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DOI: 20.1039/x0xx00000% Chemically doped graphene has been actively investigated as electrode material for achieving

www.rsc.org/ high-performance electrochemical systems. However, the stability of pure-carbon-rich edges
and/or heteroatom-decorated edges, and their effect on the electrochemical performance
remains largely unexplored. We found that in a high temperature thermal doping process, the
functionalized graphene edges were structurally stable at 1200°C, whereas the edges at 1500°C
were unstable and coalesced into loops through covalent bond formation between adjacent
graphenes. Interestingly, boron and nitrogen co-doped graphene prepared at 1200°C showed
the largest capacitance in both an acidic and an alkaline media due to the presence of the BNO
moieties along the edge sites. The doped material also showed the best rate capability due to
the largely enhanced electrical conductivity originating from the substitutionally-doped boron
and nitrogen atoms. Our findings regarding the stability of heteroatom-decorated edges without
looping formation can now be utilized as a guideline for maximizing the electrochemical

activity of graphene in various electrochemical systems.

Introduction

In recent years, the two-dimensional sp>-hybridized carbon,
called “graphene” has been considered one of the most
attractive materials for various applications because of its
outstanding and unique physical and chemical properties (e.g.,
superior electric and thermal conductivity, good chemical
stability, and mechanical strength)." > Moreover, a high specific
surface area (up to 2630 m?/g) arising from its atomic thickness
allows graphene to be an ideal electrode material for
electrochemical systems.>® Supercapacitors store energy via the
simple adsorption and desorption of electrolyte ions on a high
surface area electrode. Up to now, activated carbons with large
surface areas of 1000-2000 m*g have been used as electrode
materials for commercial supercapacitors.” ® In the case of
activated carbon-based supercapacitors, solvated ions do not
undergo a fast charge/discharge process, because of a limited
ion diffusion rate caused by relatively small pores as well as a
low electrical conductivity coming from their small crystalline
size.” In contrast, graphene shows a low diffusion resistance (all
carbon atoms are exposed to the surface) and a high electrical
conductivity due to its large lateral size. Graphene is more
chemically stable than activated carbons and consequently,
supercapacitors made with graphene-based materials are
expected to have a longer lifetime. Thus, graphene-based
materials have been intensively examined as electrode materials
for supercapacitor applications where a high current density is
strongly desired (e.g., for electric vehicles).'%'

This journal is © The Royal Society of Chemistry 2013

The most characteristic feature of graphene is the presence
of chemically active edge sites. It has been theoretically and
experimentally confirmed that graphene chemically active
edges with dangling bonds show a different electronic structure
as compared with that of the basal-plane.'®'® Zigzag-edges with
a flat band near the Fermi level are known to have a much
higher chemical reactivity than armchair-edges. Edges in
graphite and graphene systems have shown a 4-10 times larger
capacitance than the basal-plane itself.'”?* These highly
chemical reactive edges are likely to be stabilized by reacting
with heteroatoms. In addition, as an alternative tool for
improving the electrochemical performance of various carbon
materials (e.g., activated carbons, carbon nanotubes, and
graphenes), heteroatom doping has been carried out by
introducing nitrogen,24'3° sulfur,31 phosphorus,32 boron,26’30’ 3335
and oxygen.’® ¥ In an ideal case, the edges in graphene could
be fully exposed to the surface (fully accessible to an
electrolyte) without bending or looping; they could also be
decorated with heteroatoms. However, the stability of pure-
carbon-edges and/or heteroatom-decorated edges on the
electrochemical behaviour for supercapacitor applications are
still unexplored, and we aim here at clarifying these issues.

In this study boron- (B-), nitrogen- (N-) and also nitrogen-
boron (NB-) co-doped graphene samples were prepared by
subjecting graphene oxide to nitrogen plasma, followed by a
subsequent thermal treatment in a boron rich environment at
1200 and 1500°C. These prepared chemically doped graphene
samples were characterized as well as their electrochemical
performance. Several reasons for selecting high-temperature-
thermal-diffusion as a simultaneous way of doping and
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graphene-oxide reduction are: (1) being able to prepare
repeatedly undoped and doped graphene samples from the same
precursor (graphene oxide) exhibiting the same specific surface
area and degree of crystallinity; (2) to provide stable edge sites,
because edge sites are thermally unstable and are eventually
converted to stable single- and/or multi-loops around 1500°C;
(3) to generate specific B- and/or N-regions that are stable at
high temperature, and (4) to provide high electrical
conductivity by the introduction of B- and N-atoms into the
graphene lattice.

