ORR activity approaching that of commercial platinum based catalysts was

observed (ca. 45 mV lower onset potential), and these unique materials were found to provide excellent

practical metal–air battery performance. In particular, N-a-ex-G provided a 60% higher discharge current

(on a catalyst mass basis at a cell voltage of 1.0 V) in a zinc–air battery single cell, along with higher

discharge voltages and a 42% capacitance increase in comparison with pure carbon black based

electrodes in a Li–oxygen battery single cell. These promising results, attributed to the favourable

properties of N-a-ex-G, including high surface areas and inherent ORR activity indicate their practicality

as air cathode electrocatalysts.
1 Introduction

Surging global energy demands and rapidly depleting fossil fuel
reserves have stimulated extensive interest in the research and
development of electrochemical energy storage solutions1 for
use in electric/hybrid vehicles, portable electronics and smart
grid infrastructures. In order to be technologically and
commercially competitive on a global scale, improvements to
the energy storage densities are required along with the
simultaneous reduction in overall component and production
costs. Metal–air batteries, including zinc–air and lithium–

oxygen batteries, are emerging as promising replacements to
traditionally utilized lithium-ion batteries, boasting theoretical
energy storage densities of 1084 and 11 680 W h kg�1, respec-
tively.2 These energy storage capabilities are orders of magni-
tude higher than lithium-ion batteries (200 W h kg�1), and will
be required in order to meet the intensive demands of modern
and future applications. At the current state of technology, the
practical energy densities of zinc–air and lithium–oxygen
batteries are still limited by the electrode active materials
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utilized. As the rate of the oxygen reduction reaction (ORR) is
inherently much slower than the rate of the metal anode
oxidation, the performance of these devices is governed by the
air electrode catalyst materials. Moreover, commonly utilized
ORR electrocatalysts rely on noble metals, such as platinum, or
transition metal oxides that bear high costs and limited natural
supply. Developing unique low cost air electrode catalyst tech-
nologies that rely on environmentally inexhaustible supplies
will ensure long term sustainability, along with alleviating
the breadth of environmental concerns associated with the
production of metal based catalysts.3 Furthermore, ensuring
high ORR activity of these materials is essential in order to
capitalize on the exemplary theoretical energy storage densities
of metal–air batteries resulting in high performance devices
that are practical for numerous applications.

Unique graphene materials consisting of single sheets of
carbon atoms are considered to be promising for many appli-
cations including electrocatalysis owing to their exemplary
surface areas, high electronic conductivity, and robust thermal,
mechanical and chemical stability.4 The inherent oxygen
adsorption and reduction activity of pristine graphitic carbons is
relatively poor, which can be overcome by the incorporation of
heterogeneous nitrogen atoms into the graphitic structure.5–13

Moreover, nitrogen-doping of graphene (N-G) has been demon-
strated to provide enhanced electronic properties, including
enhanced conductivity and modulated electron densities that
are attractive for electrocatalyst purposes. Currently however, the
surface areas of the prepared N-Gmaterials have been limited to
approximately 500–600 m2 g�1,14,15 well below the theoretical
J. Mater. Chem. A, 2013, 1, 2639–2645 | 2639
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surface area of completely exfoliated graphene sheets
(2630 m2 g�1).4 As surface area is an important factor governing
electrocatalyst activity,16 increasing the surface area of N-G
catalyst materials offers a very promising approach for the
development of new generation metal–air battery catalyst
technologies.

