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Generation of radical species in CVD grown pristine
and N-doped solid carbon spheres using H, and Ar
as carrier gasesy
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Solid carbon spheres (CSs, d = 200 nm) were synthesized (yield, <40%) in a vertically oriented chemical

vapor deposition (CVD) reactor using acetylene as a carbon source and Ar or H; as the carrier gas. The

CSs synthesized in the presence of H, exhibited a broader thermal gravimetric derivative curve and

a narrower paramagnetic signal than the CSs synthesized in Ar. Post synthesis doping of both types of
CSs with nitrogen was achieved by passing acetonitrile at 800 °C for 1 h over the CSs in a CVD reactor.
The N-doped CSs (NCSs) synthesized under both H, and Ar displayed an increase in Ip/lg ratios as
obtained from Raman spectroscopy and showed an increase in the paramagnetic signal due to the

presence of nitrogen induced defects compared to the undoped CSs. The NCSs synthesized in H, had

less graphitic-N (22%) than those produced in Ar (50%). The presence of a higher percentage of

pyridinic-N and pyrrolic-N for the NCSs prepared with H, as carrier gas suggested H, etching effects on
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the CSs. Further, the N-doped carbon spheres obtained in the presence of H, gave a higher N/C ratio

(5.0) than in the presence of Ar (3.7). The introduction of edge defects and paramagnetic centers in CSs

DOI: 10.1039/c7ra03142d

rsc.li/rsc-advances and catalytic reactions of CSs.

1. Introduction

Interest in carbon based nanomaterials continues to grow since
the notable reports on fullerenes' and carbon nanotubes.> In
the past two decades since these reports, routes to the synthesis
of many new carbon materials have been developed. This
includes the well-known carbon spheres (CSs), also known as
carbon spherules®* carbon nanoballs® carbon beads,® carbon
pearls” and carbon microspheres which has been synthesized by
various methods such as, spray pyrolysis, autoclave methods
and chemical vapor deposition (CVD).**'° The CVD synthesis
route in particular provides a high quality and reproducible
method to make CSs using readily available carbon sources."
The synthesis of carbon nano/microspheres, unlike the
synthesis of carbon nanotubes, requires no metal catalysts."?
Thus, a vertically oriented CVD reactor can be used to make CSs,
and this results in the carbon spheres spending a very short
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in the presence of H, gas without the aid of a metal catalyst opens up a platform for regulating surface

time in the reactor, leading to the production of small sized
carbon spheres (<300 nm in diameter).”® In contrast, the
application of a horizontal reactor results in the production of
larger and more graphitized carbon nanospheres due to
a longer time the spheres remain in the reactor.''

Numerous literature reports highlight the effect of the
carbon source and the carrier gas on the growth dynamics of
carbon nanomaterials using the CVD technique.’® To be
specific, Lee et al. reported a decrease in the CNT aspect ratio
formed from plasma enhanced CVD synthesis using acetylene
(C;H,) as a carbon source due to etching of carbon atoms by
hydrogen radicals."” Similar hydrogen etching effects have been
reported for MWCNTSs, boron nitride and graphene sheets.'®"
Further, hydrogen gas plays a significant role in the growth and
kinetics of graphene formation through dissociative hydrogen
chemisorption and methane dehydrogenation chemisorption
reactions.” The hydrogenation of graphene and single walled
carbon nanotubes (SWCNTs) has been reported to modulate the
electronic and adsorption properties of the SWCNTs such as the
band gap* and their ability to store hydrogen.>” Recently, Zhao
and co-workers* reported on the improvement of electro-
chemical properties of carbon nanospheres upon hydrogena-
tion that resulted in the conversion of sp® carbons to sp®
hybridized carbons. The presence of hydrogen (via C-H bonds)
readily led to bonding with metallic atoms such as lithium in
lithium ion batteries. This enhanced the electrochemical
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reactivity®® of the battery. Not only does hydrogen influence the
sp’/sp® ratio and the electrochemical reactivity of carbon
nanomaterials, it also impacts on the mechanical,>* elec-
tronic* and optical®*® properties of carbon nanomaterials.
Carbon spheres are known to comprise of a mixture of sp* and
sp® hybridized carbons and with a variable number of
defects.”””® The H, etching effect is known to create edge defects
and “dangling bonds” within a carbon based material such as
the CSs, thus influencing their paramagnetic properties.*”
These defects can lead to the presence of an unpaired electron
(a paramagnetic centre) giving rise to a paramagnetic signal
within a carbonaceous material which can be detected using
electron spin resonance (ESR) spectroscopy.

