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ABSTRACT: The nitrogen-doped graphene (NG) with dom-
inance of the pyridinic-N configuration is synthesized via a
straightforward process including chemical vapor deposition
(CVD) growth of graphene and postdoping with a solid nitrogen
precursor of graphitic C;N, at elevated temperature. The NG
fabricated from CVD-grown graphene contains a high N content
up to 6.5 at. % when postdoped at 800 °C but maintains high
crystalline quality of graphene. The obtained NG exhibits high
activity, long-standing stability, and outstanding crossover
resistance for electrocatalysis of oxygen reduction reaction
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(ORR) in alkaline medium. The NG treated at 800 °C shows the best ORR performance. Further study of the dependence
of ORR activity on different N functional groups in these metal-free NG electrodes provides deeper insights into the origin of
ORR activity. Our results reveal that the pyridinic-N tends to be the most active N functional group to facilitate ORR at low

overpotential via a four-electron pathway.
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B INTRODUCTION

The high required overpotential and sluggish kinetics of the
oxygen reduction reaction (ORR) is the primary cause of
potential loss in both alkaline and proton exchange membrane
fuel cells. The contemporarily used catalyst platinum (Pt) for
ORR suffers from its scarcity and susceptibility to CO
poisoning.l’2 As a result, the search of alternatives to Pt has
drawn immense attention in the field of electrocatalysis. The
heteroatom (mostly nitrogen, N)-doped carbon nanostructures
emerge as promising candidates due to their excellent activity
toward ORR especially in alkaline electrolyte, high stability, and
resistivity toward CO or methanol poisoning.>~’

The N incorporates into the carbon network with bonding
configurations of the N atom in six-membered rings (pyridinic-
N), five-membered rings (pyrrolic-N), graphene basal plane
(graphitic/quaternary-N.,), graphene zigzag edge or valley
sites (graphitic—Nvaney), and bonding to O atoms (oxidized
nitrogen species).” = However, the role of different N
functional groups in the electrocatalysis of ORR is still under
debate in results from theoretical calculation and experimental
measurement since the first exploration of nitrogen-doped
carbon nanotubes (N-CNTs) as active ORR catalysts. >
Most of the previous work did not distinguish between
graphitic-N, and graphitic-N,., and just proclaimed that
the graphitic N was of paramount importance for the ORR
activity.lz_14 The graphitic-N o, geometry mostly enhances
the O, adsorption onto the adjacent C and breaks the O—O
bond easier to reduce O, via a four-electron reduction
pathway.” On the other hand, some work reported no
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contribution from graphitic-N .., and asserted that the
electrocatalytic activity mainly comes from three N config-
urations in the edge planes, including pyridinic-N, pyrrolic-N,
and graphitic Nvaney.8 Nonetheless, the explicit active site is still
contentious between the pyridinic-N and graphitic—N\,aney.g‘14_18
The graphitic-N,,, promotes the ORR activity, whereas
pyridinic N suppresses the ORR activity, as claimed by some
researchers.”” Density functional theory (DFT) modeling
shows that graphitic-N,,,, lowers the adsorption energy of
oxygen and facilitates the first electron transfer; however, the
ORR is catalyzed through a ring-opening process of the cyclic
C—N bond, resulting in the formation of pyridinic-N.'"* In
contrast, many other papers stated that pyridinic-N does not
suppress but facilitates the ORR activity.'”*°>® The calculation
through DFT also shows that pyridinic-N enhances O,
adsorption on the neighboring carbon atoms by inducing
high spin density and positive atomic charge density to the
neighboring carbon atoms and thus promotes a four-electron
process of ORR.”” The introduction of a trace transition metal
such as Fe during the synthesis of CNTs adds additional
complexity to the exploration of N active sites in the N-CNTs,
since Fe tends to form a F—N bond, which was revealed to be
highly active in the electrocatalysis of ORR.> Moreover, it is
also difficult to rule out the other effects such as the tube
diameter and number of walls of N-CNTs on the activity.
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Graphene (G) possesses the unique graphitic basal plane
structure which could further facilitate the electron transport,
while having many similarities with CNTs in chemical and
physical properties.**® However, like CNTs, the exploration
results of actual N active sites based on N-doped reduced
graphene oxides (N-rGO) also involve the effect of metals (Fe
and Mn) when prepared from the Staudenmaier and Hummers
oxidation method, respectively.'>*” Additionally, the graphite,
as the source material for rGO, contains trace amounts of
transition metals, such as Fe, Co, Ni, and Mn, making the
exploration complicated. With this in mind, instead of choosing
CNTs and rGOs, we use few-layer graphene grown by chemical
vapor deposition (CVD) as the starting carbon material, which
possesses negligible defects compared to CNTs and rGOs.
Herein, we have demonstrated a straightforward postdoping of
CVD-grown high-quality few-layer graphene by a simple
method of annealing graphene with graphitic carbon nitride
(g-C;N,) at elevated temperature. In situ doping of graphene
was not chosen because nitrogen present in in situ doping
reacts with metal substrates and hinders the growth of high-
quality graphene. Our process combining CVD-growth and
postdoping eliminates the possibility of introducing strongly
active trace metals such as Fe and Mn from either the source
materials or the synthesis catalysts. The as-prepared N-doped
graphene (NG) was used to further explore the role of nitrogen
functional groups in the electrocatalysis of ORR. In addition,
superior to CNTs and rGOs, the CVD-grown graphene
facilitates electron transport due to its two-dimensional (2D)
planar geometry and low defect level and, hence, could be a
more effective electrode material. Our study provides deeper
insights into the ORR mechanism of N active sites in NG and
demonstrates a feasible method to fabricate non-noble metal-
free ORR catalysts with tunable activity.