Recently, Zhu et al.17 reported a potassium hydroxide (KOH)
chemical activation of exfoliated graphene (ex-G) to produce
activated (a-ex-G) materials with exemplary measured surface
areas in excess of 3000 m2 g�1, along with a high degree of
micro- and mesoporosity. Herein, this technique is innovatively
coupled with post-treatment nitrogen doping of a-ex-G (N-a-ex-
G) by an ammonia thermal treatment. The result was N-a-ex-G
materials possessing exemplary surface areas and high ORR
activity approaching that of commercial platinum based cata-
lysts. Owing to the attractive properties of the developed N-a-ex-
G materials, excellent cathode catalyst performance in zinc–air
and lithium–oxygen batteries was obtained. Ideally, the fabri-
cation of N-a-ex-G relies on environmentally abundant mate-
rials, is straightforward and ideal for up-scalability to meet
market demands. This technique is reported as a viable method
to simultaneously optimize multiple aspects of graphene's
properties that have the potential for utilization in high
performance metal–air battery technologies.
2 Experimental methods and techniques
2.1 Synthesis of N-a-ex-G

Graphite oxide (GO) was synthesized by a modied Hummer's
method.18 Briey, 2 g of graphite powder and 1 g of sodium
nitrate were combined in a round bottom ask. While stirring in
an ice bath, 46mL of concentrated sulfuric acid was added to the
ask, followed by the slow addition of 6 g of potassium
permanganate over 1 hour. The ask was then removed from the
ice bath, stirred for 1 h at room temperature, and followed by the
dropwise addition of 92 mL of distilled de-ionized (DDI) water.
Aer stirring further for 30 minutes, the solution was diluted
with 280 mL of warm DDI water along with 40 mL of 30%
hydrogen peroxide to neutralize any remaining permanganate.
The product was ltered and washed with copious amounts of
5% hydrochloric acid (HCl), followed by centrifugation and
drying at room temperature under a gentle supply of owing air.
Aer collection, GO was thermally reduced and exfoliated (ex-G)
by a thermal treatment method. GO was loaded into an alumina
boat that was subsequently placed into a horizontal tube furnace
reactor saturated with argon (100 sccm). Keeping GO out of the
heating area, the furnace was heated to 1000 �C, upon which the
sample was pushed into the central heating zone where it
remained for 30 seconds to obtain ex-G.

The collected ex-G was then chemically activated (a-ex-G) by
KOH impregnation and subsequent heat treatment.17,19,20 First,
ex-G was well dispersed in 3.5 M KOH under stirring for 4 hours
and stagnated for 18 hours to allow KOH impregnation. The
solution was then ltered and dried at 60 �C overnight. The
dried product was placed into a horizontal tube furnace satu-
rated with argon (100 sccm) and heated to 900 �C at a rate of
5 �C min�1. The temperature was maintained for 1 hour,
2640 | J. Mater. Chem. A, 2013, 1, 2639–2645
followed by cooling, sample removal and thorough washing
with DDI water and ethanol in order to remove any unwanted
residues and byproducts. Aer drying, nitrogen doping of a-ex-G
(N-a-ex-G) was carried out by heat treatment in an ammonia
environment. a-ex-G was placed into a horizontal tube furnace
and heated to 900 �C under argon saturation (100 sccm). Once
the furnace reached 900 �C, ammonia was introduced under a
constant rate of 50 sccm and held for 1 hour. Aer 1 hour, the
ammonia supply was cut off and the furnace was cooled down to
room temperature for sample collection.

2.2 Physicochemical characterization

Material characterization was carried out by a number of
different techniques. Scanning electron microscopy (SEM, LEO
FESEM 1530) and transmission electron microscopy (TEM,
JEOL 2010F) images were obtained in order to investigate the
morphology and surface features of the developed materials.
X-ray diffraction (XRD) was carried out using on a Bruker AXS
D8 Advance using Cu Ka radiation with a wavelength of 1.54
Angstroms. X-ray photoelectron spectra (XPS) were obtained on
a Thermo Scientic K-Alpha XPS spectrometer, using a mono-
chromatic Al Ka X-ray source with a take-off angle of 90� and a
spot area of 400 mm. Brunauer–Emmett–Teller (BET) surface
analysis was carried out using an Autosorb from Quantochrome
Instruments. Nitrogen adsorption isotherms were obtained to
gain insight regarding the surface areas and pore size distri-
bution of the synthesized catalyst. Raman spectroscopy was
carried out to track changes in the graphitic ordering of the
samples through all stages of synthesis.

