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Different C-N bonding configurations in nitrogen (N) doped carbon materials have different electronic
structures. Carbon materials doped with only one kind of C—N bonding configuration are an excellent
platform for studying doping effects on the electronic structure and physical/chemical properties. Here
we report synthesis of single layer graphene doped with pure pyridinic N by thermal chemical vapour
deposition of hydrogen and ethylene on Cu foils in the presence of ammonia. By adjusting the flow rate
of ammonia, the atomic ratio of N and C can be modulated from 0 to 16%. The domain like
distribution of N incorporated in graphene was revealed by the imaging of Raman spectroscopy and
time-of-flight secondary ion mass spectrometry. The ultraviolet photoemission spectroscopy
investigation demonstrated that the pyridinic N efficiently changed the valence band structure of
graphene, including the raising of density of 7t states near the Fermi level and the reduction of work
function. Such pyridinic N doping in carbon materials was generally considered to be responsible for
their oxygen reduction reaction (ORR) activity. The 2e reduction mechanism of ORR on our CN,
graphene revealed by rotating disk electrode voltammetry indicated that the pyridinic N may not be an
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effective promoter for ORR activity of carbon materials as previously expected.

Introduction

The great interest in graphene, a two-dimensional crystal
made of carbon atoms arranged in a honeycomb lattice, is
mainly due to its intriguing physical, chemical and mechan-
ical properties originating from its novel electronic band
structures."? The deliberate introduction of dopants into
graphene could offer a possible route to tailor its electronic
band structure, which is of great technological importance
for its potential applications in nanoelectronics,
photonics, sensor devices, and green energy technology.> As
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spectra and imaging of CN, graphene synthesized with the NH3;/He
flow rate of 12 sccm (GN12), overlay imaging of CN- and C,- mass
spectra images, TOF-SIMS mass spectra in linear scale, calculation of
electron transfer numbers in ORR, XPS survey scan of CN, graphene
synthesized with the NHs/He flow rate of 6 sccm (GN6), and its Nls
core-level spectrum in a wider range (390 eV-408 eV). See DOI:
10.1039/c1jm10845j

the neighbors of carbon (C) in the periodic table, boron (B)
and nitrogen (N) are the mostly studied dopants for carbon
materials,®” which would provide p- and n-doping, respec-
tively. Theoretical studies show that the B/N substitutional
doping can modulate the band structure of graphene without
impeding its good conducting behavior.® Recently, Ci et al.
reported the synthesis of two dimensional BCN single layer
sheet containing hybridized bonds involving elements B, N
and C over wide compositional ranges, and their novel
electronic and optical properties were distinct from those of
pure graphene and BN graphene.’

In this work, we demonstrate the synthesis of N-doped single
layer graphene (CN, graphene) with N percentage up to 16% by
thermal chemical vapour deposition (CVD) of hydrogen (H)
and ethylene (C,H4) on Cu foils in the presence of ammonia
(NHj;). The chemical components and electronic structures of the
as synthesized CN, graphene were characterized by Raman
spectroscopy, time-of-flight secondary ion mass spectrometry
(TOF-SIMS), X-ray photoelectron spectroscopy (XPS), and
ultraviolet photoemission spectroscopy (UPS). The electronic
structure characterization indicates the incorporated N is in pure
pyridinic N-C bonding configuration. Since graphene layers
doped by nearly pure graphitic N were previously synthesized by
pyrolysis of methane (CH,4) and NH; on Cu foils, controllable N
doping in graphene makes graphene an excellent platform for
studying the doping effect of pure pyridinic/graphitic N on the
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physical and chemical properties, such as electron and phonon
transport properties, optical properties, and chemical activity.'®

Experimental details

The single layer graphene was grown on 34 um Cu foils (99.95%
purity, Goodfellow, UK) by low pressure CVD using ethylene
(C,H,) and hydrogen (H,) as gas source. Such large scaled CVD
synthesis of graphene on high purity Cu substrates has been well
developed in several research groups by pyrolysis of methane
(CHy) and H,."**3 The Cu foil was heated up and annealed at
900 °C for 30 min in the flowing 10 sccm H, at 1 Torr. The gas
mixture of H, and C,H, was then flowed at 4.6 Torr with a rate
of 30 sccm and 10 sccm for 30 min, respectively. After the
growth, the samples were cooled down to room temperature
(~20 °C min~") with flowing H, under the pressure of 1 Torr. For
the growth of CN -graphene, NH; diluted in He (NHs/He, v/v
10%) with the flow rate of 3-12 sccm was introduced into the
reactor during the graphene growth process without changing
the flow rates of H, and C,Hj,.