The paramagnetic properties of undoped carbon nano-
materials are known to result from the localized edge states and
the presence of defects***° and the effects can be enhanced by
heteroatom doping with nitrogen or boron.*** It has been
observed that, doping of carbon spheres with nitrogen increases
the reactivity of carbons. This in turn enhances the applicability
of carbon materials in dye sensitized solar cells,® in oxygen
reduction® and in electronic devices."® The nitrogen containing
nanomaterials can be obtained by in situ doping or post
doping.***® The in situ N-doping method can occur during
chemical vapor deposition®**® or by the pyrolysis** of nitrogen
containing compounds. On the other hand, post N-doping
entails the annealing of pristine carbon materials at high
temperatures in the presence of an atmosphere containing
nitrogen species such as ammonia** or acetonitrile.*”** The
degree of N-doping of carbon spheres depends on the concen-
tration of the nitrogen source, the temperature and the reaction
time.*>** The degree of N-doping and type of N configuration
influences the electronic, catalytic and magnetic properties of
carbon.**>** For instance, Guo et al.*® reported on a high
oxygen reduction reactivity of N-doped carbon due to the crea-
tion of Lewis basic sites by the carbon atoms adjacent to a pyr-
idinic-N bonding configuration. Similarly, Ombaka et al.*®
attributed the selectivity for hydrogenation of nitro-
benzophenone to aminobenzophenone to the promotion effect
of the pyrrolic-N configuration in N-doped CNTs. In our
previous work, Matsoso et al.* reported a decrease in nitrogen
content with the growth time of in situ N-doped graphene via an
atmospheric pressure CVD method. At a shorter growth time,
the N-doped graphene had a high I/I; ratio and high number
of edge defects that resulted in a high percentage of pyridinic-N
being formed in the graphene. It is well known that the elec-
tronic properties of N-doped carbons is influenced by the sp®
hybridized carbon as well as the number of dangling bonds
created in hydrogen terminated carbons.*”

In literature, reports on the effect of hydrogenation on sp*/
sp° ratios have been determined for carbon nanospheres? and
on the paramagnetic properties of amorphous carbon thin
films.”” However, the synthesis methods reported involve the
use of harsh and tedious laboratory conditions such as auto-
clave method using potassium metal as a reductant or more
costly synthesis routes such as solution plasma or plasma CVD
processes. In this work, we report on the role of carrier gas on
the paramagnetic properties as well as the N-configuration of
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post N-doped carbon nanospheres using a simple cost effective
atmospheric pressure chemical vapour deposition method to
affect sp>/sp® ratios.

In this study we have shown that the structural, thermal and
paramagnetic properties of the carbon spheres can be modified
by varying the carrier gas e.g. by use of a reducing gas (H,) or an
inert gas (Ar). To date, a study of the effect of the carrier gas on
the structural, thermal and paramagnetic properties of carbon
spheres and their N-doped analogues has not been previously
reported. The solid carbon spheres were synthesized in a verti-
cally oriented chemical vapor deposition (CVD) reactor. The
effect of using argon or hydrogen as carrier gas on the
morphology, structural, thermal and paramagnetic properties
of the carbon spheres was investigated using TEM, TGA as well
as Raman and electron spin resonance (ESR) spectroscopy. The
type of N-configuration was elucidated using X-ray photoelec-
tron spectroscopy (XPS) analysis.

