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We explore the behaviour of nitrogen doping in carbon narterias, notably graphene, nanotubes, and carbon thin.films
This is initially via a brief review of the literature, foleed by a series of atomistic density functional calculatioe show
that at low concentrations, substitutional nitrogen dgpimthe sg-C graphenic basal plane is favoured, however once nitroge:.
concentration reaches a critical threshold there is aitransowards the formation of more thermodynamically faxed nitrogen
terminated ‘zigzag’ type edges. These can occur eitheroriadtion of finite patches (polycyclic aromatic azacarbpsisips

of sp? carbon with zigzag nitrogen edges, or internal nitrogemieated hole edges within graphenic planes. This tramstt
edge formation is especially favoured when the nitrogerbegpartially functionalised with, e.g. hydrogen. By comgain with
available literature results, notably from electron egdags spectroscopy and X-ray spectroscopy, the currenttsesuggest
that much of the nitrogen believed to be incorporated intv@a nanoobjects is instead likely to be present termigatie
edges of carbonaceous impurities attached to nanoobgerface. By comparison to nitrogen-doped tetrahedrallgraimous
carbon, we suggest that this transition at around 10-20 fégeh concentration and above towardé@pordination via internal
nitrogen-terminated edge formation may be a general ptppénitrogen doped carbon materials.

1 Introduction

ally exhibit morphologies similar to their undoped counter
parts, namely straight non-buckled nanotube v¢&f& How-

Heteroatom doping has long been of interest as a way to mo@ver nitrogen doped multi-walled nanotubes (MWNTS) ex-

ify the physical, chemical and electronic properties oboar

hibit very distinct morphologies, significantly differefrom

materials~>. With its five valence electrons compared to car- their undoped counterparts. These tubes always have a sc
bons four, and very similar atomic radius, nitrogen is a natcalled “bamboo” structure, where the nanotube containg-a re

ural choice for doping nanocarbon& Nitrogen doping of

ularly spaced array of internal carbon walls, or ‘herringbo

carbon nanomaterials has been explored as a way to electroijtructures where the tubes are constructed from a stacke:
cally dope carbon, chemically activate the carbon surface a cone carbon arrangement. Nitrogen doped nanotubes are less

change solubility, and improve the electrical and therroalc
ductivity of carbon nanotubes (CNT%}® with the resulting
materials showing promise for oxygen reduction reacttbhs

stable than their pure carbon counterparts, breakingyeasil
under the electron beam in the transmission electron micrc-
scope (TEM¥324and oxidising at lower temperatures than un-

energy-storag€!’, gas'® and bic* sensors, and in synthesis doped tube®. Similar behavior under the electron beam has

of 3D macrostructurés.

also been observed in N-doped graphene compared to pristire

Nitrogen doped single walled nanotubes (SWNTs) genergraphene26
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Nitrogen doping in nanocarbons exhibits similar spectral
signatures whether in grapheiié® nitrogen-doped carbon
thin films2°, SWNTs?330 (see Figure 1) or nanodiamorids
The nitrogen K-edge is seen to split into two distinttpeaks
at ~398 and 402 eV, with a third intermediate peaka00
eV seen in MWNTS$"3 The peak at-398eV is commonly
associated with pyridinic nitrogen, defined as a nitrogemat
with two aromatic carbon neighbours. This can occur next tc
a vacancy, or at an edge site, for example at an open nanotut:2
tip” (see Figure 2). The peak at400eV is commonly as-
signed to pyrrolic nitroge?t33 substitutional nitrogen atoms
in a region of defective non-aromatic lattice (such as neigh
bouring pentagons and/or heptagdisir sp cyanide (triple
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[N]=12.8 at.%
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Fig. 1 N1s core level spectra from nitrogen implanted CVD
few-layer graphene; experimental data (dotted line), peakulting
from a least-square fitting procedure (continuous red liAe)
Shirley-type background was subtracted (adapted fromrBede
27)

bonded to carborff3° Finally the peak at-401-402eV is

normally assigned to substitutional (graphitic) nitrogen

2 Substitutional nitrogen in bilayer graphene

The current investigation was initiated by the fact thatesxp
iments seem to suggest fundamental limits to nitrogen dop-
ing concentrations in CNTs. In SWNTs concentrations ap-
pear limited to~1 % at most>2430 whereas in MWNTs av-
erage concentrations can reach up-b5-20 %42 While
local concentrations can reach 25-30%4t has been shown
with electron tomography that the nitrogen is not homoge
nously distributed in this case and instead the sample icenta
nitrogen-rich non-graphitic regiof& To determine a theo-
retical maximum attainable upper limit for nitrogen sutosti
tion in an sg-layered carbon system, we performed a series
of density functional calculations.

