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Covalent functionalization based heteroatom doped
graphene nanosheet as a metal-free electrocatalyst for
oxygen reduction reactionfy

Minju Park, Taemin Lee and Byeong-Su Kim™*

Oxygen reduction reaction (ORR) is an important reaction in energy conversion systems such as fuel cells
and metal-air batteries. Carbon nanomaterials doped with heteroatoms are highly attractive materials
for use as electrocatalysts by virtue of their excellent electrocatalytic activity, high conductivity, and large
surface area. This study reports the synthesis of highly efficient electrocatalysts based on heteroatom-
doped graphene nanosheets prepared through covalent functionalization using various small organic
molecules and a subsequent thermal treatment. A series of nitrogen-doped reduced graphene oxide
(NRGOn) nanosheets exhibited varying degrees and configurations of nitrogen atoms within the
graphitic framework depending on the type of precursors used. On the basis of the rotating disk
electrode (RDE) and rotating ring-disk electrode (RRDE) experiments, NRGO3, with a high degree of
pyridinic-N content, displayed the desired one-step, quasi-four-electron transfer pathway during ORR,
similar to commercial Pt/C. We also demonstrated the potential of covalent functionalization of sulfur
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Introduction

Increasing energy demands associated with the limited avail-
ability of fossil fuels have stimulated intense research on energy
conversion and storage systems." Among the many choices of
energy storage systems, fuel cells and metal-air batteries have
received considerable attention owing to their remarkable
theoretical energy density and environmental benignity.>"®
Despite their promising features and significant progresses, it is
still desirable to develop highly efficient and cost-effective
electrocatalysts for a key reaction in fuel cells and metal-air
batteries, the oxygen reduction reaction (ORR). As a conse-
quence, ORR catalysts play a pivotal role in converting oxygen as
an energy source and thus determining electrochemical
performance of the devices.*” Traditionally, platinum and its
alloys have been employed as ORR catalysts by virtue of their
excellent catalytic efficiency, relatively low overpotential, and
high current density.®*° However, they still suffer from multiple
limiting factors, including intermediate tolerance, anode
crossover, sluggish kinetics, and poor stability. Together with
their high cost and limited reserves, they have limited use in
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and boron-doped graphene nanosheets.

large-scale applications.”** Therefore, recent efforts have been
geared toward the development of alternative catalysts based on
non-precious metals and metal-free carbon-based nano-
materials. Among them, graphene, a single layer of two-
dimensional aromatic carbon lattice, exhibits outstanding
electrical, chemical, and mechanical properties, which are
favorable in the harsh ORR environment.'**®

Furthermore, heteroatom-doped graphene nanosheets
introduced with other heteroatoms such as nitrogen, sulfur,
boron, and phosphorus have been demonstrated to exhibit
excellent electrocatalytic performance toward ORR.*>* This
heteroatom doping not only enhances the electrical properties
of graphene, but also effectively affords the active site of the
catalyst with a charge polarization effect.”* In general, nitrogen-
doped (N-doped) graphene is commonly prepared by several
methods, including chemical vapor deposition and subsequent
thermal annealing in the presence of ammonia, pyrolysis of
nitrogen-containing precursors such as small molecules
(melamine, pyridine), or polymers, and nitrogen-plasma treat-
ments of graphene.*»**" Although these approaches success-
fully introduce nitrogen atoms within the graphene framework,
many of these approaches require toxic gas precursors, are
limited to doping of nitrogen atoms only, or are unable to
control the degree of doping and type of nitrogen functionality.