B EXPERIMENTAL SECTION

Materials Synthesis. The three-dimensional (3D) graphene foam
was grown by ambient-pressure CVD of methane on Ni foam at 1000
°C with Ar/H, purging during the synthesis process. The as-grown
graphene was collected by first etching away the Ni substrate in an
aqueous solution of HCI, followed by vacuum filtering and washing
with deionized water. After drying in a vacuum oven, a certain amount
of graphene was dissolved again with assistance of sonication in
concentrated HCI (Sigma-Aldrich), followed by centrifuging at 8000
rpm for S min. The suspension was taken for atomic absorption
spectrometry (AAS, PerkinElmer’s PinAAcle S00) measurement. The
AAS shows that the suspension has a very similar Ni concentration to
that of the solvent HCI only suggesting negligible Ni remaining in our
graphene samples. The CVD-grown graphene was then postdoped
using either a solid precursor g-C3N, or a gas precursor NHj; at the
temperature range of 700—900 °C to obtain NG.

Physical Characterizations. The microstructures of NG were
analyzed by electron microscopy including a scanning electron
microscope (SEM, FEI Quanta 400) and a transmission electron
microscope (TEM, JEOL 2100). The disorder of NG was evaluated by
Raman spectroscopy with a laser excitation of 514.5 nm. The N
content and configuration were analyzed by X-ray photoelectron
spectroscopy (XPS, PHI Quanter XPS with Al Ka X-ray). The
Brunauer—Emmett—Teller (BET) surface area was obtained by the N,
adsorption/desorption measurement at 77 K using a NOVA 4200e
(Quantachrome). The surface area for pristine graphene from BET
calculation is around 830 m?/g, close to that of other reported 3D
graphene foams.>