With (NHy4),S,0g (0.1 M) as Cu etchant, the graphene or CN
graphene on Cu foils was transferred onto the Si wafer substrate
with 285 nm SiO; cap layer for Raman spectroscopy and contrast
spectroscopy characterizations. The large area transferred gra-
phene on a SiO,/Si substrate is demonstrated in Figure S1 in
supporting information. The Raman and contrast spectroscopy
were performed on a WITEC CRM200 Raman system using
a 100x objective lens with a numerical aperture (NA) of 0.95. The
excitation source for Raman spectroscopy was a 532 nm laser
(2.33 eV) with a laser power below 1 mW to avoid laser-induced
heating. The illumination source for the contrast spectroscopy
was normal white light. For Raman imaging, the sample was
placed on an X-Y piezo-stage and scanned under the illumina-
tion of laser light with a step size of 250 nm.

XPS and UPS studies of the graphene/CN , graphene on Cu foils
were performed using ESCALAB 250 (Thermo VG Scientific). For
the XPS analysis, monochromatic Al Ka (v = 1486.6eV) excitation
was employed. For the UPS analysis, a He lamp was used with
21.2 eV (He I) and 40.8 eV (He II) excitation energies. TOF-SIMS
study of the CN, graphene on Cu foils was performed on
TOF-SIMS® (ION-TOF GmbH) using 50 KeV Bi;** as ion beam.
The lateral resolution for SIMS imaging is 100 nm.

For electrochemical measurements, two layers of graphene/
CN, graphene were transferred onto the glassy carbon (GC) disk
electrode (5 mm in diameter, Eco Chemie, Netherlands) through
the layer by layer transfer method.'? The electrodes were dried at
60 °C for 120 min. Oxygen reduction reaction (ORR) voltam-
mograms were recorded using an Autolab potentiostat (Eco
Chemie BV) with a three-electrode system in an oxygen saturated
0.1 M KOH (pH 13) electrolyte solution. The graphene/CN .-
graphene on the glassy carbon rotating disk electrode (RDE) was
used as a working electrode, with the rotating rate varying from
250 rpm to 2000 rpm. An Ag/AgCl electrode was used as a refer-
ence electrode and Pt sheet was used as a counter electrode.

Results and discussion

Fig. la displays the Raman spectrum of the CVD grown gra-
phene transferred onto a SiO,/Si substrate. Two strong peaks

characteristic of single layer graphene at ~1580 cm~' and at
~2670 cm~' have been respectively assigned to the G band, in-
plane vibrational mode (E,, phonon at the Brillouin zone
center), and the 2D band, intervalley double resonance scattering
of two TO phonons around the K-point of the Brillouin zone.'*?
In addition to the characteristic G and 2D Raman peaks, the
CVD grown graphene also shows a weak Raman peak at
1340 cm™', which has been assigned to D band activated by
defects via an intervalley double-resonance Raman process.'>'¢
Commonly the intensity ratio of D band to G band (Ip/Ig) has
been used to evaluate the defect density in graphene.'*'® The
small amount of defects in graphene should be formed during the
CVD process. The single layer feature of CVD grown graphene
was also confirmed by contrast spectrum.?® As shown in the inset
of Fig. 1a, the contrast peak value of the graphene transferred
onto 285 nm SiO,/Si is 0.1, close to the calculation value of that
for single layer graphene.?**!
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Fig. 1 (a) Raman spectrum of the CVD graphene; the inset shows the
contrast spectra of the CVD graphene on 300 nm SiO»/Si substrate. (b)
Raman spectra of the CN, graphene synthesized with the NHs/He flow
rate of 3 sccm (GN3).
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The N-doping greatly enhances the defect density in the CN,.
graphene as shown by the strong D band in Fig. 1b. The distri-
bution of defects (incorporated N) in the N-doped graphene is
inhomogeneous. Fig. 2a and 2b respectively are the D and 2D
band Raman imaging of the CN, graphene synthesized with 3
sccm NHs/He flow rate (GN3). Both the D and 2D band images
are not uniformly distributed but compensating to each other in
terms of bright/dark areas, indicating that the defects exist in
domains. The A and B spots in the bright D imaging area in
Fig. 2a show strong D and D’ (activated by defects via an
intravalley double-resonance process) bands in Fig. 1b, while
they are associated with low 2D band intensity (black areas in
Fig. 2b), indicating high defect density, i.e. N rich area. The B
area is located bordering the domains, with much lower different
defect density than that in the center of domains. The C type area
is dominant in this sample, with nearly the same Raman spec-
trum as the pristine CVD graphene, indicating no N incorpo-
rated in such areas.