Herein, we report a unique design and characterization of
new heteroatom-doped graphene nanosheets prepared through
the covalent functionalization of various small organic mole-
cules with a subsequent thermal treatment. The covalent
functionalization chemistry is based on the N-ethyl-N'-(3-

Nanoscale, 2013, 5, 12255-12260 | 12255



W= —nH, N1

NH,

L N2

i
u

i, N3
1

SN SN N4

H N

Graphene oxide Chemically functionalized

graphene oxide

Annealing P 1@“‘%

800°C L e 2e]
" i L

Ar % '”L%

Heteroatom-doped
graphene nanosheet

H H
_ﬂ/\/N\/\u/\/N\/\N"’ N5

—5" S, S

—B(OH), B

Fig. 1 Schematic representation of the surface functionalization of graphene

nanosheets with various molecules.
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Fig. 2 (a) Photographs of each suspension prepared in this study (conc.
0.50 mg mL™"). (b) Zeta-potential for functionalized NGOn derivatives as a
function of pH.

dimethyl aminopropyl) carbodiimide methiodide (EDC)-medi-
ated reaction between the carboxylic acid groups of graphene
oxide (GO) nanosheets and the excess amine moiety in the small
molecules.®** The prepared heteroatom-doped graphene
nanosheets exhibited good electrocatalytic activity through an
efficient one-step, four-electron pathway similar to commercial
Pt/C catalysts toward ORR compared to their undoped coun-
terparts; this could be attributed to the charge polarization of
the carbon network induced by heteroatoms. As a proof of
concept, we employed five different types of amines with
differing amine densities for the preparation of N-doped
reduced graphene oxide (NGOn, n = number of amine groups)
nanosheets (Fig. 1). We demonstrate how the electrochemical
performance can be improved by varying the degree and
configurations of the nitrogen dopant. Moreover, we success-
fully extended the approach toward the introduction of other
heteroatoms such as boron and sulfur into the graphene
nanosheet.

Results and discussion

The GO suspension was initially prepared according to the
modified Hummers method starting from a commercially
available graphite powder.** Following sonication for exfolia-
tion of graphite oxide, the chemical functional groups intro-
duced on the surface of the graphene nanosheet, such as
carboxylic acids and alcohol groups, rendered the prepared GO
suspension negatively charged over a wide range of pH
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conditions ({-potential of —40 mV). As a model system, we used
five different amine molecules as follows: ethylene diamine,
diethylene triamine, triethylene tetramine, tetraethylene pen-
tamine, and pentaethylene hexamine (Fig. 1). In order to
introduce these various amine molecules, we employed the
N-ethyl-N'-(3-dimethyl aminopropyl)carbodiimide methiodide
(EDC)-mediated surface functionalization of graphene nano-
sheets through the reaction between carboxylic acids and excess
amine molecules. It should be noted that we could not prevent
the direct ring opening reaction of epoxides, which were present
on the basal plane of GO nanosheets, with excess amine groups;
nonetheless, this functionalization route also contributed to
the successful introduction of amine moieties on the GO
nanosheet.?**

The successful functionalization of various amine molecules
afforded a series of positively charged GO with varying numbers
of amine groups (NGO1-NGOS5) that exhibited fairly good
colloidal stability for several months without any aggregations.
For example, zeta-potential measurements clearly demon-
strated the successful surface functionalization of GO, whose
surface charge reversed from negative (—40 mV at neutral
conditions) to positive upon functionalization with amine
moieties that ranged from 41.7 to 52.0 mV at pH 2, 41.4 to
47.0 mV at pH 7, and 30.4 to 38.1 mV at pH 11 from NGO1 to
NGO5. It is interesting to observe that the zeta-potential values
of all samples decreased with an increase of pH, further sup-
porting the presence of weakly charged amine moieties whose
charge densities are highly dependent on the external pH
conditions. Moreover, we noticed that the color of the GO
suspension changed to a dark brown after functionalizing with
amine moieties.*>**

Atomic force microscopy (AFM) images in Fig. 3 demon-
strated that the prepared GO nanosheets were mainly
comprised of a monolayer of graphene nanosheets having an
average thickness of 0.90 £ 0.03 nm and a lateral dimension of
1.01 £ 0.19 um. As a representative example, NGO3 showed that
the graphene nanosheets possessed a higher average thickness
of 1.26 £+ 0.04 nm without noticeable changes in the lateral
dimension of graphene nanosheets of 1.01 + 0.46 pm.*”** This
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Fig. 3 Representative height-mode AFM images of (a) GO and (b) NGO3 with
the corresponding line scan profiles.
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observation reflects the presence of long-chain triethylene tet-
ramine on both sides of the GO nanosheets after functionali-
zation. In addition, it highlights the mild nature of this
synthetic approach that does not alter the intrinsic properties
related to the dimensions of the graphene nanosheet.

