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evolution of the nitrogen
configurations in N-doped graphene films†

Boitumelo J. Matsoso,ab Kamalakannan Ranganathan,ab Bridget K. Mutuma,ab

Tsenolo Lerotholi,b Glenn Jonescd and Neil J. Coville*ab

Large-area time-controlled N-doped graphene films were grown on a Cu foil using an ammonia-assisted

atmospheric pressure chemical vapour deposition (APCVD) technique. The films were characterized using

optical microscopy, Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). Raman

spectroscopy was used to verify the doping level and lattice distortion in the graphene films, while the

degree of N-doping (N/C at%) and nitrogen configuration were studied by XPS. The results showed that

both total nitrogen content and configurations were strongly dependent on the growth time. Notably, at

short growth time (2 min) pyridinic-rich films with high oxygen content (�47.02%) were produced, and

the total N-content reached a maximum of 4.68%. Interestingly longer growth times (20 min) also

resulted in pyridinic-rich films, however both the nitrogen and oxygen content were at lower values of

2.84% and �26.07%, respectively. With increasing growth time, Raman spectra showed a decreasing

doping level as seen by the decreasing ID/IG ratio values (1.2 to 0.9). Additionally, Raman peaks exhibited

a systematic blue shift due to the compressive strain on the C–C bonds during the incorporation of N

atoms into the graphene lattice. The study presents an in-depth understanding of how exposure time of

N-dopants influences the bonding states of nitrogen atoms to carbon atoms, thereby dictating the

resulting type of N-configurations as well as the overall nitrogen content.
1. Introduction

Graphene, a two dimensional (2D) crystalline allotrope of
carbon,1 has attracted great interest for applications in the eld
of energy and storage devices due to its unique properties.1–3

These unique properties include high chemical stability, high
electrical conductivity, and large surface area;1,4–10 thereby
enabling graphene to have potential applications in super-
capacitors, photovoltaics, sensors, electronics, or Li
batteries.11–14 However, being a zero band gap 2D material,2,15

graphene is not ready for its application in the next generation
electronic devices because its electrical conductivity cannot be
completely controlled when compared with classical semi-
conductors (such as silicon, germanium, gallium arsenide,
silicon carbide, etc.). Reports have however shown that gra-
phene can compete with commercial semiconductors if its
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electrochemical properties are tuned. This can be achieved by
either functionalization of the surface of graphene with gaseous
molecules, metals, organic molecules, or by the chemical
substitution of foreign atoms into the graphene lattice.16–19

Theoretical and experimental attempts have indicated that
chemical doping of graphene with heteroatoms is the most
efficient technique for tailoring the electronic, chemical, optical
and magnetic properties of graphene;20–22 to broaden its appli-
cations. Doping with heteroatoms, such as nitrogen, phos-
phorus, sulphur, nitrogen/sulphur, or nitrogen/boron, allows
graphene to have an open band gap; hence leading to the
transformation of graphene into a p- or n-type semi-
conductor.23,24 It has been shown that the chemical doping
inuences the properties of graphene according to the at least
two features of the dopant element, namely: (1) size of the
dopant, and (2) dopant atom electronegativity.24 These features
play a signicant role in determining the application of the
doped graphene as well as in choosing the appropriate dopant.

Recent success in N-atom doping of carbon nanotubes
(CNTs) to give N-CNTs25 by chemical vapour deposition (CVD),
arc discharge, and ammonia post-treatment techniques has
encouraged attempts for the chemical N-doping of graphene
lms. This is because nitrogen (65 pm) has a comparable
atomic size to that of C (70 pm), thus making its incorporation
into the graphene lattice possible. Additionally, nitrogen has an
extra electron in its outer shell, which plays a signicant role in
This journal is © The Royal Society of Chemistry 2016
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predicting the applications of the N-doped graphene by either
inducing n- or p-type semiconducting behaviour.24 Typically, in
most reports on synthesized N-doped graphene, X-ray photo-
electron spectroscopy (XPS) studies have shown that N atoms
can be bonded to the C atoms in graphene in at least four
bonding congurations (Scheme 1).