2. Experimental
2.1 Synthesis of pristine and N-doped carbon spheres

Acetylene (C,H,, Afrox, 99.99%) was used to make carbon
spheres (CSs) and to study the effect of carrier gas on the
particle size and carbon morphology of the CSs. The carrier
gases used were Ar (Afrox, 99.9%) or H, (Afrox, 99.98%) for the
synthesis of the CSs. The furnace was set to 900 °C at a heating
rate of 10 °C min~' under an Ar atmosphere (Ar, 200 sccm).
After the desired temperature was reached, the C,H, flow valve
was opened at a 200 sccm flow rate and C,H, was pyrolyzed in
the quartz reactor at 900 °C for 20 min. The C,H, feed was then
stopped and the reactor cooled under a continuous flow of Ar
gas to ambient temperature. The product (39.0 &+ 0.3% yield)
was collected in a round bottomed flask at the bottom of the
reactor. For comparison purposes, instead of argon, H, (gas
flow rate of 100 sccm) was also used for the synthesis of the CSs
(28.5 £ 0.3% yield). This lower flow rate of H, gas yielded CSs
with diameters comparable to those obtained using Ar gas as
described above. Both products were collected and purified by
Soxhlet extraction 150 °C for 24 h using toluene as a solvent
(Sigma Aldrich, 99.5%). The products were dried at 100 °C for
12 h and referred to as CSs-Ar and CSs-H, for the CSs synthe-
sized in Ar and H,, respectively. N-doped CSs were obtained by
passing acetonitrile (Sigma Aldrich, 99.9%) over the already
prepared and purified products from use of both Ar and H, for 1
hour at 800 °C with Ar as a carrier gas in a horizontal CVD
reactor. The products were referred to as NCSs-Ar and NCSs-H,,
respectively.

2.2 Characterization of the carbon spheres

The morphological features of the synthesized carbon spheres
were ascertained by transmission electron microscopy (TEM)
using a FEI Technai G2 spirit electron microscope operating at
120 kV. Raman spectroscopic analysis was done to determine
the effect of the carrier gas source on the degree of graphitiza-
tion of the CSs. The measurement was carried out at
room temperature using a Jobin-Yvon T6400 micro-Raman

This journal is © The Royal Society of Chemistry 2017
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spectrometer equipped with a liquid nitrogen cooled charge
coupled device detector and a laser excitation wavelength of
514.5 nm. IR spectra were recorded on a Bruker Tensor 27
spectrometer using an ATR assembly and data are shown in
Fig. S2.t The thermal stability of the carbon spheres was
investigated by thermal gravimetric analysis (TGA) conjugated
with a weight loss derivative curve (DTG) using a Perkin Elmer
Pyris 1 TGA. In the experiment, about 10 mg of each sample was
placed in a ceramic pan, placed in the instrument furnace,
heated to 900 °C at a rate of 10 °C min~" under air and the data
collected. The chemical composition of the post synthesised N-
doped CSs was determined by X-ray photoelectron spectroscopy
(XPS, Thermo Fischer Scientific). Electron spin resonance (ESR)
measurements were carried out at room temperature using
a Bruker ESP300E X-band spectrometer operating in the
frequency range of 9.4 to 9.8 GHz.

3. Results and discussion
3.1 Morphology of the pristine and N-doped CSs

The effect of using different carrier gases (H, and Ar) on the
morphology of the CSs produced from C,H, was investigated.
Fig. 1 shows that the carbon spheres had a spherical
morphology and were accreted in agreement with earlier reports
in literature.*®*** For both CSs-Ar and CSs-H,, particle sizes of
less than 200 nm diameters were obtained (Fig. 1a and c). This
is attributed to the short residence time and low nucleation rate
used in a vertical reactor.*® Typically, carbon spheres are formed
by the decomposition of the acetylene into carbon atoms or
dimers at high temperatures.® The nucleation rate of carbon
atoms can be increased by the presence of catalysts, an increase

Fig. 1 TEM images of carbon spheres obtained using two different
carrier gases; (a) CSs-H,; (b) NCSs-H,; (c) CSs-Ar and (d) NCSs-Ar,
respectively.
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in temperature and/or the decomposition kinetics.***"** Typi-
cally, increasing the flow rate of either the carbon source and/or
the carrier gas decreases the overall dwell time of C,H, and
other carbon based precursors in the reactor.