We constructed supercells containing AB-bilayer graphene
(see computational method below), then substituted randor .
carbon atoms with nitrogen, imposing the rule that neigitbou
ing atoms could not be substituted. The systems were then
fully geometrically optimized. This process was repeatad f
a number of different nitrogen configurations, at a range of
different nitrogen concentrations from 0-50 %. Substitgti
carbon with nitrogen disrupts the surrounding electranic

Other macroscopic spectroscopic techniques as Ramdoud, and at a certain point the surrounding carbon atom=
spectroscopy have also been successfully employed for thd€ NO longer stable in an%ponfiguration, and instead have

study of doped spcarbon nanomaterialé®. In N-doped

a tendency to cross-link with the neighbouring layer form-

SWNTs, the shift and broadening of characteristic Ramad"d SP’-bonded carbon. The natural limit of this is at 50

peaks provides information about the doping degree of thes@ Nitrogen incorporation, at which point every other carbon
material$24%. We focus in this current article on x-ray and atom has been nitrogen substituted. The remaining carbo.:

electron spectroscopy results.

(b) (c)

(@)
(d) (e)

) (h)

Fig. 2 Possible bonding configurations for N in graphitic networks

(a) pyridinic-like N, (b) pyrrolic-type nitrogen (other pylic
configurations are possible provided the nitrogen remaifis s
coordinated), (c) graphitic substitutional nitrogen, Ktifrile -C=N,
(e) -NH, (f) pyridinic N-vacancy complex, (g) pyridinic
Ns-vacancy, (h) interstitial nitrogen. Reproduced from Refiee 7.

atoms all cross-link between the two layers, resulting inlly f
sp*-coordinated system with interior atoms’dmked carbon
atoms, and the external faces terminated with pyramidad-it
gen atoms (see Figure 3).

100 :
a0 + @ Nitrogen

80 @ Carbon
70 |
60
50
40 1 e P E S g,
30 L€ i P e P2 T
20
10

% of G atoms with sp® character

% of Nitrogen Doping

Fig. 3 Fraction of carbon atoms in $gonfiguration in bilayer
graphene as a function of substitutional nitrogen dopingqrgage,
after full structural optimisation. spcoordination in all cases
consists of C-C cross-linking between layers. Ball andstiodel
structures of selected data points indicated by arrowsateded.

Our results are shown in Figure 3, where we can see three
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distinct regimes. Below~10 % nitrogen, no cross-linking

between the layers occurs, and the system remains fully sp Roberison ef al. (Ref. 44)
coordinated. In the range 10-20 % ni irst i 80 ¢ . (Ref.
. ge 6 nitrogen the first intenay . Hu et al. (Ref. 51)
C-C bonds form. Above 20-25 % the cross-linking between
carbon atoms in adjacent layers increases significantly, an o L
the layered spcarbon structure breaks down until at 50 % ni- .
trogen, all the carbon atoms are*spordinated. Thus, these fi
findings could also explain the different morphologies txgs o 40 L4t

in N-doped MWNTS, which, as mentioned above, are associ
ated the different local amounts of N incorporated on thes¢

NT. 20 .

Thus this result defines an upper limit for local substitu- ke e
tional nitrogen concentration in a $& layered system at oL : : :
around~10-20 %. At first sight this would appear a highly 0 ° 10 15 20 25
promising result, as it lies in a similar range as the uppe! Nitrogen (at. %)

doping limit observed in N-doped MWNT4°. It also co-
incides with the composition at which GNhin films have
been shown to become uma_hé?dWhose TEM microstruc- determined by EELS spectroscopy, showing a marked transiti

j[ures shov_v heawly f:: r%ss-llnke? Izlslyerds ﬁnd |nter-l_aye|rc5pa towards high sp-fraction when the nitrogen concentration passes a
Ings con5|stent_ V\_"t _t ese calculate _ere. It is C‘?Se t(fhreshold. Data from References 44,51. Data from ReferBiice
the threshold limit nitrogen concentration observed in N-yya5 ypshifted as compared to Ref. 51 by 10% due to assumed
implanted grapherfé, and also matches early PM3 calcula- mislabelling in the original published plot.