The bonding congurations are as follows: pyridinic-N (398.1–
398.3 eV), pyrrolic-N (399.8–400.2 eV), quaternary or graphitic-N
(401.1–402.7 eV), and oxidised pyridinic-N (403–405 eV).14,22,25–27

Pyridinic-N is bonded to two C atoms at the edges of the gra-
phene domains. Due to its sp2-hybridisation, the pyridinic-N
atoms contribute an extra p-electron to the delocalised
p-system of the graphene lattice.25–28 In addition, pyrrolic-N
atoms are sp2-hybridised and are also bonded to two C atoms
at the domain edges. Finally, graphitic-N atoms exhibit sp2-
hybridisation and introduce the remaining two electrons to the
delocalised p-system.25–28 For the oxidised pyridinic-N congu-
rations, the N atoms are bonded to two C atoms and an O atom.25

Thus, it can be concluded that each of the N-congurations
affects the electronic and transport properties of graphene
differently. For instance, theoretical studies have indicated that
both pyridinic and pyrrolic N-congurations occur at defects,
and high concentrations of these congurations induce p-type
semiconductor behaviour in nitrogen doped graphene because
they withdraw electrons from the graphene lm.29,30 Additionally,
the graphitic N-conguration was found to induce n-type
conductivity, since one electron becomes engaged in a p bond
while the h electron forms a partial p*-bonding state of the
conduction band. Each graphitic N-conguration contributes to
the p system of the graphene lattice, hence preserving the high
mobility of charge carriers in N-doped graphene.29,30 Contrary to
theoretical predictions, experimental work by Lu et al. showed
that a crossover behaviour from p- to n-type could be observed in
N-graphene with an increasing degree of N-doping, especially for
graphene lms dominated by pyridinic and pyrrolic N-congu-
rations.31 Schiros and co-workers attributed this crossover
behaviour to the hydrogenation of both pyridinic and pyrrolic N
Scheme 1 Typical configurations of nitrogen atoms in graphene: (1)
pyridinic N, (2) substitutional or graphitic N, (3) triple vacancy pyridinic
N, (4) pyrrolic N, and (5) oxidized pyridinic-N (NOx).

This journal is © The Royal Society of Chemistry 2016
atoms, which then transforms them from p-type to n-type
semiconductors.32

Similar to N-CNTs, two approaches have been used for the
synthesis of N-doped graphene. These include; (1) direct or in
situ doping during the synthesis of the graphene lms and (2)
post-doping of the as-synthesized graphene lms with
a nitrogen source. The latter doping method leads to surface-
functionalization of graphene, whereas the former leads to
the introduction of heteroatoms into the carbon lattice of gra-
phene, thus resulting in the formation of homogeneously
doped graphene lms. In situ N-doping is the preferred
approach and it can be achieved via synthesis techniques such
as chemical vapour deposition (CVD), segregation growth,
solvo-thermal, laser ablation, microwave irradiation, and arc-
discharge.22,33–35 Among the in situ synthesis methods, the CVD
technique has been extensively studied for the growth of large
area N-doped graphene lms from gaseous mixtures,22 liquid
organic precursors,34 and solid precursors.35 Apart from its easy
scalability, CVD enables an easy approach for controlling the
nitrogen content in a reaction by changing the owrate, the
ratio between the carbon and nitrogen sources, the growth
temperature, as well as the metal catalysts.22,36,37 For instance,
Qu et al.36 showed that growth of N-graphene lms on a Ni
catalyst at 1000 �C using a 5 : 1 CH4/NH3 precursor gas mixture
produced lms consisting mainly of pyridinic and pyrrolic N
congurations. On the other hand, Wei and co-workers22 re-
ported that the graphitic-N conguration was predominately
found in N-graphene lms grown at 800 �C on a Cu foil using
a 1 : 1 CH4/NH3 gas mixture. Additionally, Luo et al.37 synthe-
sized pyridinic-N rich nitrogen doped graphene lms on a Cu
foil by using 1 : 1 and 3 : 1 C2H4/NH3 mixture at 900 �C.