2.3 Electrochemical and practical battery cell testing

Electrochemical half-cell testing included linear sweep voltam-
metry (LSV) using a rotating ring disc voltammetry setup con-
sisting of a biopotentiostat (Pine Instrument Co., AFCBP-1) and
a rotator (Pine Instrument Co., AFMSRCE). A 5 mm OD glassy
carbon electrode was coated with the catalyst sample and used
as the working electrode, immersed in a glass cell containing
0.1 M KOH, a platinum wire counter electrode and a double
junction Ag/AgCl reference electrode. Catalyst materials were
deposited onto the working electrode rst by preparing a 0.5 wt
% Naon in ethanol catalyst ink with a concentration of 4 mg
catalyst per 1 mL of solution. The solution was sonicated for 1
hour to ensure a homogeneous dispersion, and then a 10 mL
aliquot was deposited onto the electrode surface and allowed to
dry under ambient conditions. To remove capacitive contribu-
tions during evaluation of ORR activity, background currents
were obtained under nitrogen saturated environments by
sweeping the potential from 0.2 to �1.0 V vs. Ag/AgCl at a scan
rate of 10 mV s�1. These background contributions were sub-
tracted from ORR polarization curves obtained under oxygen
saturated conditions.

Evaluation of practical catalyst performance in a zinc–air
single cell battery was facilitated using a multichannel poten-
tiostat (Princeton Applied Research, VersaSTAT MC) and a
home-made zinc–air battery setup. The air electrode was fabri-
cated by coating catalyst materials onto a gas diffusion layer
This journal is ª The Royal Society of Chemistry 2013
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(Ion Power Inc., SGL Carbon 10 BB) with an active electrode
surface area of 2.84 cm2. The catalyst materials were dispersed
into an isopropanol–Naon mixture at a catalyst concentration
of 9.4 mg mL�1. The ink, containing a catalyst to Naon weight
ratio of approximately 3.6 : 1, was then air brush sprayed onto
the gas diffusion layer and dried for subsequent testing. A
polished zinc plate (OnlineMetals, Zinc Sheet EN 988) and a
microporous 25 mm polypropylene membrane (Celgard 5550)
were used as the zinc electrode and separator, respectively. The
electrolyte used in the zinc–air battery was 6 M KOH, an opti-
mized concentration chosen based on results from a previous
study.21 Battery discharge performances were measured by
applying a galvanodynamic technique and polarization curves
of the air electrode were collected for analysis. Electrochemical
impedance spectroscopy was also utilized using AC frequencies
from 0.1 Hz to 100 kHz with an amplitude of 20 mV. Data were
tted using ZSimpWin 3.10.

In order to evaluate the practical electrochemical perfor-
mances of the developed catalyst materials in a lithium–oxygen
battery, Swagelok type cells were prepared utilizing lithium
metal as an anode and 1 M LiPF6 in tetraethylene glycol
dimethyl ether (TEGDME) as the electrolyte. The air cathode
consists of N-a-ex-G as a catalyst, ketjen black (KB) as a sup-
porting material, a copolymer of vinylidene uoride with
hexauoropropylene (PVdF–HFP) as a binder, and dibutyl
phthalate as a pore forming agent following procedures dis-
closed in a previous report.22 The carbon electrode materials
contained a 20 : 80 weight ratio of N-a-ex-G and KBmixture, and
the binder was incorporated with a 2.4 : 1 binder to carbon
weight ratio. For comparison, an air electrode was fabricated
with pure KB with the same binder content. Galvanostatic
testing was carried out in order to evaluate the practical
performance by applying a current density of 70 mA g�1 with a
cut off voltage of 2.0 V under 1 atm oxygen atmosphere.

3 Results and discussion

SEM (Fig. S1†) and TEM (Fig. 1) images are provided to track the
morphological changes occurring during the different stages of
Fig. 1 TEM image of (a) GO, (b) ex-G, (c) a-ex-G, and (d) N-a-ex-G.