tions of nitrogen doped graphene monolayers which found
sheet corrugation begins (corresponding t6-Greakdown)
at around 20% [N{". mogenous samples with only substitutionally bonded nirog

However in fact, this predicted transition from?s@ to-  bonding species. However as discussed above, XPS studic:s
wards sp-C at ~20% [N] is actually a misleading coinci- clearly see nitrogen in other configurations, notably pipitd
dence, as we will now show. This is the configuration shown in Figure 2(a), a nitrogemato
with only two neighbours, i.e. nitrogen adjacent to either a
external or internal edge (such as vacancies).

Variable nitrogen concentration, [N], studies of these two
Unfortunately the sp'sp® carbon ratio in nitrogen doped car- peaks show the substitutional nitrogen 400.5eV peak resnain
bon nanomaterials as a function of nitrogen concentraton iconstant independent of [N], whereas the pyridinic 398.2 eV
rarely discussed, since typically the XPS C1s peaks aralbrogpeak intensity is proportional to nitrogen concentratfon
and difficult to deconvolut?. We therefore instead turn to Studies of N-doped ultra-hard thin films grown by magnetron
the literature for nitrogen doped tetrahedrally amorphears  sputtering found a rapid increase in elastic recovery biebav
bon (ta-C). Previous theoretical works also indicated tiat as [N] passed from 5 to 15%, with a corresponding rapid ana
incorporation favors the formation of reactive Ctsp ad-  continuous increase in the pyridinic 398 eV peak intensity a
jacent site4®. Furthermore, this prediction has been alsocompared to the substitutional 400 eV peakSimilar behav-
used to support the hypothesis that G-apoms act as cross- ior was also seen in our recent X-ray photoelectron spectro
linking sites*s. However, experimentally it has been found microscopy studies of nitrogen ion implantation of nanesib
that high nitrogen concentration GNilms are composed of where the pyridinic / substitutional ratio in randomly aleyl
~100 % sp-configuration®®C. Figure 4 shows two plots multi-walled carbon nanotubes increased with ]
from different sample preparations. As can be seen, the pre- Similarly when implanting individual few-layer graphene
dicted behavior here is the exasterseof our finding above, sheets, we found that while the concentration of subsitiai
namely, in the range 1-10 % or 10-20 % depending on thenitrogen increases by only about 1.6 % between 5 and 1¢
sample, the system undergoes a transition from primarity sp min of nitrogen ion bombardment, the pyridinic almost dou-
coordinated carbon to $goordination, i.e. increasing the ni- bles from 2.5 to 4.7 %/. Whilst these latter cases can be
trogen concentration above this threshold appeassafoilize  understood via the formation of carbon vacancies and void :
spP-coordination. We therefore need a different explanation o due to the sputtering process, it would be desirable to see i’
nitrogen behaviour at higher concentrations. there is a thermodynamic driving force towards pyridinie ni

Our calculations thus far have assumed essentially hatrogen formation at higher nitrogen concentrations. A way t

Fig. 4 sp*-C fraction in nitrogen doped tetrahedrally amorphous
carbon (ta-C) thin films as a function of nitrogen conceidrags

2.1 Nitrogen stabilisation of sp? carbon

This journal is © The Royal Society of Chemistry [year] Faraday Discuss., [year], [voll, 1-10 |3
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achieve this would be through segregation, with primary possegregation at boundaries (grain boundaries, sheet edgels)

sible segregation locations being edges (internal or eatgr
grain boundaries, or new phase formation.

3 Nitrogen segregation at boundaries

segregation via formation of new phases. The first of these is
effectively excluded above, so we next turn to segregation a
sheet edges.

There are two primary cutting directions in the hexagonal
graphene lattice, th@ 100) and the(2110), creating so-called

Our calculations for a single substitutional nitrogen atomarmchairandzigzagdKlein edges respectively. All intermedi-
(Nsupst) in @ large 287 atom graphene sheet (0.3 % N) showvate orientations can be described in terms of alternating se

little change in bond length for the nitrogen compared te car
bon, consistent with previous calculatidfs* (shifts of less
than 0.04A during geometrical optimisation after substitu-
tion). Our calculated formation enthalpy for substituibni-
trogen is +0.21eV, using the formalism

Er(Ngubst) = Eror — ncEr(graphene) — 1/2Er(N2) (1)