Interestingly, most reports indicated that successful CVD
synthesis of N-doped graphene with varying nitrogen content is
dependent on the concentration of the N-precursor material,
metal catalyst and the growth temperature. However, the
evolution of the N-congurations with time has been little
studied. Therefore, this investigation reports a facile method for
an in-depth study and understanding of the time-dependent
APCVD N-doped graphene lm growth using ammonia.
2. Experimental
2.1 Starting materials

The reagents used in all experiments were of analytical grade.
Acetone (99%, ACE, gold line (CP)) and methanol (MeOH,
99.5%), were bought from Sigma-Aldrich (South Africa). The
argon (Ar, 99.9%), methane (CH4, 99.98%), ammonia (NH3,
10% in Ar) and hydrogen (H2, 99.98%) gases were supplied by
Afrox, South Africa. Other materials include a copper foil
(25 mm, 99.98%) from Sigma Aldrich (RSA), poly(methyl meth-
acrylate) (PMMA, Mw � 999 000, crystalline, Sigma Aldrich),
a silicon substrate with 300 nm silicon oxide layer (Sigma-
Aldrich), and copper plate and iron wire (University of the
Witwatersrand workshop). Distilled water was used throughout
the experiments.
RSC Adv., 2016, 6, 106914–106920 | 106915
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2.2 Synthesis and transfer of N-doped graphene lms

The in situ N-doping of graphene lms was achieved using
APCVD on a copper foil in a quartz tube furnace. All the lms
were grown using 10 sccm CH4, 3 sccm H2, 300 sccm Ar, and 5
sccm NH3. An electrochemically cleaned38 Cu foil was placed at
the center of the cylindrical quartz tube (100 cm � 20 cm), and
the tube was then inserted in a horizontal furnace. The furnace
was heated to 1000 �C at a ramping rate of 10 �C min�1 under
atmospheres of H2 and Ar, and then held at the designated
temperature for 30 minutes. The growth of the in situ N-doped
graphene lms was carried out for varying times (2, 5, 10, and
20 min) under 10 sccm of CH4 and 5 sccm of NH3. The low NH3

ow rate was chosen to limit Cu corrosion by the NH3. In the
control experiments, pristine graphene lms were grown for the
same times (2, 5, 10, and 20 min) using 10 sccm CH4. Finally the
reactor was rapidly cooled to room temperature by pushing the
quartz tube outside the reactor.

Aer growth, both pristine and N-doped graphene lms were
then transferred onto the 300 nm SiO2/Si substrate using the
PMMA-assisted electrochemical delamination method.38

Initially, a 1 cm � 1 cm square of the as-grown lm on Cu was
spin coated with a thin layer of PMMA at 2000 rpm for 60 s, aer
which it was baked at 80 �C for 5 min to ensure good adhesion
of the PMMA on the graphene/Cu. From the electrolysis of
water, the PMMA/graphene lm was then detached from the Cu
foil by the generated hydrogen bubbles. Aer the detachment of
the PMMA/graphene lm, the oating PMMA/graphene lm
was transferred onto the SiO2/Si substrate. The transferred lm
was baked at 50 �C for 30 minutes to enable good adherence of
PMMA/graphene onto the substrate. Finally, the PMMA was
dissolved with warm acetone and the residual PMMA/acetone
on the lms was removed by washing the lms with multiple
volumes of methanol and distilled water.
2.3 Characterization

The structural characterization of the as-synthesized pristine
and N-doped graphene lms on 300 nm SiO2/Si substrates was
studied by Raman spectroscopy. Raman spectra of all lms were
collected on a Bruker Raman Senterra spectrophotometer
(Bruker, South Africa) using a 532 nm excitation laser and at
a very low laser power (0.5 mV) to avoid laser-induced heating
which can damage the lms. Optical imaging was captured by
a 50� optical objective lens. The chemical composition of the
prepared lms was studied by X-ray photoelectron spectroscopy
(XPS) at the Thermo Scientic factory in UK. The ex situ XPS
study was carried out on lms grown on Cu foil with a Thermo
Escalab 250. The data were referenced to the carbon peak at
284.0 eV (error bar 0.1%). The radiation used was a mono-
chromatised aluminium Ka radiation with a 400 mm spot size
and a ‘pass’ energy of 60 eV was used.
Fig. 1 Optical images of N-doped graphene films grown at (a) 2 min,
(b) 5 min, (c) 10 min, and (d) 20 min.
3. Results and discussion

The structural characterization of the as-grown lms was
determined by studying their optical images and Raman
106916 | RSC Adv., 2016, 6, 106914–106920
spectra; while the degree of N-doping and type of
N-congurations were conrmed by studying their XPS spectra.