This journal is ª The Royal Society of Chemistry 2013
N-a-ex-G catalyst synthesis. Synthesized GO (Fig. 1a and S1a†)
possesses a smooth, layered structure containing several
stacked graphitic sheets that were converted to an agglomerated
voile-like structure with clear indication of graphene sheet
separation by thermal exfoliation (Fig. 1b and S1b†). Following
activation (Fig. 1c and S1c†) and nitrogen doping (Fig. 1d and
S1d†) signicant agglomeration is no longer observed, and the
separated graphene sheets possess a highly wrinkled
morphology. The nitrogen adsorption/desorption curves
(Fig. S2†) indicated the presence of a large number of micro and
macropores, demonstrating a Type IV isotherm with a type H3
hysteresis loop.23 The BET apparent surface area of N-a-ex-G
calculated from the adsorption isotherm was determined to be
2980 m2 g�1, exceeding the theoretical surface area of pristine
graphene. This is slightly lower than the surface area of 3100 m2

g�1 reported previously for KOH activated microwave exfoliated
graphene,17 which can be attributed to different processing
techniques.

Surface elemental compositions determined by XPS are
summarized in Table 1, along with high resolution C1s and N1s
spectra for N-a-ex-G provided in Fig. 2. C1s peaks for all samples
are provided in the ESI (Fig. S3†) along with appropriate
discussion of the changes occurring during catalyst synthesis.
Following ammonia treatment, the surface nitrogen concen-
tration of N-a-ex-G was 1.57 at.%. This conrmed successful
nitrogen incorporation, although the nitrogen content was
slightly lower in comparison to previously reported ammonia
treated thermally exfoliated graphene7,14 which is reasonable
considering the reduced amount of oxygen sites available aer
activation that can facilitate nitrogen incorporation.6 Although
increased nitrogen contents have been linked to enhanced ORR
activity,24,25 the activated, open pore structure of N-a-ex-G can
offer easily accessible ORR active sites to promote activity even
at relatively lower nitrogen content.

The N1s spectra of N-a-ex-G (Fig. 2b) were deconvoluted into
four contributing peaks including: (i) pyridinic (398.2 eV), (ii)
pyrrolic (399.6 eV), (iii) quaternary (401.0 eV) and (iv) oxidized
(402.9 eV) nitrogen functionalities present in varying amounts.

Although the exact ORR contributions of the various
nitrogen groups are debatable, the strong presence of pyridinic
and quaternary nitrogen have been linked to ORR activity26–28

and can provide logical explanation for the performance
enhancements discussed hereaer. Further work is directed at
elucidating the exact nature of the ORR active site moieties and
tailoring catalyst designs accordingly.

Successful nitrogen doping was further conrmed by Raman
spectroscopy, with the Raman spectra for all samples provided
in Fig. 3. This gure illustrates two bands located at ca. 1345
and 1583 cm�1, attributed to the D band and the G band,
Table 1 XPS determined surface compositions of graphene samples

Element GO (at.%) ex-G (at.%) a-ex-G (at.%) N-a-ex-G (at.%)

C 66.03 92.51 95.49 96.84
N — — — 1.57
O 33.97 7.49 4.51 1.59

J. Mater. Chem. A, 2013, 1, 2639–2645 | 2641
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Fig. 2 High resolution XPS (a) C1s and (b) N1s signal of N-a-ex-G.

Fig. 3 Raman spectroscopy of graphene samples throughout all stages of
catalyst synthesis.