Where E-or is the total system energy for the nitrogen sub-
stituted graphene containing:rcarbon atoms, EHgraphene)

tions of these edge orientatiofis in general callecchiral
edges. For a more detailed discussion of edge structure arwu
termination see Referent®e

In the following section we construct orthorhombic super-
cells with ~50 A width graphene nanoribbons, since these
have been shown to be sufficiently wide that the edges arc
decoupled®. Similar convergence criteria and cell dimen-
sions are used to our previous studies with hydrégeny-
droxyl®’, sulphur and halogéfi terminated edges, however
we quote here formation enthalpies per nitrogen atom rathe.

is energy of one carbon atom in an infinite graphene sheethan per unit length to remain comparable to bulk defect-ener

Er(N,) is total energy for an N molecule. By decreasing
the hexagonal cell size we increase the nitrogen concéntrat

while maintaining a homogenous nitrogen distribution. The

trend in formation enthalpy is shown in Figure 5, it can be
seen that once ax2 8-atom cell is reached, the formation
enthalpy for substitutional nitrogen has risen to +0.50 eV.

While this result precludes stabilization via simple nifen
segregation to high density substitutional regions (attlezn
the same sub-lattice), its primary purpose is to provide for
mation enthalpies for comparison with alternative segiega
routes.
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Fig. 5 Calculated formation enthalpy for homogeneously
(hexagonally) distributed substitutional nitrogen instirie infinite
graphene, as a function of nitrogen concentration.

There are three primary segregation possibilities folonitr
genin sg-carbon lattices: segregation via simple aggregation

gies above.

MK

(B)

Fig. 6 Nitrogen-terminated edge structures (a) unstgbl&0)
arm-chair structure (formation enthalpy of +4.62eV/N), ¢table
(2110) zigzag nitrogen-terminated edge (formation enthalpy of
+0.81eV/N), (c) fully hydrogenate(2110) zigzag
nitrogen-terminated edge (formation enthalpy of +0.2368Vand
significantly more stable than all of the others, (d) pdstial
hydrogenated2110) zigzag nitrogen-terminated edge (formation
enthalpy of -0.10eV/N), a nitrogen analogue of the;
[‘lydrogenated zigzag eddje
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In the case of nitrogen terminated edges there are very fe

possible structural configurations, once nitrogen paicsuan % 0.8 - @ Nittogen
dercoordinated nitrogen atoms are excluded. We have consit g 07 | ecEE
ered here the two primar§t 100) and(2110) edge structures, £
along with their formation enthalpies (Figure 6). There are = 0.6 | e i
two key observations we draw, firstly that the armchaiino) g 05| 1
edge structure is extremely unstabler(54.62eV/nitrogen 'CZ id |
atom), and secondly the surprisingly high stability of the ER
zigzag (2110) edge structure (Formation enthalpy of only £ 037 ]
+0.81eV/N atom). Thus this result suggests that nitrogen te S 02| i
minated edges are likely to be exclusively zigzag oriented. &

Unfortunately, the few experimental works on this topic g 0.1y i
to date have investigated flat and homogeneous regions rel - ¢
tively far from the edge of the graphene la§#528 However 0 10 20 30
we note that this situation of exclusively nitrogen-teratad % of Nitrogen Doping
zigzag edges is in line with predictions and observations in_ o ) ]
h-BN60.61 Fig. 7 Calculated effect of decreasing ribbon width on formation

. . . . . . enthalpy of nitrogen terminate@110) zigzag edges in graphene.
This result is also entirely consistent with the nitroger te - .. enthalpy drops from +0.81eV/N at [N]= 4% to

minated vacancy shown in Figure 2(g). This is effectively th |5 46ev/N at [N]= 50%.

smallest possible zone of internal zigzag edge of the type di

cussed here, with three pyridinic nitrogen atoms surraudi

a single carbon vacancy. Our calculated formation enthalpg 1 Hydrogen stabilisation of nitrogen-ter minated edges

for this defect in the centre of a very large 284 C atom super-

cell (i.e. at 1.0 %[N]) is +0.80eV/N atom, matching our low Finally we consider another novel way to further stabilize
density edge value found here. nitrogen-terminated zigzag edges, through modifying thgee