3.1 Microstructural analysis of the lms

Optical micrographs (Fig. 1) of N-doped graphene lms trans-
ferred onto a 300 nm SiO2/Si substrate showed large-area,
continuous and uniform lms. In comparison with their pris-
tine graphene counter-parts (Fig. S1†), N-doped graphene lms
exhibited regions of multilayers embedded within a uniform
and continuous lm. The multilayer regions can be ascertained
by the dark spots. This is because for pristine graphene lms on
a 300 nm SiO2/Si substrate the thickness can be veried by the
colour contrast of the substrate due to the light interference
effect.2,3 Therefore, the darker colour contrast of the substrates
indicates a thicker lm.

3.2 Raman analysis

To study the structural and electronic properties of the as-grown
N-graphene lms, Raman spectroscopy was used since it is
a non-destructive and powerful technique for characterizing
carbon materials.39–46 Fig. 2 shows the Raman spectra of both
pristine and N-doped graphene lms on a 300 nm SiO2/Si
substrate synthesized under the same growth conditions. The
pristine graphene lms (Fig. 2a) exhibited three Raman peaks,
which are assigned to D (�1340 cm�1), G (�1583 cm�1) and 2D
(�2675 cm�1) bands, respectively.43,44 Interestingly, the relative
intensity of the D band was found to decrease with increasing
growth time (2–20 min). This is indicative of an improved
quality of the graphene lms with prolonged growth time. The
Raman spectra of N-doped graphene lms (Fig. 2b) showed
four peaks, which can be assigned to D (�1350 cm�1), G
(�1590 cm�1), D* (�1623 cm�1), and 2D (�2678 cm�1) bands.
Furthermore, the pronounced D band relative intensity across
the growth regime is an indication of graphene lattice distortion
by N atoms. However, it can be seen that the relative D band
intensity was not signicantly affected by time.

Understanding of the graphene lattice distortion due to
N-doping was done by assessing the observed Raman peaks
(Fig. 2b). The existence of a strong defect-induced D band
(�1350 cm�1) in all N-doped graphene Raman spectra is
indicative of the successful incorporation of N atoms into the
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Raman spectra of pristine (a) and N-doped (b) graphene films
grown at varying times.
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graphene matrix, hence leading to a broken symmetry of the
graphene lattice. The emergence of the D* band (�1623 cm�1)
on the shoulder of the G band is also considered as another
Raman feature induced by defects. The D* band occurs through
an intravalley double resonant scattering process, in which the
defects provide the missing momentum required to satisfy the
resonant process.39,40,43–45 The relative intensities of these defect-
induced peaks indicate the presence of substantial amount of
defects; either in the form of in-plane heteroatom substitution,
ad atoms, vacancies, and/or grain boundaries/edges. In contrast
to both D and D* bands, the relative intensity of the lattice-
defect sensitive 2D band (�2678 cm�1) is signicantly sup-
pressed across the growth regime. The 2D band originates from
a two-phonon double resonant process and it does not require
a defect to fulll the resonant conditions.41,47 During N-doping,
nitrogen atoms create lattice defects and introduce electron
doping; and both of these processes increase the electron/hole
scattering rate in N-doped graphene which then leads to the
diminished 2D band intensity.

To further understand the degree of lattice distortion and
the electronic properties of our lms, the positions of the
graphitic Raman peak (G band) were studied in detail. These
peak positions were observed to have blue shied by
a maximum of �9.5 cm�1 (red line in Fig. 3a), as compared to
their graphene counterparts (black line in Fig. 3a). This blue
shiing of the G band could be attributed to the increased
electron doping, since this leads to stiffening of the phonons for
the G band.41,46,48 In addition to the position of the G band, the
position of the 2D band is another important parameter for an
in-depth investigation of the electronic and structural proper-
ties of N-doped carbon materials.40,41 This is because the 2D
band position is affected by the modication of the equilibrium
Fig. 3 Peak positions for the G (a) and 2D (b) bands for both pristine
and N-doped graphene films.