Results and discussion

(2) Graphene oxide

(b) Graphene (¢) G12

Fig.1 Photographs of graphene oxide (a) and thermally reduced graphene (b). FE-
SEM (c) and TEM (d) images of thermally reduced graphene at 1200°C. (e) High
resolution TEM image of boron-doped graphene at 1200°C. High resolution TEM
images of nitrogen-(f), boron-(g) and nitrogen-boron (h) doped graphenes at
1500°C. Note that short white arrows in Figs. 1 (f, g and h) indicate the formation
of single loops.

Graphene oxide (GO) samples prepared via a modified
Hummers method®® were thermally reduced and/or doped using
a high temperature thermal process. Since three-dimensional
stacking occurs for reduced GO above 2000°C*, and a
substantial amount of N atoms are released from carbon
materials above 1500°C,* thermal reduction was carried out at
1200 and 1500°C using a graphite furnace. Samples labelled as
G12 and G15 represent the thermally reduced graphenes at
1200 and 1500°C, respectively. In order to dope graphene with
nitrogen atoms, GO was irradiated with a nitrogen RF-plasma
(100 W) for 30 min and were then thermally treated at 1200 and
1500°C using a graphite furnace. N-G12 and N-G15
corresponds those samples that were prepared by nitrogen
plasma followed by high temperature thermal reduction at 1200
and 1500°C, respectively. For boron doping, the reagent
mixture (GO and boric acid (5 wt. %)) was thermally treated
using a graphite furnace. B-G12 and B-G15 indicate samples
that were prepared by thermally treating GO and the boric acid
mixture at 1200 and 1500°C, respectively. Nitrogen and boron-
co-doped graphene was also prepared by combining the
nitrogen plasma treatment and the high-temperature boron
doping. NB-G12 and NB-G15 correspond to samples that were
prepared by thermally heating the nitrogen-plasma treated GO
and boric acid mixture at 1200 and 1500°C, respectively. The
grey colored GO shows a sponge-like structure (Fig. 1(a)).
During thermal reduction and doping, the GO lost almost 70%
of its weight, and the resulting material was then converted into
graphene by releasing CO or CO, from the oxygen
functionalities of the GO. The thermally reduced (or undoped)
and the doped graphene samples were black-coloured powders
(Fig. 1 (b)). In order to observe textural changes caused by
doping, FE-SEM and HR-TEM observations on the undoped
and doped graphenes were carried out. All graphene samples
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show a flat and sheet-like morphology (Fig. 1 (c¢)), and have a
rippled and disordered structure (Fig. 1 (d)). In addition, they
have 5-9 multilayers (Fig. 1 (e)). Single-layered reduced GO
sheets are likely to stack and then form few layered graphene
via strong 7m-m interaction during the thermal reduction and/or
doping processes. Generally, it is not easy to find any
distinctive change in the texture between undoped and
heteroatom-doped graphenes (see Figs. S1-S3). However, we
found a subtle temperature-dependent difference when studying
the edge morphologies. Specifically, edges in graphene samples
that are prepared at 1200°C are open (not closed) (Fig. 1 (e)),
but, edges in graphene materials prepared at 1500°C are
structurally converted to “single loops” by covalently bonding
adjacent graphene layers (Fig. 1 (f) and (g)). In addition, we
observed the predominant formation of “single loops™ via the
loss of active edges as witnessed by TEM (see Fig. 1 (h)).

Table 1 Elemental compositions and porosity parameters of undoped and doped
graphenes.

Sample . Composition (at. %) S, v, V.. V.
'b. HTT(C) Dopant 0 c B N (mile) (mle) (cme (emVe)
G12 - 1.54 98.47 - - 343 1.60 0.14 1.16
B-G12 B 3.67 93.77 256 - 301 1.50 0.12 1.37
N-G12 1200 N 1.80 97.67 - 0.54 342 1.59 0.14 1.45
NB-G12 N-B 285 93.74 239 1.02 341 1.34 0.14 1.20
G15 - 294 97.06 - - 195 0.66 0.08 0.58
B-G15 1500 B 271 9555 1.74 - 121 0.39 0.05 0.35
N-G15 N 2.08 97.56 - 0.36 222 0.81 0.09 0.72
NB-G15 N-B 1.00 96.23 1.98 0.79 168 0.60 0.06 0.54