Electrochemical Measurement. The electrochemical activity was
measured in a rotating ring-disk electrode (RRDE) (disk glassy carbon
diameter: S mm, Pine Research Instrument) with a CHI 760D
potentiostat. The catalyst ink was prepared by ultrasonicating the

mixture of 1 mg of pristine graphene or NG, 125 uL of DI water, 75
uL of 2-propanol, and 20 uL of Nafion dispersion (0.5 wt %) for 30
min. For comparison, a catalyst ink with 1 mg/220 uL commercial Pt/
C (20 wt %, Johnson Matthew) was also prepared using the same
procedure described above; 8 uL of the catalyst ink was pipetted to
cover the disk electrode surface. After the ink dries at room
temperature, a S pL Nafion dispersion (0.5 wt %) was dropped
onto the electrode surface. This leads to a catalyst loading of 180 ug
cm™ for pristine graphene and NG samples while 36 ug cm™ for Pt.
The RRDE loaded with the catalysts was employed as the working
electrode, while a Ag/AgCl (saturated KCl) electrode was used as the
reference electrode and a Pt foil (0.5 cm X 3 cm) served as the counter
electrode. All the potential was referred to a reversible hydrogen
electrode (RHE), Epyr = Epg/agct + 020 V + 0.0591pH.

Cyclic voltammetric study was performed at S0 mV s in either Ar-
or O,-saturated electrolyte of 0.1 M KOH. The RRDE was measured
in O, bubbling 0.1 M KOH by sweeping the disk potential negatively
from 1.2 to 0 V at S mV s™'. The ring potential was maintained at 1.25
V in order to reverse the reaction by oxidizing the intermediate
product. The presented linear sweep curve data in Ar-saturated
electrolyte was subtracted from that in O, bubbling electrolyte to
remove the capacitance effect. Two tangents from the rising and
background current of the linear potential sweeping curve intersect at
which the onset potential is determined. Regarding the measurement
of crossover resistance, the chronoamperometry was carried out at
—0.57 V in 0.1 M KOH containing 0.5 M methanol. The accelerated
stability test was conducted by cycling the potential between 0.4 and
1.0 V for 5000 cycles.

The number of electrons transferred per oxygen molecule (1) was
extracted from the Koutecky-Levich (K—L) equation

1 1 1 1 1

= +
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where j, j,, and jy are the measured, kinetic, and diffusion-limiting
current densities, respectively, and @ is the RRDE rotation speed with
a unit of rpm. The other parameters have their common physical
meaning, and the values can be found in previous reports.1 3 The
transferred electron numbers can be determined alternatively from the
ratio of ring current over disk current.'

41,

= -
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B RESULTS AND DISCUSSION

To boost the active surface area for catalyzing oxygen
reduction, 3D graphene foam was grown by ambient-pressure
CVD of methane on Ni foam.>* The as-grown graphene foam
was then postdoped using a solid precursor g-C;N, to enhance
the doping content of nitrogen. A typical microstructure of NG
doped at 800 °C (denoted as NG-800) is shown in SEM
images (Figure 1). Figure la shows the interlocked 3D
structure of NG with all the NG sheets in good contact with
one another. Figure 1b shows the morphology of NG sheets
with a smooth surface and electron transparency. The high-
resolution TEM shows that NG consists of mono- to few-layer
NG sheets (Figure 1c and Figure S1, Supporting Information).
The hexagonal patterns of graphene were observed in NG,
indicating that the main carbon sp” structure is maintained after
incorporation of N heteroatoms under our doping conditions
(Figure 1c).

Raman spectra were taken on NG at the doping temperature
of 700—900 °C and a pristine graphene for reference. The
spectrum for pristine graphene shows only G and 2D bands at
1583 and 2710 cm ™}, respectively. The pristine graphene lacks a
D peak associated with the point defects such as single or
double carbon vacancies in the graphene lattice, implying a
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Figure 1. Morphology and microstructure of N-doped graphene. (a, b)
SEM images of NG-800. (c) High-resolution TEM image of NG-800,
and inset is the fast Fourier transform showing the hexagonal
symmetric structure. (d) Raman spectra of N-doped and pristine
graphene.