Fig. 4 Half-cell ORR evaluation obtained in an oxygen saturated 0.1 M KOH
electrolyte at an electrode rotation of 900 rpm and a potential scan rate of 10 mV
s�1 and (b) Koutecky–Levich plots for N-a-ex-G at varying electrode potentials.
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respectively. The D band arises due to the structural disorder or
defects present in graphitic based samples; whereas the G band
arises from sp2 bonded ordered graphitic carbon.29 The ratio of
D to G band intensity (ID/IG) is commonly utilized to gauge the
degree of structural disorder present, with higher values indi-
cating more disorder along with smaller inter defect distances
and average graphitic crystalline sizes.30 GO illustrates a near
unity ID/IG of 1.03, a common observation for this class of
material.29 Following thermal exfoliation, a decrease in the ID/IG
band to 0.94 was observed for ex-G due to removal of the oxygen
functionalities and reversion to a more ordered graphitic
structure. Chemical activation resulted in an increase of the
ID/IG ratio to 1.25, consistent with a previous report17 and
attributed primarily to removal of carbon species by KOH
resulting in smaller crystallite sizes and a higher degree of bond
angle disorder.31 Lastly, following nitrogen doping, the ID/IG
ratio of N-a-ex-G increased further to 1.42, a consistently
reported observation due to nitrogen defect incorporation.14,32,33

Half-cell testing was utilized to evaluate graphene based
material's ORR kinetics in an O2 saturated 0.1 M KOH electro-
lyte (Fig. 4a and S5–S8†). Samples were found to possess
increasing activity in the order of GO < ex-G < a-ex-G < N-a-ex-G.
In comparison to the negligible activity demonstrated by GO, ex-
G and a-ex-G demonstrated signicantly improved ORR activity,
showing a two-step reduction polarization curve common for
graphitic carbon materials.12,34 The benecial impact of
nitrogen doping is clearly evidenced by the shi to a one step,
2642 | J. Mater. Chem. A, 2013, 1, 2639–2645
predominant 4 electron ORR mechanism for N-a-ex-G with
activity approaching state-of-the-art commercial Pt/C. Notably,
the onset potential for N-a-ex-G was only ca. 45 mV lower than
Pt/C. While activity approaching or exceeding Pt/C has been
reported for nitrogen-doped carbon nanotubes or graphene
synthesized in the presence of transition metal species,12,24,35

generally the performance in the absence of metallic species is
much lower with some preferential formation of HO2

�

byproducts.36–38 Reports of metal-species free nitrogen doped
graphene with activity approaching that of Pt/C are rare,7 indi-
cating the promise of the present synthesis approach. A distinct
reduction peak is also observed at �0.21 V vs. Ag/AgCl, most
likely due to the reduction of oxygen molecules adsorbed onto
high surface area N-a-ex-G. Koutecky–Levich plots (discussion
of analysis technique provided in the ESI†) for N-a-ex-G at
varying electrode potentials are provided in Fig. 4b using elec-
trode rotations of 400, 900 and 1600 rpm (100 rpm was excluded
due to excessive noise contributions). These plots illustrate
parallel, linear behaviour, which indicates rst order reaction
kinetics with respect to oxygen species.25 Moreover, they provide
indication of a predominant 4 electron reduction mechanism
throughout the entire range investigated, along with steadily
increasing kinetically limited current densities at decreasing
electrode potentials. With the cost of N-a-ex-G being negligible
in comparison to the soaring prices of Pt-based catalysts, the
high ORR activity of N-a-ex-G renders it as a very promising and
long term economical metal-air battery catalyst. While the half-
cell performance provides an effective screening method for
potential air electrode catalysts, it cannot provide an accurate
This journal is ª The Royal Society of Chemistry 2013
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gauge of practical metal–air battery performance due to
different operating conditions and catalyst morphology contri-
butions. Thus, based on the promising half-cell ORR kinetics of
N-a-ex-G, practical metal–air battery single-cell performance
was investigated.