This journal is © The Royal Society of Chemistry 2016
lattice parameter as a result of lattice distortion by nitrogen
dopants.41 Fig. 3b (red line) shows that the 2D band position in
N-graphene lms are blue shied by a maximum of �12.4
cm�1. The strong blue shi observed in both the G and 2D band
positions signies that not only electron doping contributes to
the effect, but also that compressive/tensile strain in the C–C
bonds could play an important role in the observed blue shi of
both peaks. Earlier theoretical calculations by Allen's group
indicated that during N-doping different N-congurations lead
to compressive strain on C–C bonds.49 Their results showed that
since pyridinic and pyrrolic bonding congurations have
shorter bond lengths (�1.32 Å and �1.37 Å respectively) than
that of C–C (�1.42 Å), then a high concentration of these
congurations result in a compressive strain on C–C bonds,
thereby leading to a blue shi in the 2D band instead of the
well-known red shi. To support the nding by Allen et al.,
Dettori and co-workers50 showed that even for defected gra-
phene, defects associated with bond reconstruction do lead to
lattice deformation and stress/strain elds. Therefore based on
the above analysis, we can ascertain that both electron doping
and compressive strain on C–C bonds strongly contribute to the
blue shiing of both G and 2D bands.

Commonly, the ratio of the relative intensity of D band to G
band (ID/IG) is used to determine the quality or degree of
disorder for as-grown pristine graphene.39,40 Fig. 4a (black line)
shows that the level of disorder in pristine graphene lms
decreases with increasing growth time. Upon N-doping of gra-
phene lms, the ID/IG values (Fig. 4a, red line) are observed to be
larger than those of pristine lms, and this is due to the
structural defects induced by introducing nitrogen dopants into
the graphene lattice. Similarly, the ID/IG ratio is seen to decrease
with increasing growth time; with the lowest intensity ratio
found at 20 min growth time (ID/IG ¼ 0.87). Ferrari and Rob-
ertson51 attributed this phenomenon to the different arrange-
ments of defects in sp2 carbon materials. The high ID/IG ratio
values signify the formation of nanocrystalline graphite
domains. However, with increasing growth time, these nano-
crystallites change until they open up to form a matrix made up
of sp2 carbon clusters containing low sp3 amorphous carbon
domains. The loss in the sp2 ring in graphite nanocrystallites
decreases the intensity of the D band relative to that of the G
band; hence leading to the observed decrease in the ID/IG ratio.
Therefore, the results indicate fewer lattice distortions are
produced with increasing growth time. Recently, Eckmann and
Fig. 4 Evolution of ID/IG (a) with increasing growth time for both
pristine and N-doped graphene films and ID/ID* (b) for N-doped gra-
phene films.

RSC Adv., 2016, 6, 106914–106920 | 106917
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co-workers42 indicated that the nature of defects in graphene
lms can be determined by Raman spectroscopy by using the
intensity ratio of the defect-activated bands (ID/ID*). They
showed that the ID/ID* is at a maximum (�13) for sp3 hybrid-
isation defects at graphene/graphite edges and grains bound-
aries, and that the value decreases to�7 for on-site/vacancy-like
defects. It nally reaches a minimum of�3.5 for defects located
at grain/domain boundaries. Therefore, by using the ID/ID* ratio
we can determine the nature of defects present in our N-doped
graphene lms. Fig. 4b shows that the maximum defect-
sensitive intensity ratio ID/ID* is �1.8, which suggests that the
N-doped graphene lms contain predominately grain/domain
boundary defects.
3.3 XPS analysis