perfect six-atom ring lattice in the CVD-grown graphene
(Figure 1d).*® In contrast, previous work reported a noticeable
defect-related D peak for both pristine CNTs and rGO, leading
to the hindered electron transport compared to the CVD-
grown graphene.m’12 Raman spectra of NGs show a tiny D
peak at 1353 cm™" attributed to the little structural distortion

caused by N-doping. The small ratio of D to G band intensity
of 0.1-0.2 (Figure S2, Supporting Information) suggests that
NG maintains a very good crystalline structure, in agreement
with the TEM results. The intensity ratio of G over 2D band
reveals that NG has 2—4 layers.***

The surface content and chemical states of N were identified
by XPS. The survey spectra of NGs clearly show a peak at 400
eV for N in addition to a dominant graphitic C peak at 284.5
eV (Figure S3, Supporting Information). Importantly, no peaks
for transitional metals Ni, Fe, and Mn are found in the spectra.
The high-resolution asymmetric peak of C 1s was fitted into a
core peak of the C=C bond (284.5 eV), and four satellite
peaks corresponding to the C=N bond (285.2 V), C—C
bond (285.5 eV), C—N bond (286.2 eV), and C—O bond
(286.7 eV), indicating successful incorporation of heteroatom
N into the graphene hexagonal plane (Figure S3)."*° The
deconvolution of the N 1s XPS peak reveals three different N
configurations at 398.45, 400.06, and 401.20 eV, assigned to the
pyridinic-N (N1), pyrrohc -N (N2), and graphitic-Nepeer (N3),
respectively (Figure 2a,c).'”'® The graphitic- Niqey in the valley
sites (N4) with binding energy > 402 €V is not found in our
NGs.!%!! The total surface N content as calculated from N/ (N
+ C) atomic ratio is higher at lower doping temperature, e.g,
the NG-700 °C with 6.3 at. % N vs NG-900 with 1.9 at. %
(Figure 2b; Table S1, Supporting Information). The drop of N
content probably resulted from the elimination of some
unstable N moieties like pyridinic-N and pyrrolic-N at high
temperature, consistent with previous findings.'®***” For
comparison, we also used a gas precursor NH; to dope
graphene at 900 °C (denoted as NH;-NG-900). NH, leads to
much lower N content compared with the solid precursor g-
C;N, (Figure S3 and Table S1). Pyridinic-N predominates in
all NGs except for NG-900 with the pyrrolic-N dominance
(Figure 2b and Figure S4, Supporting Information).
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Figure 2. X-ray photoelectron spectra of nitrogen-doped graphene. (a) High-resolution XPS scan for N 1s core level peak. The peaks are
deconvoluted into component curves. (b) N functionality distribution obtained from the peak area ratio of N/(N + C). (c) The schematic of

different N functional groups incorporated in the graphene plane.
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Figure 3. Electrocatalytic activity toward ORR of graphene and N-doped graphene. (a) Cyclic voltammetries in O,-saturated (solid) and Ar-

saturated (dotted) 0.1 M KOH. (b) RDE polarization curves in O,-saturated 0.1 M KOH. Electrode rotation speed, 900 rpm; scan rate, 5 mV s~

j

room temperature. (c) The dependence of onset potential on the N functionality distribution. The data of NH;-NG-900 are also included.