* Vmicro 18 determined by the Horvath-Kawazoe method. ® Vext = Viowl — Vamiero

In order to evaluate the amount and types of chemical
functionalities in doped graphene samples, X-ray photoelectron
spectroscopy (XPS) measurements were carried out. The
elemental composition of the undoped and doped graphene
materials is summarized in Table 1. According to the doping
method and temperature, the amount of boron atoms varies
from 1.74 to 2.56 atomic %, whereas the amount of nitrogen
atoms ranges from 0.54 to 1.02 atomic %. However, the amount
of nitrogen in NB co-doped graphene samples (i.e., NB-G12
and NB-G15) is two times larger than that of N-doped graphene
materials. Such difference can be explained by the B-N bonding
in NB codoped graphene sample. To monitor the change in the
type of functionalities in more detail, we scrutinized the
narrow-scan C 1s, B 1s and N 1s spectra of undoped and doped
graphenes that were prepared at 1200 and 1500°C, respectively.
The strongest C 1s peak has a maximum around 284.4 eV and
can be assigned to spz—hybridized carbon atoms (Fig. 2 (a)). A
clear downshift in the binding energy of the C=C assigned peak
in B-G12 and a subtle upshift in the binding energy of the C=C
assigned peak in N-G12, can be explained by the substitutional
introduction of boron and nitrogen atoms at the trigonal sites of
graphenes, respectively.*" ** The lack of a change in the
binding energy of the C=C peak in NB-G12 can be explained
by the offsetting effect of the substitutionally introduced boron
and nitrogen atoms. Moreover, when looking at the tail of the C
1s spectra in detail (Fig. 2 (a)), we found no significant change
in the peak shape or intensity between undoped and doped
graphenes. Such results indicate that all samples have a similar
content of oxygen functionalities (C-O bonding).

The B 1s spectra of B-G12 and NB-G12 were deconvoluted
into 6 and 7 peaks, respectively. The peaks at 186.0, 187.0 and
188.0 eV correspond to boron carbide (B4C), boron-cluster
(metallic boron) and substituted boron (boron in th graphene
lattice, BC3), respectively.** For boron doping, boric acid was
the chosen dopant, and thus the other peaks correspond to
partially or fully oxidized boron. The peaks at 189.9 eV, 190.8

This journal is © The Royal Society of Chemistry 2012
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eV and 193.6 eV can be assigned to BC,O, BCO,, and B,03,
respectively.** Since these BCO moieties (BC,O, BCO,) are
unstable within the graphene lattice, these moieties must be
preferentially located at the chemically active edges.
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Fig.2 Narrow-scan C Is, B Is and N 1s X-ray photoelectron spectroscopy of
undoped and doped graphenes that are prepared at 1200°C (a) and 1500°C (b).
The dashed line at 284.2 eV indicates the position of graphitic carbon (sp?).

The peak at 189.9 eV in NB-G12 is more intense than that of B-
G12, indicating that this peak is coming from BN bonding as
well as BC,0 bonding, as observed by the previously reported
position of the BN bonding for boron nitride.** However, the
assignment of the strong peak at 192.0 eV for NB-G12 is
ambiguous. The absence of such a peak in B-G12 indicates that
this peak could be related to nitrogen and boron bonding. In
addition, the binding energy is far from that for metallic boron,
but close to the one for its oxidized compounds, such as B,Os.
Thus this peak could also be related to oxygen. In XPS analysis,

doping
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when boron is bonded to oxygen, the upshift in the binding
energy of boron occurs due to the high electronegative nature of
oxygen. For these reasons, it is expected that this peak
appearing at around 192.0 eV corresponds to the BNO moieties,
such as BN,O and BNO,, which could be energetically
stabilized at the edges such as the BCO moiety.*>

The N 1s spectra in N-G12 and NB-G12 shown in Fig. 2 (a)
were deconvoluted into 3 and 4 peaks, respectively. The peaks
at 398.2 eV, 401.2 eV and 403.2 eV can be assigned to
pyridinic nitrogen (Np), quaternary nitrogen (Ng: nitrogen in
the graphene lattice or at a valley site of the graphene edge),
and oxidized nitrogen (Ngy), respectively.*”*® An intense peak
located at 398.2 eV in NB-G12 can be explained by BN
bonding as well as pyridinic nitrogen. This peak position is in
agreement with the previously reported binding energy of
nitrogen in boron nitride.*> A new peak around 399.8 eV is only
observed in NB-G12. In the nitrogen-doped carbon system, this
peak can be assigned to pyrrolic nitrogen, but such a pentagon
structure is not stable at high temperatures over 1200°C.*
Therefore, by comparing the B 1s and N 1s spectra in detail,
this peak could be assigned to nitrogen bound with the partially
oxidized boron (e.g., BNO moiety) .