The prepared NGOn catalysts were subjected to thermal
annealing at 800 °C for 1 h under an Ar atmosphere. The
resulting products were denoted as N-doped reduced GO
nanosheets (NRGOn) according to the respective amine
precursors. We propose here that the degree of nitrogen content
in the molecules affects the degree of nitrogen content and its
configuration in the NRGOn. The thermal annealing approach
caused atomic rearrangement leading to a highly ordered
graphitic structure and the simultaneous incorporation of
nitrogen atoms from the functionalized amine groups into the
graphene matrix.** The successful incorporation and the nature
of N-doping on the graphene nanosheets were identified by
X-ray photoelectron spectroscopy (XPS) (Fig. 4). From the XPS
survey spectra, we found a distinct evolution of nitrogen peak in
all NRGOn samples, which was absent in the GO nanosheets
annealed under identical conditions (i.e. thermally reduced GO
(TRGO)). The deconvoluted high-resolution N1s XPS spectra
further elucidated four different types of nitrogen configura-
tions on the graphene nanosheets, which are pyridinic-N (N-6,
398.1 eV), pyrrolic-N (N-5, 399.8 eV), graphitic-N (N-Q, 401.2 eV)
and N-oxide (N-O, 403.1 eV) from NRGOn. In accordance with
the nitrogen content in the initial amine molecules, the amount
of doped nitrogen was gradually increased from NRGO1 (0.72%)
to NRGO5 (4.3%). It is worth mentioning that the relative frac-
tions of N-configurations were different depending on the
amine precursors used (Table S1t). In general, it has been
known that pyridinic-N is the most efficient bonding structure
to improve ORR activity in graphene. In our study, NRGO3 has
the most abundant pyridinic-N functionality despite its rela-
tively lower N-content.
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Fig. 4 (a) XPS survey spectra for various samples investigated in this study. (b)
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doped graphene nanosheets.
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Fig. 5 (a) Linear sweep voltammograms (LSVs) of all NRGOn electrocatalysts

prepared in the study, including that of a control set of TRGO. RDE tests were
acquired at a rotation rate of 2500 rpm and a scan rate of 10 mV s in O5-
saturated 0.10 M KOH electrolyte solution. (b) Comparison of the onset potential
(white bar) and limiting current density (black bar) of each catalyst as determined
by RDE experiments. The electron transfer number (n) based on the Koutecky—
Levich equation is located on the top of the bar graph. The onset potential and
limiting current were measured at —0.02 mA cm2 and —0.50 V (vs. SCE),
respectively. (c) LSVs of RRDE experiments of TRGO, NRGO3, and commercial
20 wt% Pt/C catalysts in an Oj-saturated 0.10 M KOH aqueous solution at
3200 rpm. (d) The plot of the peroxide yields (%) and the electron transfer
number (n) of electrocatalysts.