The comparison studies of ORR activity among these NGs
were performed by a rotating ring-disk electrode (RRDE) in
O,-saturated 0.1 M KOH. Cyclic voltammetry measurements
show that the peak reduction potential for ORR shifts positively
for NG compared to the pristine graphene. The NG-800 has
the most positive peak reduction potential, followed by NG-
700 and NG-900 (Figure 3a). The NH;-NG-900 has the most
negative peak reduction potential among these NGs due to the
lowest nitrogen content (Figure SS, Supporting Information).
The meso/micropores in the carbon nanostructure can
enhance nitrogen-doping during NH; activation, leading to a
comparable peak potential to that of NG-800.** Figure 3b
shows the steady-state polarization curves for ORR on pristine
graphene and NGs. The pristine graphene and NG-900 showed
a two-step process for ORR with the onset potential of about
0.72 and 0.80 V, respectively. The similar two-step process
occurs on NH;-NG-900 (Figure SS, Supporting Information).
A one-step process occurs for NG-700 and NG-800 with an
onset potential of 0.92 and 0.97 V, respectively. The onset
potential of NG-800 is comparable to that of commercial Pt/C
(0.99 V, Figure 4d), and more positive than that of sulfur-
doped graphene (0.86 V),* but slightly lower than that of
recently reported carbon hybrid catalysts like carbon nano-
tube—graphene complexes (1.05 V)® and carbon nanotube/
nanoparticles (1.16 V).° In addition, NG-800 exhibits the
highest steady-state diffusion current density. Overall, the NG-
800 exhibits the highest activity regarding the most anodic
onset potential and the highest diffusion-limiting current
density.

The cyclic voltammetry results show similar capacitance of
the double layer at the solid—liquid interface among the studied
NG and pristine graphene electrodes, which avoids the
potential effect of the electrochemical surface area on the
performance (Figure S6, Supporting Information). Another key
factor determining the ORR activity is the heteroatom N type
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Figure 4. Electrochemical activity toward ORR of N-doped graphene
at 800 °C with a comparison to commercial Pt/C. (a) Polarization
curves at different rotating speeds. (b) Koutecky—Levich plots. (c)
RRDE measurement showing peroxide yield at a rotation rate of 900
rpm. (d) Number of electrons per oxygen molecular transferred during
ORR. The electrolyte is O,-saturated 0.1 M KOH. The polarization
scan rate is S mV s™".

and its corresponding atomic concentration since the activity
contribution from trace metals can be excluded in our graphene
and NG samples. In our NG samples, the contribution of
activity comes from at least one of the three N groups
(pyridinic-N, pyrrolic-N, and graphitic-N,). The determi-
nation of exact active N species is still impossible unless we can
achieve the incorporation of a single N functional group in the
carbon sp® network. The analysis of the N active site was
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carried out by plotting the onset potential versus the N species
concentration in Figure 3c. The onset potential shifts more
positively along with the increase in pyridinic-N content. The
limiting current density also increases with increasing of
pyridinic-N content (Figure S7, Supporting Information).
These results seem to suggest that the pyridinic-N is likely
the most active site for ORR in NG. However, the contribution
from pyrrolic-N and graphitic-N_ ., sites could not be
excluded based solely on these results. Notably, our NG
samples exhibit higher ORR activity than those N-doped CNTs
with a high concentration of graphitic-N,.,, N-doped rGOs,
and N-doped ordered mesoporous graphitic arrays with rich
graphitic-N (not distinguishable between N .., and Niglley in
these two cases), further implying that pyridinic-N is more
active than graphitic-N.'”'** The calculation through DFT
shows that incorporation of pyridinic-N induces the highest
spin density and largest positive atomic charge density to the
neighboring carbon atoms on which O, adsorption is enhanced
compared to pyrrolic and graphitic-N.>” Consequently, the
highest activity of NG-800 mainly originates from the highest
concentration (4.1 at. %) of pyridinic-N compared to 3.2 at. %
for NG-700, 0.70 at. % for NG-900, and 0.45 at. % for NH;-
NG-900.