When the doping temperature is increased to 1500°C (Fig. 2
(b)), a large downshift in the position of the C=C derived peak
in B-G15 and NB-G15 can be explained by the increased
number of substitutional boron atoms in graphenes.*" ** The
intensified peak at 188.0 eV in the B 1s spectra of B-G15 and
NB-G15 provides direct evidence for the presence of boron
atoms in the form of BC;. However, the lack of a shift in the
position of the C=C derived peak in N-G15 is due to the
substantial removal of quaternary nitrogen from graphene (see
the lowered peak intensity in the N 1s spectrum of N-G15),
which is consistent with our previous work on the thermal
decomposition of nitrogen atoms in carbon nanotubes.** A
strong BN-derived peak in the N 1s spectrum of NB-G15
indicates that the BNO moiety in NB-G12 was converted into
BN bonding in NB-G15.

Based on detailed XPS studies, a rough schematic doping
process (Fig. 3) is proposed for B-, N- and BN- co-doped
graphene materials. From the XPS studies, we concluded that a
substantial amount of N and BN or BNO moieties were
generated in N doped and NB doped graphenes, respectively. In

—_—
1500 °C

Fig. 3 Schematic illustration of doping behaviours during nitrogen plasma treatment and high temperature thermal diffusion of boron

This journal is © The Royal Society of Chemistry 2012
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the case of B- and NB-doped graphenes, a large number of
boron atoms are present in the form of B-O bonds. It is reported
that the boron atoms in carbon lattices show both a catalytic
effect and an inhibition effect on carbon oxidation, because of
the redistribution of m electrons and a reduction in the electron
density of the active carbon atom, respectively.’® >" Therefore,
the introduced boron atoms reduce the electron density of
active carbon atoms and prevent the chemisorption of an
oxygen atom to a carbon atom, thus resulting in the formation
of a B-O bond. Moreover, since carbon atoms at edge-sites
possess a higher chemical activity, a large number of the boron
atoms in the form of a B-O bond must be located at the edges.
We believe that the NB co-doping process changes the
configuration of boron or nitrogen from BCO to BN and BNO.
In addition, the NB co-doping process is expected to stabilize
nitrogen atoms as BN or BNO moieties during high
temperature heat treatment. A substantial decrease in the
amount of BNO moieties with the increase in temperature up to
1500°C can be explained by the thermal evolution of oxygen-
related functional groups as well as by the structural loop
formation at edges.
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Fig.4 Nitrogen isotherms of undoped and doped graphenes prepared at 1200°C (a)
and 1500°C (b), respectively. Mesopore size distribution evaluated by the QSDFT
method using the slit-type pore model is shown in (c¢) and (d), for samples
prepared at 1200°C (c) and 1500°C (d), respectively. The insets in (c) and (d)
show the micropore size distribution evaluated by the Horvath-Kawazoe method.

The specific surface area and pore structure of doped and
undoped carbons are important factors for understanding their
electrochemical performance. Thus the nitrogen isotherm was
measured to analyse the pore structure of graphenes (Fig. 4 (a)
and (b)). All isotherms of graphenes that were prepared at
1200°C show two distinctive changes; the abrupt rise at low
pressure corresponds to the adsorption at micropores (below 2
nm) and a hysteresis at relatively high pressure indicates the
existence of mesopores (2 to 50 nm). These micropores could
arise from the interlayer spacing between stacked graphenes,
whereas mesopores originate from voids among aggregated
graphenes. From the nitrogen absorption data of all graphene
samples, we calculated the specific surface areas using the
Brunauer-Emmett-Teller (BET) method (Table 1) and the pore
size distributions using a quenched solid density function
theory (QSDFT) method assuming a slit pore model (Fig. 4(c)
and 4(d))** and Horvath-Kawazoe (HK) method (micropore,
inset of Fig. 4(c) and 4(d)).>> The absence of a difference in
Sger and pore structure among the graphene materials that were
prepared at 1200°C indicates the absence of a temperature-

4| J. Name., 2012, 00, 1-3

dependent morphological effect on the ion
adsorption/desorption dynamics. Thus, the changes in
electrochemical behaviour for graphene samples that were
prepared at 1200°C can be understood only by the effect of
heteroatom decorated edges.

