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G
rapheneoxide (GO) is a typical chem-
ically modified graphene, readily
produced by the oxidative exfolia-

tion of graphite.1�3 The basal plane and
edge of GO are decorated with oxygen
functionalities, such as epoxy, hydroxyl,
and carboxylic acid groups, which can facil-
itate spontaneous solvent dispersibility.4

Those oxygen functional groups can also be
exploited for heteroatom doping of gra-
phene-based materials, which is highly de-
sired for electronics,5�7 optoelectronics,8�10

energy storage,11�13 and catalysis.14,15Mean-
while, the large shape anisotropy of two-
dimensional GO may cause a discotic liquid
crystalline phase in a stable dispersion.16�19

Since our first report on the GO liquid crystal
in aqueous dispersion, GO has been found
to form a nematic liquid crystalline phase
in various solvents, including N-methylpyrol-
lidone and dimethylformamide.20�22

Many physical properties of GO-based
materials are known to be critically depen-
dent on GO flake size.23 Chemical oxidation

usually generates more oxygen functional-
ities and defects at flake edges. Sheet resis-
tance of the reduced GO (rGO) film is
commonly limited by the high flake-to-flake
resistance at residual edge defects.24 Me-
chanical properties of GO paper do not
meet theoretical expectation due to weakly
interacting flake-to-flake junctions.25 Con-
sequently, large graphene oxide (LGO; flake
diameter >20 μm)with a small edge to basal
plane area ratio has been considered desir-
able for high-performance graphene-based
materials. Nevertheless, poorly defined nat-
ural graphite domain size and random che-
mical oxidation procedure generally lead
to the broad shape and size distribution of
GO.26 A few methods have been sugges-
ted for size separation of LGO, such as pH-
assisted selective sedimentation27 or den-
sity gradient ultracentrifugation.28 Those
methods facilitate delicate size selections
of GO, but further purification steps are
required to remove the processing addi-
tives for size selection.

* Address correspondence to
sangouk.kim@kaist.ac.kr.

Received for review May 5, 2014
and accepted August 21, 2014.

Published online
10.1021/nn5024544

ABSTRACT Graphene oxide (GO) is aqueous-dispersible oxygenated

graphene, which shows colloidal discotic liquid crystallinity. Many properties

of GO-based materials, including electrical conductivity and mechanical

properties, are limited by the small flake size of GO. Unfortunately, typical

sonochemical exfoliation of GO from graphite generally leads to a broad size

and shape distribution. Here, we introduce a facile size selection of large-size

GO exploiting liquid crystallinity and investigate the size-dependent N-doping

and oxygen reduction catalysis. In the biphasic GO dispersion where both

isotropic and liquid crystalline phases are equilibrated, large-size GO flakes (>20μm) are spontaneously concentrated within the liquid crystalline phase. N-Doping

and reduction of the size-selected GO exhibit that N-dopant type is highly dependent on GO flake size. Large-size GO demonstrates quaternary dominant N-doping

and the lowest onset potential (�0.08 V) for oxygen reduction catalysis, signifying that quaternary N-dopants serve as principal catalytic sites in N-doped graphene.
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In this work, we introduce spontaneous, additive-
free size selection of LGO flakes by liquid crystallinity
and its influence on oxygen reduction reaction (ORR)
catalysis behavior. Moderately concentrated GO dis-
persions in water spontaneously phase separate into a
low-density isotropic phase and a high density nematic
phase (Scheme 1). According to the well-known Onsa-
ger theory for liquid crystalline phase transition, large
flakes with a high aspect ratio tend to form a nematic
phase, while small flakes remain in isotropic phase.29�33

We employed this size selection principle to investigate
the influence of GO flake size on the N-doping and
the resultant ORR catalysis of N-doped reduced gra-
phene oxides (N-rGO). It is noteworthy that our work is
the first report of size-dependent electrochemical prop-
erties of N-rGO. Significantly, the LGOs with small edge

to basal plane ratio can accommodate quaternary-type
dominant N-doping, which resulted in a high ORR
catalyst performance with a small onset potential value
of �0.08 V vs Ag/AgCl reference electrode.