The +0.81eV/N formation enthalpy for the zigzag edgechemistry. Noting that nitrogen is isoelectronic with (Cie
shown above is close to the formation enthalpy for substitucan draw analogies between nitrogen-terminated zigzagsedg
tional nitrogen in the 10-20 % concentration range in th@bas and hydrogenated zigzag edges.
plane (+0.4 to +0.6eV, see Figure 5), but still remains highe DFT studies of hydrogen terminated zigzag edges demor,
Thus simple segregation into zigzag nitrogen terminatgged strated that the stability of single hydrogenated edgesiean
in this concentration range is not a candidate thermodymamigreatly increased by introducing an additional hydrogesvto
driving force for the observed behavioural change. Howeveery third edge carbon atom. This converts the atom tb sp
there are a number of ways that the formation enthalpy of suchoordination and stabilizes the edge, opening up the bamd ge
edges can be decreased further. and removing the unstable dispersed Fermi level statedhat !

The first is to explore increasing effective edge density; incalizes along a singly hydrogenated eefgeA similar effect
practice this could represent either a higher density @bnit was noted for the thermodynamically preferred reconstdict
gen terminated vacancy loops in the sheet, or increasinglilein edges®.
small nitrogen terminated polycyclic aromatic carbon patc By analogy, hydrogenating every third nitrogen atom along
(azacarbons). For our simulations we increase the edge site nitrogen-terminated zigzag edge should also stabiliae th
density by decreasing the width of nanoribbon we have simuedge structure. We have tested this effect with the nitrogel.
lated. The resulting variation in formation energy is shawn edge-terminated graphene nanoribbons given in Figureti, be
Figure 7. with a fully hydrogenated (NH)edge, and with every third

While decreasing the spacing between edges significantlgitrogen hydrogenated NH). The results are shown with
decreases their formation enthalpy at high edge densites, filled circles in Figure 8. The stabilizing effect on the edge
nitrogen concentrations in the 10-20 % range the enthalpy deemarkable, dropping the formation energies at even loveeda
crease is relatively minor. concentration.

Another way to stabilize zigzag nitrogen-terminated edges Just as for the hydrogenated carbon edge, the greatest sta»
is through interlayer interaction, for example if nitrogen lization comes from hydrogenating every third nitrogemato
terminated azacarbons are attached to the surface of graphewhich goes so far as to render the formation enthalpy of the:
or carbon nanotubes; preliminary calculations (not reggbrt edge negative. Unlike the hydrogenated egthere is still
here) suggest this stabilizes such nitrogen-terminatgeésd significant stabilization upon total hydrogenation of tlitea
significantly. gen edge. For the isolated edges at low % N, the formation

This journal is © The Royal Society of Chemistry [year] Faraday Discuss., [year], [voll, 1-10 |5
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1 . . . _ the Gibbs free energy of formation for the fully and partiall
%‘ '/:\/Hvﬂ\ hydrogenated nitrogen zigzag edges, taking a typical hydro
= 0.8 L ® i ‘*_ +_ S genchemical potential of -0.8 eV.
S ?’.‘.\ ./E\/N\/N\ g’ This shows that the different nitrogen terminated zigzag
S 06y OO L @& TSNS 5 edges, from non- to fully hydrogenated, span a similar energ
5 \j\. ; range to the formation enthalpy for substitutional nitnoge
o 047 1% varying density.
< 02 L onsee ¢ | < Clearly there are further terms that should be incorporated
£ 7 \““Qx;\'_l’,,,,,. g in the Gibb’s free energy (such as edge entropy), and it i<
:':’ ol g[wjt"[ Sy D , | & difficult to extrapolate a general argument much furthentha
2 ~‘ S ©)—| & this, since thereafter experimental specifics such as growt
g -0.2 '\'“\&\\‘\‘. . (% conditions and gas atmosphere become predominant. How*-
o
L

ever broadly, these edge results confirm our hypothesis that
-0.4 ' : : ) : as nitrogen concentration increases iR-spnocarbon sam-
0 10 20 ) 30 _ 40 50 ples, there should be a thermodynamic transition in stgbili
% of Nitrogen Doping between substitutional nitrogen, in favour of segregatimn
nitrogen terminated zigzag edges, almost certainly witheso
degree of heteroatom functionalisation. Ir¥4ie ta-C, this
effect will tend to favour formation of nitrogen terminatest