Carbon spheres of similar diameters to those obtained at
a higher flow rate of Ar gas were formed using H, at a lower flow
rate (Table 1). This can be attributed to the reducing effects of
hydrogen. The hydrogen influences the decomposition of
acetylene, resulting in smaller carbon spheres. They were also
found to have a less spherical morphology.'*** The postdoping
of the CSs with acetonitrile, as expected, was found to lead to an
increase in the CS diameter. However, as seen in Table 1 the use
of H, leads to a larger CS diameter compared to Ar. This can be
attributed to the presence of defects on the carbon surface that
act as nucleation sites for attachment of more carbon atoms
after acetonitrile decomposition. Interestingly, the N-doped CSs
synthesized in Ar had similar sizes as found for the pristine CSs
and this is associated with the presence of fewer surface defects
that resulted in the attachment of fewer carbon atoms on the
carbon surface as also confirmed by TGA and Raman spec-
troscopy (see below).

3.2 Raman analysis of the pristine and N-doped CSs

Fig. 2a and b shows the position of the Raman D and G bands
and the intensities of the pristine and N-doped CSs synthesized
in the presence of H, and Ar, respectively. In all cases, a strong D
band was observed between ~1331 cm ' and ~1354 cm
which is associated with the breathing mode of sp*> carbon
atoms and the presence of defects in the carbon structure.*® The
lower D peak wavenumbers (~1331 cm™ ') in the CSs-H, can be
attributed to the presence of lattice distortions and a decrease
in the number of ordered aromatic rings within the carbon
structure.* The presence of a small shoulder (*) at ~1180 cm ™"
is characteristic of the presence of possible trans-polyacetylene
segments at the surface of the CSs.>**® This shoulder was more
pronounced in the CSs synthesized in H, than those obtained in
Ar, correlating to the higher number of hydrogen induced
defects. In addition, a G peak was observed between ~1591
em'and ~1595 cm ™' which is due to the E,, mode of vibration
of sp? bonded carbon and bond stretching of sp? atoms.>*%” All
the synthesized carbon spheres had a moderate degree of
graphitization as shown by their low Ip/I; ratios (less than 1)
(see Table 2). Furthermore, after post N-doping of the CSs the
Raman spectra indicated that an increase in the Ip/Ig ratios
occurred when compared to the pristine CSs (Table 2). This is
attributed to the presence of further defects being formed in the
carbon structure after nitrogen doping.* A slight upshift of the

Table 1 Particle sizes of pristine and N-doped carbon spheres

Particle size (nm)

Carrier gas Acetylene
Material (flow rates) (flow rate) Pristine N-doped
CSs-H, H, (100 sccm) 200 sccm 186 + 34 200 + 44
CSs-Ar Ar (200 sccm) 200 sccm 186 + 27 189 + 20

RSC Adv., 2017, 7, 21187-21195 | 21189
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Fig.2 Raman spectra of the pristine and N-doped CSs (a) synthesized
in Hy and (b) synthesized in Ar, respectively.

Table2 The D and G band positions and Ip/Ig ratio of the pristine and
post N-doped CSs

D band position G band position

Material (em™) (em™) Ip/lg ratio
CSs-H, 1333 1593 0.89
NCSs-H, 1354 1595 1.02
CSs-Ar 1340 1595 0.88
NCSs-Ar 1331 1591 0.92

G peak and a larger upshift of the D peak was observed in the
NCSs-H,. This can be attributed to defects induced by nitrogen
atoms that were incorporated within the carbon lattice.* In
contrast, a slight downshift of the G peak was observed for the
NCSs-Ar, which can be attributed to the presence of sp* bonded
nitrogen®” as corroborated by the XPS data. The NCSs-H,
resulted in a higher defect concentration than NCSs-Ar as
indicated by the I,/I; ratios (Table 2).