RESULTS AND DISCUSSIONS

A GO aqueous dispersion was prepared by a modi-
fied Hummers method and subsequent exfoliation in
water by mild shaking (Figure 1). The widely used
sonication step was avoided to minimize mechanical
damage and maintain the large lateral size. Instead,
thorough purification by dialysis effectively removed
ionic impurities such that large flakes are readily
exfoliated and dispersed in water. Ionic impurities
may screen the electrostatic repulsion among nega-
tively charged GO flakes and thereby deteriorate the
aqueous dispersibility.16 Another set of small-flake GO
(SGO) dispersions was prepared by addition of a soni-
cation step as a reference (Figure S1).
In Figure 1, scanning electron microscopy (SEM)

and atomic force microscopy (AFM) observations of
the dried GO dispersion confirm that GO flakes have a
broad distribution in their lateral size, typically ranging
from1 to 100μm. Interestingly, although the numerical
fraction of LGO > 20 μm (6.3%) is lower than smaller
flakes, the weight fraction of LGOs is over 70%, due to
their large molecular weight (Figure 1c). The AFM
height profile measurement reveals that the GO flakes

Figure 1. (a) SEM imageof as-preparedGO. (b) AFM imageof GOflakes. (c) Numerical fraction (black) andweight fraction (red)
distributions of GO diameter. (d) Thickness profiles of GO flakes in each a and b section.

Scheme 1. Self-size separation of a GO liquid crystalline
dispersion.
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typically have a thickness of 1 nm on a SiO2 substrate
surface, verifying monolayer exfoliation (Figure 1b,d).
Purified GO solutions were diluted to various con-

centrations andmaintained stationary for liquid crystal
phase separation (Figure 2). After 2weeks, a sufficiently
diluted GO dispersion (0.1 mg/mL) was optically iso-
tropic, while higher concentrated solutions were
macroscopically phase-separated. The liquid crystal-
line phase separation can be accelerated to finish
within several days by the modification of container
shape or mild centrifugation.34 In this biphasic region,
only the bottom phase shows bright brushes between
two cross polarizers, indicating the formation of a ne-
matic phase. Thedispersion showeda complete nematic

phase above the concentration of 0.8 mg/mL, which
is significantly lower than the critical concentration
of SGO dispersion (8 mg/mL). According to Onsager
theory, the higher the aspect ratio of dispersed
particles, the lower the concentration for nematic
phase formation.29�33 In this work, the broad distri-
bution of GO flake size leads to a broad range of Flory
chimneys, where both isotropic and nematic phases
are equilibrated.
We investigated the composition of each phase in

the completely phase-separated 0.2 mg/mL GO disper-
sion by SEM observation. Small GO flakes are principally
concentrated in a low-density isotropic phase, while
LGO flakes are predominantly concentrated in the
nematic phase (Figure 3). Careful fractionation of the
bottom nematic phase enables effective removal
of small GO flakes and spontaneous size selection of
LGO. Repeated fractionation is also possible by sequen-
tial dilution. Figure 3b compares the GO flake size
distribution in a high-density nematic phase and low-
density isotropic phase of 0.2 mg/mL LGO solution.
Notably, LGOwas never observed in the isotropic phase
(Figure 3b inset graph). In this work, we employed a
0.2 mg/mL biphasic dispersion as a standard composi-
tion for size selection of LGOs. This dispersion generates
an approximately 30 vol % of nematic phase. Thus,
the obtainable absolute amount of LGO is not large.
Nonetheless, this low composition ensures effective
size purification of large flakes with a minimal amount
of small flakes in its nematic phase (S2). In Figure 4,

Figure 2. Nematic fraction vs GO concentration. (Insets) GO
dispersions of 0.1, 0.6, and 1mg/mL observed between two
cross polarizers.