Fig. 8 Effect of total (NH); (blue) and partial (M(NH)) (red)
hydrogenation on the stability of nitrogen terminated10) zigzag
edges in graphene (for edge structures see Figure 6C,D

respectively). The formation enthalpy of pure N edges (bfidled gions of sp-C, favouring a transition from $pto spF as ob-
circles) is included for comparison. Formation enthaljfided served. The formation energies of the hydrogenated nitroge
circles) and Gibbs free energies (empty circles) are shéwn. terminated edges are in the right range. Notably, if feed ga;
chemical potential of 0.8 eV is used for vhen calculating the chemical potential is important in determining the precise-
Gibbs energies (see text). centration at which this stability transition between gitbs

tional and edge nitrogen occurs, this may also help to explai

the different nitrogen concentrations in Figure 4 at whioh t
enthalpy per N atom drops from +0.79eV/N to +0.23eV/N for t5_c yndergoes transition fromgo s, if this is dependent
the fully hydrogenated edge, and -0.10eV/N for the edge withyp, the growth conditions.

every third nitrogen hydrogenated. These formation epergi

mean that the binding enthalpy @f2H, to an unfunction- i i
alised zigzag nitrogen terminated edge is a massive 2.67 eé{ Discussion
i.e. the unfunctionalised nitrogen zigzag edge will be highly
chemically reactive.

While the formation enthalpies of these edge structures ar
now comparable and lower than those for substitutionabnitr 0 _ ]
gen, a better measure in the presence of hydrogen is obtaingg % and above) the presence of the nitrogen would_caus )
by considering a molecular hydrogen gas atmosphere arourﬁft)”"’lpse Of th.eT'CIOUd and breakdown of the%petwo_rk via
the graphene edge. The calculated total edge formatioggner sp%-cross Ilpklng between I.ayers. Howev_er before this occurs,
E.a,. can be adjusted using the hydrogen chemical potentiaﬁu intermediate concentrations (5-15 %) it becomes theymod

: : ; namically favoured for nitrogen to segregate to nitrogen te
wm, and the hydrogen edge density, to give a first approx- . .
imation to the relative Gibb's fth . minated zigzag gdges, for example at edges_ H@patch@
imation to the relative Gibb's free energy of the edgfeu, or around holes in $pC sheets. We emphasise that this is &

G _F o /2. @) relatively general thermodynamic analysis aimed at idienti
edge edge = PH " fUH, ing trends in driving forces and thermodynamic concerdrati
The hydrogen chemical potentja};, depends on the pres- limits. Clearly experimental growth and dynamic implanta-
sure and temperature of the sysfm As an indication, at tion studies require additional input on reaction kinetosl
ambient conditions the chemical potentiat, at 300 K and  external environmental factors.
partial H, pressure in air ofPg, ~ -10~* mbar givesuy, The model fits well with our recent HRTEM / EELS ob-
~ —0.4 eV®2, For both, decreasingy, and increasing tem- servations of nitrogen-doped single-walled carbon naregtu
peratures, the chemical potential decreases. Low temperat (SWNTsY* (see Figure 9). Bulk to nanometer-resolved EELS
and higher pressure conditionsy, ~ —1.2to —0.5 eV) are  measurements of nitrogen-doped SWNTs typically show a
currently of interest for cost efficient CVD graphene growth pyramidal N1s spectra centred around 407eV, resembling Fig
on metal surfacé$-6, In Figure 8 the empty circles indicate ure 9C(i+ii)>®%”. EELS simulations suggest that this signal

To summarise thus far, the calculations suggest that substi
gonal nitrogen should only be stable in%sparbon layers at
relatively low concentrations. At high concentrationsl6-

6| Faraday Discuss., [year], [voll—10 This journal is © The Royal Society of Chemistry [year]
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Fig. 9 Spatially-resolved EELS from nitrogen containing SWNTs
and associated material. (A) and (B) HAADF images of a bunélle

single-walled nanotubes with an amorphous coating, where a
EELS spectrum image and a cumulative EELS spectra were
recorded from the marked rectangular areas. C) N1s ELNES
obtained from a sum of EEL spectra from the pixels marked in
Fig. 6A (red-(i) and green-(ii)). By comparison, spectig &énd (iv)
show individual pixel ELNES spectra corresponding to alging
substitutional N atom in the C network (iv, structure D) aimyke
substitutional nitrogen neighbouring a local bonding defgi, such
as structure E). (Figure adapted from Reference 24)

comes from ther* response of pyridinic nitrogen atorfts
and spatially mapping the EELS signal shows this signall
5%

that the non-local (down to nanometer-resolved) speabfmisc
picture of nitrogen behavior is misleading and does nota-epr
sent nitrogen incorporation in the nanotube itself. Indteee
HRTEM, EELS and modeling results point towards a picture
whereby nitrogen doped SWNTs have very low concentra-
tions of substitutional nitrogen doping. Thereafter theagien
level in the sample is increased via the presence of pyddini
nitrogen in surface material attached to the tube, likelth
form of nitrogen terminated zigzag edges of polycyclic carb
patches.