To explore the electrocatalytic activity during the ORR
process of NRGOn catalysts, we recorded the rotating disk
electrode (RDE) voltammograms in an O,-saturated 0.10 M KOH
aqueous solution (Fig. 5 and S371). As a control experiment,
undoped TRGO was employed to verify the effect of N-doping
for an efficient ORR. Fig. 5 shows a series of polarization curves
at a constant rotating rate of 2500 rpm and quantitative evalu-
ation in terms of the onset potential and kinetic limiting
current density based on the RDE measurements. The electron
transfer number (n) of each catalyst was also calculated during
the ORR process from the RDE results based on the Koutecky-
Levich (K-L) equation.**** All NRGOn catalysts displayed
considerably enhanced electrocatalytic activity unlike undoped
TRGO, which showed a dominant two-step, two-electron ORR
pathway. Among all NRGOn catalysts, the ORR activity of
NRGO3 was found to exhibit the best catalytic performance with
the most positive onset potential at —0.15 V and the highest
limiting current density of —4.55 mA cm > Moreover, the
electron transfer number of NRGO3 determined from the K-L
plot reached 3.63, suggesting an efficient four-electron ORR
pathway similar to that of commercial Pt/C catalysts.*>** The
pyridinic-N sites have been widely recognized as catalytic active
sites for ORR because of the delocalization of the m-electrons
from pyridinic-N.** XPS experiments provided additional
support to the theory that highly catalytic carbon materials
usually retain a large amount of pyridinic-N.>»* Thus, it is
proposed that the enhanced catalytic activity of NRGO3 origi-
nates from the higher fraction of pyridinic-N rather than the
absolute amount of N-doping of the graphene nanosheets (i.e.,
43.2% of NRGO3 vs. 32.0% of NRGO4 vs. 38.9% of NRGO5).
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Fig. 6 XPS survey spectra of (a) B-doped and (b) S-doped graphene nanosheets
with corresponding deconvoluted high-resolution B1s and S2p spectra in the
inset, respectively.

To further verify the ORR activity with the optimized NRGO3
catalyst in comparison with those of undoped TRGO and
commercial Pt/C catalysts, rotating ring-disk electrode (RRDE)
measurements were carried out to monitor the formation of
hydrogen peroxide species (HO, ) during the ORR process
(Fig. 5¢ and d). The RRDE measurements showed that NRGO3
exhibited a higher disk current (oxygen reduction) and a smaller
ring current (peroxide oxidation) than the undoped TRGO
catalyst. The calculated electron transfer number (n) was
around 3.45 and peroxide yield was around 28% from —0.3 to
—0.8 V, while TRGO showed that the electron number (n) was
around 3.12 and peroxide yield was about 44% at the identical
potential range. This result is consistent with that obtained
from the K-L plot based on the RDE measurements, suggesting
that the NRGO3 catalyst can undergo a one-step, direct four-
electron ORR pathway with a relatively low yield of the peroxide
intermediate. Although the catalytic performance of NRGO3 is
still inferior to that of commercial Pt/C, the former displayed a
significantly enhanced durability. The durability test was con-
ducted at a constant reduction potential of —0.3 V. After
10 000 s, the chronoamperometric responses of NRGO3 showed
a slow attenuation with high current retention of 73%, which is
a much higher value than that of commercial Pt/C with 60%
(Fig. S41). This confirmed that the metal-free NRGO electro-
catalyst has a much better stability for ORR in an alkaline
environment.

Finally, we extended our current approach toward other
heteroatoms such as boron and sulfur.***** As a molecular
precursor of each doping atom, we employed 4-amino-
phenylboronic acid as a boron source and cystamine as a sulfur
source. Interestingly, each heteroatom was well incorporated
within the graphene matrix together with the nitrogen dopant,
as we employed an identical chemical functionalization process
on the graphene nanosheets. High-resolution XPS shows that
each heteroatom is found to be in different configurations

(Fig. 6).
Conclusion

In summary, we present a simple approach for chemical func-
tionalization toward heteroatom-doped graphene nanosheets
with small organic molecules for use as electrocatalysts for the
oxygen reduction reaction. The prepared heteroatom-doped
graphene nanosheet exhibited a good electrocatalytic activity

12258 | Nanoscale, 2013, 5, 12255-12260

through an efficient one-step, four-electron pathway similar to
that exhibited by a commercial Pt/C catalyst, compared to its
undoped counterpart. This can be attributed to the charge
polarization of the carbon network induced by the heteroatoms.
Furthermore, nitrogen-doped graphene nanosheets showed
superior stability compared to commercial Pt/C catalysts. This
approach has also been successfully extended to other hetero-
atoms such as boron and sulfur on the graphene nanosheets. By
taking advantage of the facile synthesis process, we anticipate
that this covalent functionalization would afford other routes
for the controlled introduction of heteroatoms on the graphene
nanosheets for various applications.