Figure 3. (a) Phase separation and (b) size selection of a GO aqueous dispersion. (Inset) Numerical fractions of GO flakes in the
isotropic phase (upper) and nematic phase (below) for a 0.2 mg/mL GO dispersion.
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the weight fraction of LGO flakes (>20 μm) is more than
70% prior to a size selection. After a single cycle of size
selection, the weight fraction of LGO is enhanced up to
even more than 90%.

Substitutional doping of a heteroelement is a robust
route to control and diversify the material properties
of graphitic carbons.6,35 In particular, N-dopants may
effectively control the carrier density and workfunc-
tion with excess delocalized electrons and modify the
surface energy and reactivity by introducing perma-
nent dipoles. Substitutional N-dopants may exist in
several different types, including quaternary (NQ) and
pyridinic (NP). Since each dopant type may influence
the material properties in a different way, selective
doping of specific dopants is highly desired for many
relevant applications.36,37

We systematically investigated the influence of flake
size on the N-doping of graphene-based materials.
Freeze-dried LGO and SGO aerogels were reduced
and N-doped by a two-step process, as we previously
reported.8 First, the aerogels were chemically reduced
by hydrazine vapor. Hydrazine is a well-known
nitrogen doping source that leaves pyrazoline-like

Figure 5. (a) Schematic illustration of pyridinic N dominant SGO (left) and quaternary dominant LGO (right). (b) N 1s XPS
deconvolution results for N-rSGO and N-rLGO. (b) Cyclic voltammetry of N-rSGO and N-rLGO in N2 (dash) and O2 (line)
saturated 0.1M KOH aqueous dispersions. (d) Linear sweep voltammograms of N-rSGO (black) andN-rLGO (red) electrodes in
an O2-saturated 0.1 M KOH aqueous solution. Scan rate was 10 mV/s and rotational rate was 1000 rpm. (e) Koutecky�Levich
plots of ORR at �0.5 V vs Ag/AgCl.

Figure 4. Statistical diameter distributions of GO after one
and five liquid crystal size selections.
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functional groups at the edge of flakes through che-
mical reaction with ketones.38 Hydrazine treatment of
the SGO (N/C = 0.082) with a higher density of edge
functional groups shows two times higher nitrogen
content than hydrazine-treated LGO (N/C = 0.047) (S4).
Subsequent high-temperature treatment under a NH3

environment restores the graphitic structure to form
N-doped reduced GO.39,40 Figure 5b shows the X-ray
photoelectron spectroscopy (XPS) analysis for N-doped
reduced LGO (N-rLGO) and N-doped reduced SGO
(N-rSGO). Interestingly, XPS N 1s scan results demon-
strate that different N-doping structures are observed
depending on flake size. While the NP peak is dominant
in N-rSGO, it rapidly decreases in N-rLGO. While the
total N atomic fraction decreases from 4.5% (SGO) to
2.7% (LGO), theNQ fraction slightly increases from1.09%
(SGO) to 1.29% (LGO) (Table 1). This result demonstrates
that N-doping type is controllable with GO flake size in
the sameN-doping condition, andNQ is dominantwhen
the flake size is large (low edge to plane area ratio).
Different N-doping phenomena are also confirmed by
ultraviolet photoelectron spectroscopy measurements.
The workfunctions of NQ abundant N-rLGO (�4.37 eV)
are significantly lower than NP dominant N-rSGO
(�4.44 eV) (Table 1 and Figure S8).
Since the first report on the catalysis of N-doped

graphene by L. Dai et al.,41 it has been controversial
which type of N-dopant is more active for ORR. Both
NQ and NP have been suggested to facilitate ORR,
but experimental and theoretical results have been