Generally, graphenes at 1500°C (Fig. 4 (b)) show relatively
low Sger compared with that of graphenes at 1200°C, possibly
due to the loop formation at the edges. The Sger in descending
order is N-G15 > G15> B-G15 and NB-G15. A large decrease
in Sger of B-G15 and NB-G15 can be explained by the catalytic
effect of heteroatoms on graphitization during heat-treatment.
Boron atoms can easily diffuse into the graphene lattice and
many of the boron atoms were formed to be trapped at the
active edge-sites.* With increasing temperature, oxygen atoms
were removed from B-O bonding, and then the entrapped boron
atoms with a high diffusion rate could promote graphitization,
thereby resulting in loop formation at the edges (see Fig. 1 (-
h)). In contrast to boron atoms, quaternary nitrogen atoms
(which are stable up to 1500°C) are likely to disturb the
graphitization process,” resulting in a high value of Sggy. For
graphenes that were prepared at 1500°C, the pore structures
(i.e., Sger and pore size) are thus strongly dependent on the type
of dopants.

/1 1
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Fig.5 Raman spectra of undoped and doped graphenes that are prepared at
1200°C (a) and 1500°C (b). Note that the excitation laser wavenumber is 632.8
nm.

It is well known that the edges show a relatively higher
interfacial capacitance (F/m?) than the basal-plane due to their
relatively high density of states (DOS)."”? Therefore,
measurements were made of the ratio of the edge/basal-plane
behaviours in undoped and doped graphenes with the help of
Raman spectroscopy (Fig. 5). There is a relatively sharp, strong
G-band (E»,, graphite mode) around 1585 cm’! and a broad D-
band (defect-induced mode) at 1350 cm’'. Thus, the R value
(Ip/lg, the integrated intensity of the G-band divided by the
integrated intensity of the D-band) indicates the ratio of
edge/basal plane to some degree.’® All graphene samples
treated at 1200°C show an intense D-band, indicating the
presence of large amount of defects, such as bonding with
heteroatoms, vacancies, and lattice distortions. In order to
observe the effect of doping, we summarized the R value and
the full width at half maximum (FWHM) intensity of the D-
band (Table S1). For graphenes prepared at 1200°C, the doped
graphenes exhibit lower R values and higher FWHM than for
the undoped graphene. Since the position and shape of the D-
band depend on the type of defects, it is expected that
heteroatom doping increases the diversity of defect types,
therefore broadening the peak.’’ For graphenes prepared at
1500°C, the B- and NB-doped graphenes have lower R value
than the G15 sample. However, G-N15 shows the largest R
value. Such changes in the R value and FWHM strongly

This journal is © The Royal Society of Chemistry 2012
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support the promotion (boron) or obstruction (nitrogen) effect
during the graphitization process caused by heteroatom doping.
From Raman studies, it is observed that the active edges in
graphenes prepared at 1200°C are decorated by heteroatoms
without any change in morphology, whereas the edges in
graphenes at 1500°C are energetically stabilized through the
formation of loops from the catalytic graphitization effect of
boron atoms.

1M H,SO0, ' ii R ‘ '! ( ))
2 & - - 4 * =
4 \
6M KOH % ®
° & !

Fig.6 A simple wettability test of undoped and doped graphenes. Graphene
sample (I mg) was shaped into a 4 mm diameter pellet, by applying 3 kN of
pressure. Then photos were taken after the pellets were immersed in the
electrolyte for 5 seconds.