Experimental section

Preparation of graphene oxide (GO) suspension and covalent
surface modification

Initially, graphite oxide powder was prepared from graphite
powder (Aldrich, <20 mm) by the modified Hummers method
and exfoliated to give a brown dispersion of graphene oxide
(GO) under ultrasonication (typical conc. of 0.50 mg mL ™). For
the surface functionalization, 50 mL of the GO suspension was
reacted with 4 mL of various amines (ethylene diamine, dieth-
ylene triamine, triethylene tetramine, tetraethylene pentamine,
and pentaethylene hexamine) in the presence of 0.50 g of
N-ethyl-N'-(3-dimethyl aminopropyl)carbodiimide methiodide
(EDC) for 12 h at room temperature, followed by an extensive
dialysis (SpectraPore MWCO 12-14k) for 3 days to remove any
byproducts and excess reactants. These suspensions were
denoted as amine-functionalized graphene oxide (NGOn).

Preparation of nitrogen-doped reduced graphene oxide
(NRGO) and thermally reduced graphene oxide (TRGO)

The NGOn suspensions were freeze dried to remove water and
annealed at 800 °C for 1 h under an Ar atmosphere to afford
nitrogen-doped graphene oxide (NRGOn) powder. Thermally
reduced graphene oxide (TRGO) was prepared by annealing GO
powder under identical conditions.

Preparation of catalyst ink for the rotating disk electrode

Each NRGOn powder was first dispersed in a solvent mixture
(water : Nafion = 9:1 v/v) at a concentration of 1.0 mg mL ™’
with a brief sonication for 40 min to obtain homogeneous
dispersions. Then 5 pL of each suspension was dropped on a
3 mm diameter glassy carbon electrode embedded in Teflon as a
working electrode. Finally, ink was dried under vacuum
conditions for 10 min forming a thin film on the glassy carbon
electrode.

Rotating disk electrode (RDE) experiment

For the electrocatalytic evaluation of NRGOn, we performed the
rotating disk electrode (RDE) experiment at room temperature
by linear sweep voltammograms (LSVs). An as-prepared glassy
carbon electrode was used as a working electrode, Pt was used
as a counter electrode and saturated calomel electrode (SCE)
was used as a reference electrode. RDE measurements were

This journal is © The Royal Society of Chemistry 2013



carried out in a 0.1 M KOH electrolyte in the potential range
from 0 V to —0.8 V at a scan rate of 10 mV s~ ' and measured at
900, 1600, 2500, and 3200 rpm. Oxygen was purged into the
electrolyte to make an O,-saturated solution. The Koutecky-
Levich (K-L) equation was used to calculate the number of
electrons transferred with RDE data.

Rotating ring-disk electrode (RRDE) experiment

The RRDE experiments were measured at a 10 mV s~ ' scan rate
from 0 V to —0.8 V and the oxidation potential of the ring-disk
was set to 0.2 V. Electron transfer number () and peroxide yield
(%) was calculated by the following equations:

HO, (%) = 200 % (1)
I
Y s A @

where I, and I are the ring current and the disk current,
respectively.

Characterizations

UV/vis spectra were recorded using a Shimadzu UV-1800 spec-
trometer and the {-potential of colloidal suspensions was
measured using a zeta potential analyzer (Malvern, Zetasizer
nano-zs). The surface morphology of GO and NGO was exam-
ined using an atomic force microscope (AFM, Dimension
D3100, Veeco), and we used a silicon wafer as a substrate to
obtain the AFM image of NGO3 graphene nanosheets before
thermal annealing. X-ray photoelectron spectroscopy (XPS,
Thermo Fisher, K-alpha) was used to detect elemental compo-
sition and the chemical state of the NRGO suspensions. Elec-
trochemical performance for ORR was determined using the
rotating disk electrode (RDE) and rotating ring-disk electrode
(RRDE; ALS Co., Ltd).
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