This strongly resembles the behavior of oxygen impuri-
ties and associated functionalisation for single-wéaifeaind
multi-walled nanotubeé®-"2 carbon fibre&, and graphene
oxide’ "6, These studies demonstrate that many of the ob-
served oxygen-derived functional groups previously amesig
to these nanocarbon objects are actually associated with o:.
idative debris; highly oxidized polycyclic aromatic carbo
patches attached to the surface of the nanobject, which c=n
often be removed via base washing, an approach which wou'z
be interesting to try with the nitrogen doped samples. In the
case of graphene oxide it has been shown that the oxidativ=
debris is inherently electroactive, and may in fact accoun’
for the majority of the electroactivity which makes grapben
oxide an interesting material for energy storage appbcati
such as supercapacitdfslt seems possible that the enhanced
supercapacitative performance seen for nitrogen-doped na
otubes 7161777, "%gr example, may also be strongly affected
by the presence of nitrogen-terminated polycyclic fragteen
attached to the material surface.

comes primarily from amorphous and disordered regions in, =

the sample, and amorphous material on the nanotube su
In fact, atomic resolution EELS studies of pristine

faces.

tube surfaces finds very low nitrogen concentrations (typi-

cally much less than 1 %), and EELS spectra of individualFig. 10 HRTEM showing typical stacked-cup structure of
substitutional defects shows a very different spectrainfor nitrogen-doped herringbone multi-walled carbon nancu(Bégure
(Figure 9C(iii+iv)). In these cases there is a large, sharpefrom Reference 79)

peak centred around 400-403 eV, also ascribed primarily to

o* bonding, but of substitutional nitrogen. The observed peak There are also structural implications for the morphology

splitting in Figure 9C(iii) is explained via local latticesym-

of heavily nitrogen doped MWNTSs. Addition of nitrogen to

metry in thes bonds when the substitutional nitrogen sits nextthe feedstock gas in CVD nanotube growth modifies the clas-

to a lattice defect such as in Figure ¥E

sic MWNT geometry, from walls aligned parallel to the nan-

Thus in the case of nitrogen doped SWNTs it appear®tube axis to either a comparmentalised structure (‘barnboo

This journal is © The Royal Society of Chemistry [year]
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nanotubes), or a structure where the nanotube walls are irpercells. Supercell sizes have been checked and chosen to be
clined at a fixed angle to the nanotube axis (‘herringbonesufficiently large (vacuum distance between all 1-D and 2-D
nanotubes), similar to a series of stacked cones (with drwit structures larger than ¥%) to avoid interactions. The bilayer
out a hollow core, see Figure 10). This second structure hagraphene systems were arranged with AB stacking, with cells
potentially very different physical and chemical behavimr containing up to 64 atoms depending on system symmetry. A
conventional parallel wall tubes, not least in terms of scef  fine k-point grid was chosen (fromx2x1 to 8x8x 1 for bi-
activity. Whereas conventional tubes surface terminath wi layer graphene depending on cell sizex18<1 for graphene
a graphene basal plane, the graphene planes in herringbonanoribbons), and electronic level occupation was obthaine
tubes terminate at the tube surface, and therefore (exgepti using a Fermi occupation function wittil’ = 0.04 eV. Ab-
the case of layer folding) the nanotube surface consists cfolute energies are converged in the self-consistency ¢gcl
basal plane edges. Our current results suggest a mechahismietter thanl0—> Ha. Atomic positions and lattice parameters
nitrogen stabilization of edge sites and may be relevaritén t were geometrically optimized until the maximum atomic po-
structural stability and subsequent surface chemistryenf h sition change in a given iteration dropped belt®v* aq (ao:
ringbone tubes. Bohr radius).

The current article has focused on the interplay between
substitutional and pyridinic-type nitrogen. The chenyigif
the nitrogen-carbon system is more complex and richer thafACknowledgements
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