When the NHs/He flow rate is increased, the Raman spectra
corresponding to the A, B, C areas keep nearly unchanged (see
Figure S3 in supporting information), but the domain size of the
A area, i.e. N rich area, increases obviously, as shown in the D
and 2D band Raman imaging (Fig. 2c and 2d) of the CN, gra-
phene synthesized with 6 sccm NHs/He flow rate (GN6). The
continuous and single layered graphitic structure in the N-rich
area is evidenced by featureless G band Raman imaging (see
Figure S2 in supporting information). The distribution of N in
graphene was further investigated by time-of-flight secondary ion
mass spectrometry (TOF-SIMS) imaging. With the ion beam
bombardment on the CN, graphene sample surface, character-
istic mass fragments from the C and CN fractions, including
C-, Gy, C37, C4, and CN-, are demonstrated on the negative
ion spectra (see supporting information). The CN~ peak with
strong intensity indicates the incorporation of N in the graphene
lattice. Similar to the Raman imaging, the chemical imaging
generated from the CN~ and the dominant C fraction (C,), as
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shown in Fig. 3, clearly shows the domain distribution of the N in
graphene sheet.

To determine the N/C atomic ratio and the bonding configu-
rations of incorporated N in the CN, graphene, XPS was per-
formed on the CN, graphene samples. Fig. 4a and 4b are the Cls
and N1s core-level spectra of the CN,, graphene synthesized with
6 sccm NH3/He flow rate (GN6). A survey of XPS and N1s core-
level spectra in a wider range (390 eV-408 eV) is shown in sup-
porting information (see Figure S6). The Cls peak can be fitted
with two components: the main peak at binding energy (BE) of
284.4 eV (C1) is assigned to sp* hybridized C atoms in graphene
while another peak located at 285.5 eV (C2) should be assigned
to sp? C atoms bonded with N.'*??> The C-N peak shifts to 285 eV
at lower N doping level as indicated in Table 1 (spectra not
shown here). The binding energy of N1s located at 399.3 eV may
originate from sp states of N (-C=N, carbonitrile groups) or
from sp*> hybridized N atoms with two sp® hybridized C
neighbors (C=N-C, pyridinic N) with adjacent carbon
vacancies.”?*?¢ Since the Cls corresponding to carbonitrile
groups, which is around 286.5 eV,*”*® was not observed, we can
surely assign the 399.3 eV peak to pyridinic N. The N1s spectrum
is very sharp (full width at half-maximum, 0.75 eV), which can
only be fitted with one peak component as shown in Fig. 3b,
indicating the pure pyridinic N bonding configuration formed in
our CN, graphene samples, since the other two possible N
bonding configurations in graphene, pyrrolic (N incorporated in
five-membered heterocyclic ring) and graphitic (or quaternary,
sp” hybridized N bonded with three sp? hybridized C neighbors)
N would have greater binding energies between 400.5 and
401.3 eV.?** The N/C atomic ratios in CN, graphene synthe-
sized with different ammonia flow rate are shown in Table 1. The
N/C atomic ratio reaches its maximum (16%) with the ammonia
flow rate of 6 sccm, and then decreases with the increasing of
ammonia flow rate. Such a decrease of N/C atomic ratio with the
increasing of ammonia flow rate was previously reported in
synthesis of N doped carbon nanotubes, which may be caused by
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Fig.2 (a) D and (b) 2D band intensity Raman imaging of CN, graphene synthesized with the NH3/He flow rate of 3 sccm (GN3); (c) D and (d) 2D band
intensity Raman imaging of CN, graphene synthesized with the NH;/He flow rate of 6 sccm (GN6). The imaging area is 6 pm x 4 pm.
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Fig.3 2D TOF-SIMS images of CN, graphene synthesized with the NH3/He flow rate of 6 sccm (GN6) generated from the (a) CN~ intensity and (b)

C, intensity. The imaging area is 10 pm x 10 pm.
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Fig. 4 (a) Cls and (b) Nls core-level X-ray photoelectron spectra of
CN, graphene synthesized with the NH;/He flow rate of 6 sccm (GN6).