Fig. 5 provides the practical performance of an N-a-ex-G air
electrode catalyst in a home-made zinc–air battery cell illus-
trated in detail in the ESI (Fig. S9a and b†). The discharge
performance of a-ex-G and commercial Pt/C is included for
comparison. Consistent with half-cell testing, the air electrode
polarization curves (Fig. 5a) indicated that N-a-ex-G had
signicantly higher performance capabilities than a-ex-G,
further conrming the importance of nitrogen doping. Specif-
ically, themass based current density of N-a-ex-G at 1.0 V was ca.
6 times higher than that of a-ex-G. Remarkably, the perfor-
mance of N-a-ex-G was superior to Pt/C, whereby at the same
battery potential N-a-ex-G demonstrated a 60% higher mass
based discharge current. Zinc–air battery performances on an
active electrode area basis (mA cm�2) are provided in Fig. S9c.†
Despite lower electrode catalyst loading for N-a-ex-G (1.63 mg),
device performance approached that of Pt/C (2.58 mg) and was
superior to that of a-ex-GO (2.28 mg). This further veries the
promise of N-a-ex-G materials, whereby due to the minimal cost
in comparison with Pt/C, electrode loadings can be increased
without signicant increase in costs in order to realize further
practical enhancements. AC electrochemical impedance spec-
troscopy was carried out and tted to the equivalent circuit
provided in the inset of Fig. 5a. The Nyquist plot (Fig. 5b)
demonstrated two semi circles, one at high frequency values
and one at low frequency values; consistent observations for air
Fig. 5 Zinc–air battery (a) polarization curves and (b) Nyquist impedance plots of
catalyst coated air electrodes. (Inset of a) Equivalent circuit used for impedance
spectra fitting.

This journal is ª The Royal Society of Chemistry 2013
cathode impedance analyses.13,21,39 Three resistance values were
obtained based on curve tting and calculations as described in
the ESI,† with results tabulated in Table S1.† Particularly, N-a-
ex-G demonstrated a slightly higher charge transfer resistance
than that of Pt/C, consistent with half-cell testing. Despite this,
reduced ohmic and interfacial resistances were determined for
N-a-ex-G which we suggest are due to the superior electronic
conductivity of graphene based materials, along with the
exemplary surface areas and properties of the N-a-ex-G catalyst.
These factors provide reasonable explanation for the improved
discharge current densities obtained for N-a-ex-G air electrodes,
which will be crucial in order to provide high power densities to
meet modern electronic demands.

The oxygen electrode performance of N-a-ex-G in a single cell
lithium–oxygen battery was evaluated by galvanostatic testing
(Fig. 6a), showing a typical at discharge voltage prole
followed by termination due to discharge product pore lling
and electrode choking.40,41 N-a-ex-G displayed excellent
discharge capacity (11 746mA h g�1) for an electrode comprised
of 20 wt% N-a-ex-G and the remaining ketjen black. This
capacity was 42% higher than pure ketjen black, and further-
more, the cell voltage for N-a-ex-G was typically ca. 0.16 V higher
during pseudo-steady state battery discharge. These enhance-
ments are most likely due to the enhanced ORR kinetics of
N-a-ex-G42,43 along with the immense surface areas and defect
sites available to accommodate mass transport discharge
product formation.9,44 Aer operation, the battery cell was dis-
assembled under argon protection for XRD analysis (Fig. 6b),
which conrmed successful Li2O2 discharge product
Fig. 6 Lithium–oxygen battery (a) discharge performance of N-a-ex-G/carbon
black and pure carbon black electrodes at a discharge current of 70 mA g�1, and
(b) XRD pattern of N-a-ex-G following battery discharge demonstrating formation
of Li2O2 discharge products, with trace amounts of LiOH observed due to
imperfect sealing (moisture exposure) during handling and testing.

J. Mater. Chem. A, 2013, 1, 2639–2645 | 2643
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formation.43 A small LiOH peak was also observed most likely
due to imperfect sealing and moisture exposure during battery
disassembly and XRD testing.
4 Conclusions and summary

Effectively and innovatively coupling KOH activation with
nitrogen doping plays a crucial role in developing highly ORR
active materials with exemplary surface areas and porosity.
Drawing on these ndings, N-a-ex-G has been demonstrated to
provide excellent practical metal–air battery performance,
evaluated using zinc–air and lithium–oxygen battery test cells.
This unique approach opens up new and exciting opportunities
for improvements in air electrode catalyst technologies for
metal–air batteries in order to improve the performance and
economic viability of these emerging electrochemical energy
storage systems. N-a-ex-G is presented as a promising candidate
for air cathode catalysts that can potentially replace tradition-
ally used expensive Pt/C and transition metal complexes.
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