inconsistent.42�49 We measured ORR catalytic activity
of our N-rGO electrodes prepared from different
flake sizes and investigated the catalytic activities. We
note that the electrodes were prepared by sufficient
sonication such that the electroconductivity difference
arising from N-rGO flake size is minimized and
the measured ORR catalytic activities are dominantly
dependent on N-doping types (see Materials and
Methods section for details). First, cyclic voltammetry
was performed in both N2 (dash) and O2 (line) satu-
rated 0.1 M KOH electrolytes (Figure 5c) at a scan rate
of 100 mV/s. While redox reaction was negligible in a
N2-saturated electrolyte, a distinct ORR potential peak
was obtained at �0.4 V in O2-saturated electrolyte.
In linear sweep voltammograms, the onset potential is
positively shifted in N-rLGO (�0.08 V) compared to NP

dominant N-rSGO (�0.11 V) (Figure 5d). In addition,
N-rLGO showed the highest steady-state catalytic cur-
rent density even though the total atomic percentage
of N-dopant (2.7%) is low (see Table 1). We note that
Nyquist plots obtained from electrochemical impe-
dance spectroscopy show a lower charge transfer
resistance of N-rLGO (42.5 Ω) compared with N-rSGO
(49.5 Ω), which confirms the lower activation energy
for catalytic reaction (S12).
Electron transfer numbers were calculated from the

slope of a Koutecky�Levich plot (Figure 5e; see the
Supporting Information). Remarkably, N-rLGO shows
a four-electron reduction pathway at �0.5 V, while
N-rSGO exhibits a 2.5 electron transfer number in the
same conditions. Recently, several theoretical works
have suggested that NQ is a more active ORR catalytic
site than NP.

37,50�52 Highly electronegative nitrogen
induces an electron acceptor state near the Fermi level,
leading to partial plus charges (δþ) to the neighboring
carbon atoms.53 Electron transfer from oxygen to the
electron-deficient carbon atom may readily generate
oxygen radical anions. By contrast, lone pair electrons
at NP interferewith the adsorption of oxygen and lower
the binding energy of oxygen at the neighboring
carbon atoms, which may result in a two-electron
reduction pathway. Our experimental results are highly

TABLE 1. N-Doping Levels, Workfunction, and Electro-

chemical Properties of N-Doped Graphenes

N-rSGO N-rLGO

N [%] 4.5 2.7
NQ [%] 1.09 1.28
NQ/NP

a 0.33 0.81
Φ [eV] �4.44 �4.37
Eonset [V] �0.11 �0.08
nb 2.5 4.0

a Atomic ratio of NQ and NP.
b Electron transfer number.

Figure 6. (a) Current�time (I�t) chronoamperometric responses of N-rsLGO and Pt/C electrodes at �0.26 V in O2-saturated
0.1 M KOH (1000 rpm). (b) After introduction of methanol (2 wt %) at 600 s.
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consistent with the theoretical predictions. N-rLGO
with a lower content of NP has a lower onset potential
and a four-electron reduction pathway despite its
lower total amount of nitrogen-doped sites. Overall,
it is evident that NQ dopants provide the principal
catalytic sites for the ORR activity of N-doped gra-
phene-based electrodes.
We compared the stability and possible crossover of

Pt/C and N-rLGO electrodes toward ORR. In Figure 6a,
we performed current�time (I�t) chronoampero-
metric responses to investigate the catalytic stability
of Pt/C and N-rLGO in the continuous reaction at
1000 rpm in O2-saturated 0.1 M KOH. In Figure 6b,
while the current density of Pt/C decreased ∼76%,
N-rLGO maintained its electrochemical activity more
than 88%. This result confirms that the electrochemical
activity of N-rLGO is more stable than the Pt/C elec-
trode. Subsequently, 2 wt % of methanol, a typical fuel
for fuel cells, was injected at 600 s to examine the
crossover effect (Figure 4b). In the current�time chrono-
amperometric responses at �0.26 V in O2-saturated
0.1 M KOH, the Pt/C electrode showed rapid decrease
of current density after addition of methanol (∼75%).
By contrast, N-rLGO exhibited a stable current density,

demonstrating a higher selectivity toward ORR and
better tolerance toward a possible crossover effect.