3.3 TGA and surface area analysis of the pristine and N-
doped CSs

Fig. 3 shows the TGA derivative profiles of the CSs produced
before and after doping with nitrogen. The onset decomposi-
tion temperature of the CSs-H, was 530 °C with the derivative
peak centered at 717 °C (Table S1t). The CSs-H, spheres
exhibited a broader first order derivative peak (Fig. 3a) than the
CSs-Ar (Fig. 3b). This could be attributed to defects induced by
hydrogen in the form of Csp®H (dissociation energy: 339 kJ
mol ) or Csp®H, (444 kJ mol ") in the CSs obtained using H,,

—— NCSs-Ar b
5 == CSs-Ar

— NCSsH, a
S1— CssH,

-104

Derivative weight loss (%/°C)
Derivative weight loss (%/°C)

T T T T v T
200 400 600 800 200 400 600 800
Temperature (°C) Temperature (°C)

Fig. 3 The TGA derivative weight profiles of the pristine and N-doped
CSs; (a) synthesized in H, and (b) synthesized in Ar, respectively.
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as well as the presence of C-C (347-356 k] mol ') and C=C
bonds (614 k] mol ™). This could result in a modified carbon
oxidation process due to the varying decomposition rates.® In
the NCSs-H,, three decomposition peaks centered at 453 °C,
560 °C and 593 °C were observed (Fig. 3a). The lower onset
decomposition peaks can be attributed to the incorporation of
N within the structure of the carbon spheres. Interestingly, the
decomposition peak at lower temperatures (<495 °C) was not
observed in the pristine CSs. This could be associated with the
loss of amorphous carbon domains® resulting from sp®
hybridized carbons and to nitrogen bonded to sp® hybridized
carbon formed from the new carbon layer. The decomposition
peaks at higher temperatures (>520 °C) in the N-doped carbon
spheres can be attributed to the structural disorder and defects
brought about by the presence of N in the carbon lattice®*** as
confirmed by the high Ip/I; ratio from the Raman data.

Fig. 3b shows the TGA derivative profiles of the CSs-Ar and
NCSs-Ar obtained using argon as a carrier gas. The onset
decomposition temperature of the CSs-Ar occurred at 505 °C
with a derivative decomposition peak centered at 640 °C. When
Ar was the carrier gas a sharper derivative peak was observed;
corresponding to a more pure and uniform carbon material
(Fig. 3b).**** The NCSs-Ar showed two decomposition peaks
centered at 460 °C and 635 °C, respectively. The first decom-
position peak can again be attributed to the loss of amorphous
carbon domains® resulting from sp® hybridized carbons and to
nitrogen induced defects within the carbon lattice.®*** The
second decomposition peak centered at 635 °C was higher than
that observed in the N-doped CSs produced in the presence of
H, (593 °C); indicating a higher thermal stability and the
presence of fewer edge defects, consistent with the Raman and
XPS data (see below).

The hydrogen etching effects on the CSs could be expected to
lead to a change in the surface area of CSs synthesized in H,
(Fig. S11). Indeed the BET surface area of CSs-H, (9.2 m*> g™ ")
was larger than that of the CSs-Ar (6.3 m® g~ ') (Table S27). After
post N-doping, the NCSs-H,, portrayed a similar surface area (7.2
m? g~') while the NCSs-Ar exhibited a slight increase in the
surface area to 10.5 m> g '. The slight increase could be
ascribed to the incorporation of a larger % of graphitic-N atoms
within the carbon matrix similar to that reported by Mhlanga
et al.* after heating carbon spheres in N, at 800 °C. In NCSs-H,,
the decrease in BET surface area in comparison to the CSs-H,
could be attributed to the nucleation of carbon atoms on the
defect sites created by H,.