The XPS analysis was used as a surface sensitive and standard
technique for determining the overall degree of N-doping and
the different N-congurations in our lms. The overall
percentage concentrations of the carbon, nitrogen, and oxygen
atoms (Fig. 5a) were determined by taking the integrated peak
areas of the C1s, N1s, and O1s from the XPS survey spectra. It
was seen that the carbon concentration increased (50.6–71.9
at%) while both nitrogen (2.3–2.0 at%) and oxygen (47.0–26.1
at%) concentrations were found to decrease as the growth time
increased. The ratio of the integrated peak area of N1s to that of
the C1s (i.e. N/C ratio) was used to calculate the overall nitrogen
content in the lms, and this was found to be 4.68%, 3.75%,
3.25%, and 2.84% for the N-graphene lms grown at 2, 5, 10,
and 20 min, respectively (Fig. 5b). The results indicate that the
nitrogen content was strongly dependent on the growth time of
the as-synthesized lms. The high degree of doping for lms
grown at 2 min (4.68%) is in agreement with the largest defect
intensity ratio (ID/IG) observed in Fig. 4a. Likewise, the low
N-content for lms grown at 20min (2.84%) correlated well with
the low ID/IG ratio (0.87). The results indicate that short growth
time (2 min) results in the formation of many poorly connected
graphene domains, hence permitting a large incorporation of N
atoms at the edges or grain boundaries. However, at a longer
growth time the graphene domains have started to coalesce into
bigger graphene domains, hence making incorporation of more
N atoms into the graphene lattice more difficult. Compared to
the pristine graphene lms (Fig. S2†), the increased oxygen
content in the N-doped graphene lms indicates a stronger
Fig. 5 (a) Atomic composition analysis from the XPS survey spectra
and (b) N/C content in N-doped graphene films grown using 10 sccm
CH4 and 5 sccm NH3.

106918 | RSC Adv., 2016, 6, 106914–106920
oxygen adsorption ability on N-graphene lms, hence demon-
strating a potential application of N-graphene lms in fuel
cells.36

The deconvolution of the N1s XPS spectra was performed to
determine the different bonding states (N-congurations) of
nitrogen atoms in our N-doped graphene lms (Fig. 6 and S3–
S5†). Fig. 6 shows that the N1s spectra can be deconvoluted into
at least four component peaks attributed to pyridinic-N (397.6–
398.1 eV), pyrrolic-N (399.0–399.7 eV), substitutional/graphitic-
N (400.6–401.7 eV), and the oxidised pyridinic-N (NOx, 402.7–
404.6 eV), respectively.22,25–28,52 The different relative intensities
of the N-congurations indicate that the formation of N-
graphene lms rich in one N-conguration can be controlled
by adjusting the growth time. The different chemical environ-
ments for the C atoms within the N-doped graphene lms were
determined by deconvoluting the high-resolution XPS C1s scan,
as shown in Fig. 6 and S3–S5.† All C1s XPS spectra exhibited an
asymmetrical and tailing peak, which is indicative of different
bonding states for C atoms. The main component located at
284.0 eV corresponds to the presence of C atoms in graphite-like
sp2 C–C bonds.25–27,53 When compared with the peak position of
sp2 C–C in graphite,53 the main component peak in N-doped
graphene lms is expected to shi to higher binding energies
attributed to the bonding of C atoms (2.55) to the more elec-
tronegative N atoms (3.04); this effect is not observed in the C
XPS data due to the low N content in the material. Its high
intensity indicates that most of the carbon atoms within the N-
doped lms remain bonded together in a conjugated honey-
comb lattice. Two component peaks centred at 285.2–285.7 eV
and 286.2–286.9 eV can be assigned to the contribution from
N–sp2–C (graphitic, pyridinic, and/or pyrrolic) and N–sp3–C
(defected sp3–C bonds) respectively.25–27,35,53 Finally, the peak at
higher binding energies (288.3–288.5 eV) is attributed to the
formation of C–O bonds from the oxygen at the edges of gra-
phene domains.36,47

The effect of growth time on the N-congurations was
further investigated by determining the % concentrations of all
congurations in the N-graphene lms, as well as calculating
the % amounts of each conguration per N-content (Fig. 7a and
b). At 2 min and 5 min growth times the predominant
N-congurations are the pyridinic- and pyrrolic-types; which
indicate that most of the N atoms are located at the edges or on
the defected sites on the graphene domains. Lack of any
substitutionally incorporated N atoms conrms the existence of
small graphene domains based on the stability for the
Fig. 6 C1s and N1s core–shell XPS spectra of N-doped graphene films
grown at 10 min.

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 (a) % N-configurations and (b) contents of pyridinic-N, pyrrolic-
N, graphitic-N and NOx as a function of growth time.