Since the charge/discharge occurs at the interface between
the electrode and the electrolyte, the wettability of the electrode
is another important factor affecting the electrochemical
performance of active materials. However, there is difficulty in
measuring the contact angle of graphenes which are in a
powdery form. Therefore, a simple wettability test was carried
out for graphene samples that were prepared at 1200°C (Fig. 6).
The easily broken and dispersed boron doped graphenes (e.g.,
B-G12 and NB-G12) in both electrolyte solutions indicates a
high affinity with both acidic and alkaline media. On the other
hand, undoped graphene (G12) floats as a pellet in solution,
suggesting a low affinity with both electrolytes. However, a
high affinity with acidic medium was observed for N-G12. The
different affinities with the acidic and alkaline media for the
doped and undoped graphenes could be explained by the
introduction of polar sites by oxygen, nitrogen and boron
atoms.?>?’

To understand the effect of heteroatoms on electrochemical
behaviour, the cyclic voltammograms (CVs) of undoped and
doped graphenes using a three electrode system were measured
with a 50 mV/s scan rate (Fig. 7). Here we observed a large
dependence of the CVs on the type of electrolytes. For
graphene samples that were prepared at 1200°C (Fig. 7 (a)), a
large increase in current density and a broad reversible peak are
clearly observed in 1 M H,SO, for doped graphene samples,
whereas the CV for undoped graphene (G12) shows a
rectangular shape. The peaks in B-G12 and NB-GI12 are
relatively larger than that of N-G12. With increasing
temperature up to 1500°C (Fig. 7 (c¢)), the CV peaks disappear.
In 6 M KOH, the oxidation peaks were not observed for G12,
B-G12 and NB-G12, whereas small peaks were observed for N-
G12 (Fig. 7 (d)). Interestingly, B-G12 and NB-G12 show a
large increase of the current density in both acidic and alkaline
electrolytes.

In 1M H,SO,, the reversible broad peaks can be explained
by Faradaic reactions. Thus the increased current density comes
from the pseudo-capacitance of the heteroatom functionalities
or oxygen functionalities (C-O functionalities). In a protonic
electrolyte, a proton exchange reaction such as for
quinone/hydroquinone functionalities gives rise to large

This journal is © The Royal Society of Chemistry 2012
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pseudo-capacitive behavior.”” *® However, there is no clear
difference in the quinone group (287.4 eV) from the Cls
spectra (Fig. 2). In addition, the oxygen (O 1s)/carbon (C 1s)
ratio for doped graphenes are also similar to that of undoped
graphene (0.015, 0.039, 0.018 and 0.030 for G12, B-G12, N-
G12 and NB-G12, respectively). The higher value of the (O
1s)/(C 1s) ratio for B-G12and NB-G12 is due to the fact that
many of oxygen atoms are bonded to a boron atom, and thus
the amount of oxygen atoms is increased. According to the
above result, the effect of oxygen functionalities (C-O) on the
pseudo-capacitance cannot explain the observed increase of the
current density. Then, this effect could be explained by the
evolution of a pseudo-capacitance caused by the chemically
introduced heteroatoms. Previous studies on the pseudo-
capacitive behaviour of B/N/C carbon revealed that these
pseudo-capacitance contributions correspond to the C-B-O or
>B-N<moieties.” *> ® Even though B-G15 has a large amount
of BN moieties, the pseudo-capacitive behaviour is not obvious.
Thus, it is noteworthy that heteroatom-related functionalities at
edges of graphenes prepared at 1200°C provide a significant
contribution to the pseudo-capacitance. Based on our XPS
analysis of B-G12 and NB-G12, the pseudo-capacitance from
BCO and BNO moieties that are located at edges could be the
main reason for the increase of the current density.
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charge/discharge test was carried out with a voltage limit of 1.0 V and the specific
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In 6 M KOH, the tendency of the capacitance can be

partially explained by the wettability of the samples. Therefore,
a large increase in the current density for B-G12 and NB-G12 is
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likely caused by the increased wettability and pseudo-
capacitance. The incorporated boron and oxygen atoms
improve the affinity of graphenes with regard to an alkaline
medium, resulting in the increase in the magnitude of the
accessible surface area.?” In an alkaline medium, the Faradaic
reaction involving the quinone/hydroquinone group is not
active,”® but the reduction of the phenol group and the
deprotonation of the carboxyl group showed a quasi-reversible
pseudo-capacitance.®” > Based on XPS analysis there is no
large difference in the number of oxygen functionalities (C-O
functionalities) for doped graphenes. In addition, NB-G15
shows a large increase in the current density even though the
oxygen content is low. From these results, it is clear that the
contribution of oxygen functionalities (C-O functionalities)
such as that coming from phenol and carboxyl groups is not
significant. The large increase in the current density is observed
only for B-doped or NB-doped graphenes. Thus, such an
increase can be explained by the pseudo-capacitance originated
from the BCO and BNO moieties, which are located at the
edges of graphenes, without showing any significant pseudo-
peak. These results support the fact that doped graphenes have
a complex local structure due to boron, nitrogen and oxygen
atoms that causes a broadened pseudo-peak over the CV curve.