Table 1 Variation of N/C atomic ratio, Cls/Nls binding energy and
Cls/Nls peak width (FWHM) of CN, graphene synthesized with
different NHz/He flow rates

NH3/He Flow (sccm) 0 3 6 9 12
N/C ratio (%) 0 1.6 16 6 22
Cls (C1) BE (eV) 284.4 28435 2844 28435 284.35
Cls (C1) FWHM (eV) 0.7 0.7 0.7 0.7 0.7
Cls (C2) BE (eV) — 285 285.5 2852 285.1
Cls (C2) FWHM (eV) — 1.2 1 1.25 1.3
Nis BE (eV) — 399.35  399.3  399.35 3994
Nl1s FWHM (eV) — 0.8 0.75 0.75 0.75

the instability of chemisorbed N on C at high N radical con-
centation.?** Since the above measured N/C atomic ratios are an
average value over a large probed area (spot size of the X-ray is
around 500 pm), the N/C atomic ratio in the N rich area (A area
in Fig. 2a) should be even larger.

The valence-band (VB) electronic structure of the CN, gra-
phene was probed with UPS. Fig. 5a and 5b show the He II and
He I valence band spectra respectively for the CN, graphene
synthesized with different N/C atomic ratios. The pristine CVD
graphene (CVD-G, Fig. 4a) shows five peaks, which are assigned
to: (1) C 2p v between 0 and 4 eV; (2) the crossing of C 2p 7 and
C 2p o bands around 5.9 eV; (3) C 2p o at 7.9 eV; (4) C 2s-2p
hybridized state at 10.6 e¢V; and (5) C 2s o band at ~13.3 eV.**
After N incorporation with 3 sccm NHs/He flow (G900-N3), the
He II spectrum remains the same as that of pristine CVD gra-
phene. Upon N incorporation with increasing NHs/He flow rate
(GN6 and GN9), two distinct features appear in the He II
spectrum, at approximately 4.9 and 7.2 eV, which appear to
originate from N lone pair state (a pair of electrons strongly
localized on the N atom) and delocalized C—N 2pm state (C-N )
of the pyridinic N, respectively.?6*"-32 By peak analysis, it is noted
that the intensity ratio of the C—N 7 component and N lone pair
component is around 0.9 for the GN6 and GN9 samples, in good
agreement with the ratio of two C—N p bonding over two lone-
pair electrons in pyridinic configuration. The (C-N /N lone
pair) ratio increases to 1.2 for the GN12 samples, indicating the
enhancement of C-N 7 component in the CN, graphene

This journal is © The Royal Society of Chemistry 2011
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Fig. 5 Relative variation of (a) He II and (b) He I UPS valence band
spectra of CN, graphene synthesized with different NHs/He flow rates.
The inset of (b) shows low-energy cutoff of the valence band (measured
with He I radiation) of graphene and CN, graphene as a function of
kinetic energy relative to the Fermi level. These spectra have been
measured with a sample bias of —3 V.

synthesized with high NH3/He flow rate. The N-doping induced
features are also observable in He I spectra. Furthermore
another extra feature located at 9 eV can be observed in the He |
spectrum for all CN, graphene samples, which should be
assigned to the C-N o bonds.??

The N doping may result in the enhancement of state density
near the Fermi level. In both He II and He I spectra, the delo-
calized 2pm states of GN6 get more pronounced and there
appears an additional state at 2.3 eV as a shoulder of the 2pr
peak, whereas the delocalized C 2pt states of GN3, GN9 and
GNI12 show significant depression. Each N atom has five 2p
valence electrons vs. four per C atom. The substitution of elec-
tron-rich N into the C network in the form of graphitic N would
contribute with two electrons to the 7 electron system as
compared to one 7t electron per carbon atom. The extra electron