Scheme 2 Growth mechanism of N-doped graphene films with
increasing growth time (stages 1–3: pyridinic-N, pyrrolic-N, graphitic-
N, oxidized pyridinic-N).
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formation of different bonding states (C]C (6.24 eV) > C–C
(3.71 eV) > C–N (2.83 eV));54 thereby making incorporation of N
atoms into the graphene domains difficult. At 10 min growth
time, there is almost an equal rate of growth to give both
graphitic-N and pyridinic-N bonding states. Finally, at a longer
growth time (20 min), the pyridinic-N bonding states reach
a maximum of 2.36 at%/total N-content, while growth of both
pyrrolic- and graphitic-N was noted. The absence of NOx suggests
that all the N atoms are perfectly incorporated into the graphene
lattice. The observations indicate that prolonged growth time can
cause healing of the graphene lattice to form more stable sp2

bonds, therefore leading to the breakage of the C–N bonds and
removal of nitrogen atoms.52 The results are also in good agree-
ment with theoretical calculations which indicate that N atoms
are more thermodynamically stable at graphene edges, and with
the pyridinic-type being the most stable.20–22,51

3.4 Growth mechanism of our samples

Based on the above characterization and analysis, we can,
therefore, conclude that the time-dependent growth of N-doped
graphene lms follows at least a three-stage growth mechanism
(Scheme 2). In stage 1 (2 min and 5 min), the N-graphene lms
contain predominantly pyridinic and pyrrolic-N congurations
along with some oxidised pyridinic-N type species. Interest-
ingly, there are little or no graphitic-N type congurations
detected, indicating that both pyridinic and pyrrolic-N atoms
are found at the graphene domain edges and on defective sites.
As a result, high defect density ratio values (ID/IG ¼ 1.19 and
1.09 for 2 min and 5 min, respectively) were observed at this
stage. The high relative intensity of the pyridinic-N congura-
tions at 2 min growth time could be attributed to the different
ways in which the pyridinic-N atoms are placed around the
defects (i.e. to give mono-, di-, tri- and tetramerized pyridinic
defects).55,56 In stage 2 (10 min), the N-graphene lms consisted
mainly of graphitic-N type bonding states with minimum
amounts of pyridinic-N type atoms. This indicates that there is
sufficient time in the doping reaction to permit the successful
substitution of C atoms with N atoms, as well as to allow coa-
lescence of graphene domains, as reected by the slightly lower
ID/IG value (1.05). At stage 3 (20 min), the N-graphene lms
consisted mostly of pyridinic-N, with a small amounts of
graphitic and pyrrolic-N atoms and no oxidised pyridinic-N
atoms. Unexpectedly, the lm exhibited a low defect density
ratio (ID/IG ¼ 0.87), although pyridinic-N type are expected to
This journal is © The Royal Society of Chemistry 2016
increase the defect density. However, this improved quality
indicates that prolonged growth time plays a signicant role
regarding the re-arrangement of pyridinic-N atoms. Since
pyridinic-N atoms are bonded to sp2 hybridized C atoms, we can
suggest that at stage 3, most of the pyridinic-N atoms are
located at the edges of the graphene domains with some of the
N atoms located at defective sites to contribute to the defect
density ratio.
4. Conclusions

We have successfully synthesized continuous and large area
N-doped graphene lms using the co-growth of ammonia and
methane gases via the APCVD technique. We used optical
microscopy, Raman spectroscopy and X-ray photoelectron
spectroscopy (XPS) to characterize the N-graphene lms and to
compare them with their pristine graphene counterparts.
Nitrogen atoms were incorporated into graphene and the
maximum N/C content of 4.68 at% was noted at a short growth
time; while a minimumN/C content of 2.84 at% was observed at
longer growth times. Furthermore, the type and amount of the
N congurations (pyridinic, pyrrolic, graphitic and NOx) were
found to be time-dependent. At 2 min and 5 min times, pyr-
idinic, pyrrolic-N and NOx bonding congurations dominated.
A 10 min growth time led to the formation of graphitic-N-rich
lms, which also contained small amounts of pyrrolic-N and
NOx. In contrast, the longer growth time (20 min) produced
N-graphene lms rich in pyridinic-N with some graphitic-N
bonding states. The lms lacked NOx bonding types and few
pyrrolic-N congurations were observed.
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