3.4 XPS analysis of the N-doped CSs

The elemental composition (at%) of the N-doped CSs were
determined from the integral peak areas of the XPS survey
spectra (Table 3). It can be observed that the carbon content was
higher in the carbon spheres synthesized in the presence of Ar.
In contrast, the O content and the O/C ratios were higher in the
carbon spheres synthesized in the presence of H, (3.9 versus 2.5;
Table 3). This could be attributed to the effect of hydrogen
etching of the carbon spheres which led to the disruption of the
carbon lattice, thus resulting in a lower carbon content and

This journal is © The Royal Society of Chemistry 2017
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Table 3 Atomic compositions of the N-doped CSs

Elements
Samples  C(at%) N (at%) O (at%) N/C (at%) O/C (at%)
NCSs-H, 91.8 4.6 3.5 5.0 3.9
NCSs-Ar 94.2 3.5 2.3 3.7 2.5

a higher oxygen content. The nitrogen content in the carbon
spheres synthesized using H, as a carrier gas was higher (5.0)
than in the carbon spheres obtained using Ar (3.7). This
different concentrations could be attributed to the presence of
edge defects in carbon spheres and lattice distortion due to H,
etching when synthesized in the presence of H, gas.

The XPS spectra showing the chemical environment of the C,
N and O atoms in N-doped carbon spheres are shown in Fig. 4.
The XPS signal of C 1s was deconvoluted into four peaks. The
binding energy region (=285.0 eV) corresponds to the sp® C-C
bonds and the lower binding energy region (=284.5 eV) corre-
sponds to sp> C=C bonds close to that of graphite.®”*® This
indicates that the carbon spheres comprised of sp*> and sp?
hybridized carbon. The sp> C=C bonds were observed at
284.6 eV and 284.3 €V in the carbon spheres synthesized in H,
and Ar, respectively (Fig. 4a and c). Two other peaks were seen at
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285.6 €V and 287.0 eV in the N-doped CSs produced in H,. In the
N-doped CSs synthesized in Ar, the two peaks appeared at
285.1 eV and 286.1 eV. Reddy et al.*® showed that the positions
of these component peaks can be assigned to carbon bonded to
nitrogen atoms (which are more electronegative”) forming sp*
C=N and sp® C-N bonding configurations, respectively. The
peaks at higher binding energy of 286.7 eV and 288.1 eV can be
attributed to the formation of C-O and O-C=0/N-C=0 bonds
from the oxygen at the edges of the carbon domains.*

The N 1s spectrum of the NCSs-H, was deconvoluted into
four component peaks centered at 398.6 eV, 399.8 eV, 400.9 eV
and 402.3 eV, respectively (Fig. 4b). In the NCSs-Ar, these four
component peaks were centered at 397.9 eV, 399.1 eV, 400.9 eV
and 402.8 eV, respectively (Fig. 4d). These peaks were assigned
to; (i) pyridinic-N at 397.9-398.6 eV, with the N atom contrib-
uting one electron to the 7-system, (ii) pyrrolic-N at 399.1-
399.8 eV with the N atom contributing two electrons to the -
system, (iii) graphitic-N (400.9-400.9 eV) with the N atom
substituting the C atom in the graphitic structure®”* and (iv)
NOyx due to oxygenation of pyridinic-N (>402 eV).”*”>”* The
NCSs-H, comprised of 48% pyridinic-N, 21% pyrrolic-N and
22% graphitic-N and 9% NOy. The high percentage of pyridinic-
N and pyrrolic-N can be ascribed to the hydrogen induced edge
defects.®*%*

102
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b
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Fig. 4 The XPS spectra of deconvoluted C 1s and N 1s peaks of N-doped CSs; (a and b) NCSs-H, and (c and d) NCSs-Ar, respectively.
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In contrast, the NCSs-Ar had 18% pyridinic-N, 20% pyrrolic-
N and 50% graphitic-N and 12% NOy, respectively (Table 4). The
high percentage of graphitic-N can be ascribed to the rear-
rangement of the carbon and nitrogen atoms within the carbon
lattice during the postdoping process in the CSs obtained in the
presence of Ar. The generation of a higher % of graphitic-N
configuration (51%) in postdoped N-CNTs synthesized using
argon as carrier gas has also been reported by Xiong et al.>” The
slightly higher % of pyrrolic-N in N-doped CSs obtained in the
presence of H, than those obtained in Ar can be attributed to
nitrogen bonded to sp® hybridized carbon as corroborated by
the TGA data. The NOy concentration in the N-doped CSs
synthesized in the presence of Ar was higher (12.1%) than in
those obtained in the presence of hydrogen (8.6%). This can be
ascribed to the hydrogen defects on the edges of carbon spheres
that would inhibit bonding of the carbon with oxygen when
hydrogen gas was used as carrier gas.