Table 2 Gravimetric capacitance (C,), interfacial capacitance (Cs) and
capacitance retention and electrical conductivity of undoped and doped graphenes
that are prepared at 1200°C.

1M H,S0,

6M KOH

Sample Seer Resistivity
1.D. (m’/g) Cg Cs - Cesa/Ceo1n Ce Cs - Cesa/Ceo1n (Q-cm)°
(F/g)° _(F/cm’) (%) (F/g)°  (F/em®) (%)°
G12 343 7.86 2.29 53.3 2.59 0.84 79.9 1.49x 10"
B-G12 301 19.9 6.61 58.3 346 11.5 80.1 2.04x 10"
N-G12 342 222 6.49 54.0 10.6 3.10 41.5 1.12x10™
NB-G12 341 29.7 8.71 75.2 29.6 8.68 80.2 6.07 x 10”

* C, indicates specific gravimetric capacitance at 100 mA/g, P Cs is calculated by dividing the
specific gravimetric capacitance (Cy) by the specific surface area (Sggr), © Capacitance retention
(Cys5alCyo.14 (%)) is calculated by dividing C, at the current density of 5 A/g by C, at the current
density of 0.1 A/g. d Resistivity of the electrode is measured using a four probe method.

Finally, in order to examine the rate performance of doped
and undoped  graphenes, 2-electrodes  galvanostatic
charge/discharge measurements were carried out with a voltage
limit of 0 - 1.0 V (Figure S4). The specific gravimetric
capacitance C, was calculated from discharge slope using the
equation (C; =2 X I X At/(AV X m), m: mass of electrode).
Figure 8 shows the current density dependence of the specific
gravimetric capacitance in 1 M H,SO, (Fig. 8 (a)) and 6 M
KOH (Fig. 8 (b)). In both systems, heteroatom-doped
graphenes show higher capacitance than the undoped materials.
The enhancement in the capacitance also strongly depends on
the type of electrolytes; NB-G12 shows the highest capacity in
an acidic medium, whereas B-G12 shows the highest
capacitance in an alkaline medium. In order to analyse the
electrochemical performance, specific gravimetric capacitance
(C,), interfacial capacitance (Cs = C, / Spe),2 ¥ capacitance
retention (= C, (5 A/g) / Cy (0.1 A/g)), and electric resistivity of
the electrode were tabulated (Table 2). Doped graphenes show
4-10 times higher C, and Cs than the corresponding undoped
materials, because of the evolution of pseudo-capacitance and
the improved wettability caused by heteroatom doping. NB-
G12 and B-G12 show excellent capacitance retention ability in
an alkaline medium. In the high current density region, it is
known that the diffusion of electrolyte ions, the transport of
electrons and the charge transfer dynamics of the Faradaic
reaction of pseudo-capacitance all limit the capacitance.”* 8
For NB-G12, the boron and oxygen atom-related moieties
improve the affinity of the sample with the electrolyte, and the
boron and nitrogen atoms at the trigonal sites improve the

6 | J. Name., 2012, 00, 1-3

electrical conductivity, thereby resulting in a high capacitance
retention in both acidic and alkaline media. Such kind of
explanation is well consistent with the data obtained from
electrochemical impedance spectroscopy (Fig. S5). In contrast
to NB-G12, N-G12 shows low capacitance retention ability in
alkaline media. Even though incorporated nitrogen atoms
enhance the electrical conductivity of graphene, such a low rate
capability can be explained by two factors: a low affinity of
these materials with an alkaline medium and a slow Faradaic
reaction. However, G12 shows a high rate capability, even
though it has a low affinity with alkaline medium. Thus it is
concluded that the low rate capability in N-doped graphene is
due to a slow charge transfer during the Faradaic reaction.