The activity of NG-800 was investigated in depth. The
current density (j) is proportional to the square root of rotating
speed (@) as expected (Figure 4a). Subsequent Koutecky—
Levich (K—L) plots j~! vs @™'/* at the potential range of the
diffusion-controlled regime was plotted (Figure 4b). The
linearity of the K—L plots implies first-order reaction kinetics
toward the oxygen concentration in the electrolyte.*' According
to the K—L equation, the average electron number (n,)
transferred when reducing one oxygen molecule was calculated
to be 3.96—4.05 at the potential range of 0.20—0.50 V.">*" The
HO," yield is less than 8% at all potentials, decreasing to ~6%
at 0.2 V (Figure 4c). The n, is directly correlated with HO,~
yield (n, = 4 — (% HO,™)/50), which can be calculated from
the disk and ring current in the RRDE system. Therefore, n, is
obtained to be 3.86—3.88 between 0.20 and 0.50 V, consistent
with the values calculated from the K—L equation (Figure 4d).
The n, for NG-700, NG-900, and NH;-NG-900 is presented in
Figure S8 (Supporting Information). The ORR proceeds
mostly via a four-electron pathway on NG-700, whereas it
proceeds via a two-electron route on NG-900 and NH;-NG-
900.

The resistance to methanol poisoning was evaluated in 0.1 M
KOH containing 0.5 M methanol. The Pt/C is subjected to
70% loss of current after introduction of methanol, as shown in
the j—t chronoamperometric response (Figure Sa), while the
current for NG-800 remains stable, demonstrating the high
selectivity to ORR for the NG-800 electrode. The polarization
curves in the presence of methanol also show no loss of activity
for the NG-800 electrode. In contrast, a methanol oxidation
peak for the Pt/C electrode appears at 0.92 V and a drastic
negative shift of potential on the Pt/C electrode is observed
due to the mixed potential of ORR and methanol oxidation
reaction. The additional j—t chronoamperometric measurement
with introducing 10% (v/v) CO into O,-saturated 0.1 M KOH
also shows resistance of the NG-800 electrode to CO poisoning
(Figure S9, Supporting Information).

The durability of NG-800 was assessed on the basis of the
accelerated durability test protocol. The performance of NG-
800 maintains after 5000 cycles (Figure Sd), whereas, for a
comparison, Pt/C shifts the half-wave potential (E,,,)
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Figure S. Resistance to methanol poisoning and stability of N-doped
graphene at 800 °C. (a) Chronoamperometric response of NG-800
and Pt/C electrodes at 0.56 V vs RHE in O,-saturated 0.1 M KOH.
The arrow indicates the onset addition of 0.5 M methanol into the O,-
saturated electrolyte. (b, c) The RDE polarization curves in the
presence or absence of methanol for NG-800 and Pt/C, respectively.
(d) RDE polarization curves of NG-800 before and after stability test
in O,-saturated 0.1 M KOH. The polarization curves were measured
under S mV s™! with a rotating speed of 900 rpm.

negatively by 20 mV under the similar test conditions (Figure
$10, Supporting Information).

B CONCLUSIONS

NG can be synthesized by a simple method of annealing CVD-
grown graphene with g-C;N, at temperatures from 700 to 900
°C. The concentration and configuration of nitrogen vary with
different doping temperatures. These NGs, which originated
from low defect CVD-grown graphene, contain a high N
concentration up to 6.5 at. % without sacrificing the quality of
graphene. The NG electrodes exhibit high activity, long-
standing stability, and superior crossover resistance for the
electrocatalysis of ORR. The activity of NGs is tunable via
controlling the nitrogen-doping concentration and configu-
ration. It was found that NG doped at 800 °C shows the best
ORR performance and exhibits similar onset potential with Pt
catalyst. The ORR at NG doped at 700 and 800 °C proceeds
via a four-electron process, whereas it shifts to a two-electron
process for NG doped at the increased temperature of 900 °C.
The analysis of our results suggests that the pyridinic-N tends
to be the most active N functional group to facilitate ORR
proceeding at low overpotential.
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More materials characterization of NG and graphene, cyclic
voltagramms of NG and graphene, yield of HO,™ for NG
electrodes, and stability of Pt/C. The Supporting Information is
available free of charge on the ACS Publications website at
DOI: 10.1021/acsami.5b02902.
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