may enter the 7w* state, giving a “7 doping” effect.” The pyridinic
N atom is bonded to two neighboring C with forming of C
vacancies in the graphene sheet. The two electrons contribute to
the localized N lone pair state, and the pyridinic N only exhibits
a weak doping effect if next to a vacancy.” The pyridinic N
incorporation in the C network would enhance C-N 2pm states
while depressing the C—C 2ptr electron state density, as observed
in samples GN9 and GN12. The observation of enhanced C-C
2pre states in GN6 sample should be attributed to the presence of
a shoulder state at 2.3 eV, which may originate from the 2pm
states of the sp? C clusters separated by N in the domains with
high N/C ratio,” in analogy to the 2pm states of C dimer
(>C=Cx<) located at about 2 eV.*® At a high N/C ratio, the
doping effect induced apparent change in density of 7t states near
the Fermi level as shown in Fig. 5a, where the Fermi level (Eg) of
pristine graphene is located at BE = 0 eV, while for CN, gra-
phene with high N/C atomic ratio (GN6 and GN9), the raising of
the state density at BE = 0 eV is observable. This is consistent
with the results of work function measurements by using biased
He I UPS. As shown in the inset of Fig. 4b, the secondary elec-
tron tail threshold of the GN6 sample is shifted by 0.2 eV
towards lower kinetic energy in comparison to that of pristine
CVD graphene (CVD-G), indicative of a reduction in work
function by 0.2 eV. Previously, a larger reduction of work
function by 0.5 eV was found in our N doped carbon nanotube
(CN,NT, x = 12 at.%) with a high fraction of graphitic N.?

Both XPS and UPS characterizations confirmed the pure pyr-
idinic N-C bonding configuration in our CN, graphene. N doped
graphene layers with nearly pure graphitic C-N bonding were
previously synthesized by Wei er al.*® Note that pure pyridinic/
graphitic N have never been reported during N doping of other
carbon materials, such as carbon nanotubes, although N doping
in carbon nanomaterials has been studied for decades during
intensive study of the synthesis technique.®’ Different C-N
bonding configurations in N doped carbon materials have
different electronic structures and therefore different physical and
chemical properties.” The N doped graphene with only one kind of
C-N bonding configuration is an excellent platform for studying
the doping effect on the physical and chemical properties, such as
electron and phonon transport properties, optical properties, and
chemical activity. Recently, N-doped graphene layers were
demonstrated as a promising Pt-free catalyst for oxygen reduction
reaction (ORR) with high activity and high durability, which can
be applied as nonprecious electrodes in polymer electrolyte
membrane fuel cells and electrochemical biosensors.>*** The
novel catalytic properties of N doped carbon materials have been
attributed to electronic structure changes caused by the N incor-
poration into the graphitic structure.?® However, which kind of
C-N bonding configurations should be responsible for the
enhanced catalytic activity of N-doped carbon materials is under
discussion.>*® Generally, either pyridinic or pyrrolic type N is
considered to be responsible for the ORR activity of carbon
nanostructures.’” Since the N doped carbon materials reported
previously always contained several kinds of C-N bonding
configurations, our CN,-graphene incorporated with pure pyr-
idinic N would offer a good opportunity to check the ORR
activity of the N-C bonding in pyridinic configuration.

Fig. 6a displays the ORR polarization curves on CN, gra-
phene with different N/C atomic ratios. For comparison, the
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Fig. 6 (a) RDE voltammetry curves for the ORR in O, saturated 0.1 M
KOH at the CVD graphene electrode, CN, graphene electrodes and Pt
disk electrode; the inset shows the enlargement of the curves in the range
of —0.15 to —0.65 V. Electrode rotating rate: 2000 rpm. Scan rate:
0.01 V s7'. (b) RDE voltammetry curves for the ORR at the CN, gra-
phene (GN12) electrode with various rotation speeds; the inset shows the
Koutecky-Levich plots for ORR on CN, graphene (GN12) electrode.