Conclusions

Heteroatom-doped graphene samples were prepared by
thermally treating GO in boron rich environment at 1200 and
1500°C and by subjecting GO to nitrogen plasma. The
electrochemical characterization of these materials was also
carried out. Based on detailed high-resolution TEM
observations, doped graphenes that were prepared at 1200°C
kept open heteroatom-functionalized edges, whereas doped
graphenes that were prepared at 1500°C showed loop formation
at their edges. From XPS analysis, we found that boron atoms
that are predominately located at the edge-sites were oxidized
and formed a BCO moiety, while nitrogen atoms were
incorporated into the graphene lattice (quaternary nitrogen). For
NB co-doping, nitrogen atoms were present as the BNO moiety
at the edges and as a BN moiety in the basal-plane. We
observed a large increase in the specific capacitance for B-G12
and N-G12 samples. N functionalities and the BCO moiety in
doped graphene improved the wettability and contributed to the
pseudo-capacitance. The best capacitive performance in both
acidic and alkaline media for NB-G12 could be explained by
the BNO moieties likely to be at the edges. We therefore
believe that edge-functionalization and NB co-doping provides
a powerful tool for achieving both high capacitance and rate
capability, and the approach we developed is easily applicable
to other types of carbon materials.

Experimental

Preparation of Graphene Oxide

Highly crystalline Madagascar graphite was chosen to
synthesize GO. The GO was prepared using a modified
Hummers method.*® First, Madagascar graphite (ca. 10g) was
mixed with 98% sulphuric acid (60 ml). The suspension was
heated up to 80-90°C under stirring, and then phosphorous
pentoxide (10g) was added slowly. Next potassium persulfate
were added. The slurry was stirred for 4.5 h and followed by
slow addition of distilled water. The mixture was cooled,
decanted, washed, filtered, and then dried overnight. The
intercalated graphite (6g) was added to H,SO, (230 ml) and the
mixture was cooled. When potassium permanganate (30g) was
added slowly under stirring, a green permanganic acid solution
was observed. (Caution, permanganic acid solutions react
violently with organic solvents and should not be heated above
55°C). The mixture was heated slowly to 40°C for 2 h. Finally,
water was added slowly up to 1L and hydrogen peroxide (25
mL) was added drop by drop until the colour turned from
brown to yellow. The mixture was stirred for 2 h and left
overnight and decanted. The solution was washed with

This journal is © The Royal Society of Chemistry 2012
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hydrochloric acid (10%), centrifuged and dispersed in distilled
water (1L). The dispersion-centrifugation step was repeated
three times. Finally, we obtained a sponge-like sample through
a freeze drying of the GO slurry.

Structural Characterization

The structures of thermally reduced and heteroatom-doped
graphenes were characterized by using a field emission-
scanning electron microscope (FE-SEM, JEM-6335F, JEOL,
acceleration voltage: 10kV), and a double Cs-corrector
equipped high resolution transmission electron microscope (Cs-
HR-TEM, JEM2100F, JEOL, acceleration voltage: 80kV).
Surface elemental analysis was carried out by X-ray
photoelectron spectroscopy (XPS, Axis-Ultra, Shimadzu-
Kratos), using a monochromatic X-ray source coming from an
Al target (15 kV, 15 mA). The pore structure was analyzed by
nitrogen adsorption. Nitrogen adsorption isotherms were
collected by ASAP 2020 (Shimadzu Micrometrics) at liquid
nitrogen temperature (77K). The crystallinity was evaluated by
Raman spectroscopy using a He-Ne laser (A: 632.8 nm) under a
microscope (HORIBA Jobin-Yvon: T64000). The nitrogen
plasma treatment was carried out using radio-frequency etching
system (Samco, FA-1).

Electrochemical Analysis

The graphene sample was dispersed in isopropyl alcohol under
sonication and then a certain amount of the resulting suspension
was dropped onto the glassy carbon electrode (diameter = 3
mm). The electrochemical properties were determined with a
multi-channel potentiostat/galvanostat (VSP, Biologic). For the
3-electrode cell experiments, an Ag/AgCl reference electrode
and a Pt counter electrode were used. The electrochemical test
was carried out in a 1 M H,SO, or in a 6 M KOH solution with
a scanning rate of 50 mV/s. In the case of a 2-electrode system,
the two electrodes were prepared by mixing 75% of graphene
and 25% of polytetrafluoroethylene. The cell was charged up to
1.0 V and the specific discharge capacitance was measured
using a wide range of current densities from 20 to 5000 mA/g.
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