CONCLUSIONS

We have demonstrated the liquid crystal self-size
selection principle for LGO and its effects on N-doping
structures and subsequent ORR catalysis. Biphasic
phase separation of LGO dispersions enables effective
self-size selection of LGO. Significantly, the same
N-doping condition resulted in NQ abundant graphene
film for LGO and NP dominant graphene film for SGO,
respectively. Edge-selective N-doping by hydrazine
and thermal treatment facilitates such different dopant
structures. Among the two principal dopant structures,
NQ effectively enhanced the ORR catalytic activity
(lower onset potential) of graphitic planes even at a
relatively low overall doping level. It has been well
recognized that LGO leads to better electrical and
mechanical properties for graphene-based materials.
This workmanifests that LGO alsomay provide a better
catalytic activity with controlled dopant structures.
Further advance of LGO-based catalysts is anticipated
for shape-controlled, carbon-based ORR catalysis for
long-term-reliable, cost-effective electrocatalysis.54,55

MATERIALS AND METHODS
Synthesis of Size-Selected Large Graphene Oxide. GO is prepared

by a modified Hummers method. Graphite is obtained from
Sigma-Aldrich (graphite, flake; batch no. 52996AJ). After filtra-
tion and washing with a 1 M HCl solution, graphite oxide was
dissolved in 500 mL of water. After mild shaking, unexfoliated
graphite oxides were selectively discarded through three
cycles of centrifugation (5000 rpm for 30 min). After thorough
dialysis (Spectra/Por dialysis membrane, MWCO: 6000�8000)
for 15 days, highly pure GO solutions were obtained. For the
size selection of large flakes, the GO solution was diluted to
0.2mg/mL and placed at room temperature for 1�2week. After
complete phase separation, the top isotropic phase was gently
removed by pipetting. To prepare SGO, an LGO solution was
sonicated for 2 h.

Electrochemical Analysis. For the N-doping and reduction
of GO, a 0.5 mg/mL GO solution was freeze-dried. The obtained
GO aerogel was placed in a hydrazine vapor filled chamber for
1 h at 90 �C and thermally reduced at 750 �C under a H2

(60 sccm) and NH3 (40 sccm) atmosphere. Catalyst ink was
prepared by mixing 1 mg of N-rGO aerogel, 800 μL of a
2-propanol�water mixture (1:3 v/v) (Sigma-Aldrich), and 21 μL
of 5 wt % Nafion (Sigma-Aldrich), which was further sonicated
for 30 min for stable dispersion. For the preparation of the Pt/C
electrode, 5 mg of Pt/C and 16 μL of 5 wt % Nafion were mixed
with 4 mL of a 2-propanol�water mixture and sonicated for
30min. Finally, 10μL of the inkwas dropped on the glassy carbon
rotating disc electrode of 5 mm diameter, which had been
polished with alumina paste and cleaned by sonication. Cyclic
voltammetry, linear sweep voltammograms, and chronoampero-
metry were performed in a three-electrode electrochemical cell,
consisting of a Pt wire as a counter electrode and Ag/AgCl as a
reference electrode. The electrolyte was 0.1 M KOH.

Characterization. The morphology of LGO flakes was imaged
using a Hitachi S4800 SEM. Size distributions of GO flakes
data were measured with Inspector 2.1 software. Raman spec-
troscopy was carried out with ARAMIS. N-Doping and work-
functions were characterized with a VG ESCA2000 X-ray photo-
electron spectrometer using a 400 μmMXR1 gun and analyzed

with Avantage software. All electrochemical performance was
measured by a Bio-Logic SAS SP-200 model.
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