curves on the pristine graphene (CVD-G) and the Pt disk elec-
trode (Eco Chemie, Netherlands) are also shown. All the gra-
phene samples, with or without N incorporation, show a poor
ORR activity with high onset potential (—0.3 V) as compared to
Pt disk. Nevertheless the CN, graphene exhibits somehow
enhanced ORR activity with faster increase of current density ()
above the potential of —0.6 V, in the order of GN12 > GN9 >
GN6 > CVD-G. As shown in the inset of Fig. 6a, a steeper slope
demonstrates better ORR activity. Note that the ORR activity of
CN,-graphene is not proportional to the total amount of the
incorporated N. Despite having lower N content, GN12 elec-
trode (2.2 at.%) shows better ORR activity than that of GN6
electrode (16 at.%). Recent DFT calculation shows that the
incorporated N itself is not the active site for ORR, but the C
atom adjoining a N atom has a reduced energy barrier to ORR.*!
Doping of electronegative N atoms reduces the electron density
of C atoms that bond with N atoms and polarizes the C atoms

into C(3+), making it easy for adsorption of the O, (O-O)
molecule, which is the first step in the ORR process.**** Subse-
quent electron transfer between C(d+) and O-O will result in
formation of radical anions.*"** However, since O, molecule has
high density of O lone pair electrons, the polarized pyridinic
N(3—), with high density of N lone pair electrons, may have
a higher energy barrier for the O, activation caused by the high
repulsion interaction with the O, approaching the adjoining
C(3+) atoms.** Therefore, the balance between the C(3+)-0O, and
N(3—)-0, interactions would cause an optimized N concentra-
tion for the desired O, activation.

Fig. 6b shows the RDE voltammograms of oxygen reduction
on GNI12 electrode with various rotation speeds (w). Using the
Koutechy-Levich equation,* the electron transfer numbers were
calculated with the plotting of ;' vs. w2 (see supporting
information), as shown in the inset of Fig. 6b. At the potential
ranging from —0.4 to —0.6 V, the electron transfer numbers
calculated are close to 2, suggesting the 2 electron (2e) reduction
pathway in the incomplete O, reduction to hydrogen peroxide
(H,0,). At more negative potentials (<—0.6 V), the H,O, was
further reduced to H,O.** Different from the excellent ORR
activity with the 4 electron (4e) reduction pathway from O,
directly to H,O on the N doped carbon nanotubes and graphene
layers reported by other research groups,**¢ the ORR activity of
our CN, graphene with 2e reduction mechanism is much lower.
In their samples, both the pyridinic N and the pyrrolic N were
incorporated, with binding energies located at 398.3 eV and
400.5 eV, respectively.** According to intensive X-ray absorption
analysis of various N incorporated in carbon nanostructures,
Niwa et al. found that the samples with a relatively larger amount
of graphitic N (X-ray absorption peak at 401.5 eV) exhibit
a higher ORR activity than those with a relatively larger amount
of pyridinic N (X-ray absorption peak at 399.1 eV).** Recently,
Nagaiah et al. also reported that in carbon nanotubes doped by
various N, graphitic N played a more important role in the
enhanced ORR activity in alkaline solution than the pyridinic
N.* Tt seems that our result is a more direct support for the
observation that C-N bonding in pyridinic configuration
may not be an effective promoter for ORR activity. The
above-mentioned repulsion interaction between dense lone pair
electrons in both pyridinic N(3—) and O, may be partially
responsible for the observed ORR performance of pyridinic N.
There are no such dense lone pair electrons in the graphitic N.7 It
also should be pointed out that different ORR performance in
the literature may partially result from different binding energies
of pyridinic N in different samples, because the reported binding
energies of pyridinic N varied in a wide range of
398.3-399.3 eV.2¥28:3435 Fyrther work in comparing the ORR
activity of the graphene samples with pure pyridinic/pyrrolic/
graphitic N configurations is needed to clarify the origin of novel
ORR activity in N-doped carbon materials.'®

Conclusions

Nitrogen-doped single layer graphene (CN, graphene) incorpo-
rated with N percentage up tol16% was synthesized by thermal
chemical vapour deposition of hydrogen and ethylene on Cu foils
in the presence of ammonia. The Raman spectroscopy and TOF-
SIMS images show that the incorporated N in graphene is in
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domain like distribution. The pure pyridinic N-C bonding
configuration in CN, graphene was confirmed by the XPS and
UPS investigation. Moreover, the UPS investigation demon-
strated that pyridinic N efficiently changed the valence band
structure of graphene, including the raising of density of 7 states
near the Fermi level and the reduction of work function. The 2e
reduction mechanism of the pyridinic N in ORR found in our
experiments suggests that the pyridinic N may not be an effective
promoter as previously expected.
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