The effect of carrier gas on the N-configuration of the CSs can
be rationalized as follows. During post doping of the CSs,
acetonitrile decomposes at high temperatures to give propyl
nitrile and other radicals.” The radicals decompose further to
give nitrogen atoms that are incorporated on the carbon
nanostructure edges or in the matrix by substitutional doping.
In the case of CSs obtained using H,, there exist defect sites
which further reacts with the radicals generated by the aceto-
nitrile decomposition resulting in incorporation of nitrogen on
the edges. In contrast, in the CSs synthesized in argon, there are
fewer C-H termination sites but instead a rearrangement occurs
within the carbon matrix resulting in the N atoms substituting
the carbon atoms.

3.5 The paramagnetic properties of the pristine and N-
doped CSs

All four samples exhibited ESR spectra centered at g = 2.000.
ESR spectra of pristine and N-doped CSs showed Dysonian
resonance curves indicating the presence of charge carriers™
(Fig. 5a-d). The recorded spectra were comparable to the data
recorded for other pristine carbon spheres reported in the
literature.” The CSs-H, showed a narrower line width (peak to
peak distance, 0.54 & 0.01 G) than that of the CSs-Ar (1.83 + 0.01
G) (Table S2+t). This can be attributed to the creation of localized
electron spins” resulting from dangling bonds and mid-gap
state 7 bonds (Fig. 5a). It is well known that the paramagnetic
centres are determined by the m-electrons in the sp” bonded
orbitals. Despite reports in literature that show that bonded-
hydrogen give non-ESR active states, hydrogen can saturate the

Table 4 Summary of % concentration of N-configurations for N-
doped CSs

Peaks

Pyridinic-N Pyrrolic-N Graphitic-N
Samples (ev) (eV) (eV) NOx (eV)
NCSs-H, 48.4 20.7 22.3 8.6
NCSs-Ar 18.2 19.9 49.8 12.1
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Fig. 5 Electron spin resonance spectra of the pristine and N-doped
CSs; (@) CSs-Hy, (b) NCSs-H,, (c) NCSs-Ar and (d) NCSs-Ar,
respectively.

sp> bonded orbitals to give Csp®H, Csp®H, and Csp*H; phases.”
These phases can create structural disorder in the carbon
structure which increases the concentration of defects. The CSs
synthesized in H, exhibited a larger ESR signal intensity con-
firming the presence of a high concentration of defects”*® as
suggested by the Raman and TGA data. In contrast, for the CSs
synthesized under Ar gas, a broader line width and a less intense
paramagnetic resonance signal was observed (Fig. 5¢). This can
be ascribed to a presence of conducting charge carriers and
delocalized electron spins resulting from the sp” graphitized
carbon.*"*# The broader line width in the CSs synthesized in Ar
could be associated with a more pure carbon surface (less
defects on surface carbon lattice)® as suggested by TGA data.

Fig. 5b and d shows the ESR spectra of the N-doped CSs. The
ESR linewidth of the N-doped CSs synthesized in the presence
of H, was larger (0.78 £ 0.01) than that of the pristine CSs (0.54
+ 0.01) (Fig. 5b). This increase in linewidth can be attributed to
a more disordered carbon® due to N-induced defects in the sp*
graphitic units and edge induced defects as corroborated by the
XPS data. In contrast, the ESR signal in the N-doped CSs
synthesized in the presence of Ar had a much smaller linewidth
(0.61 £ 0.01 G) than their pristine counterparts (1.83 £+ 0.01 G).
This could result from reorganization of carbons during the
annealing process resulting in a stronger paramagnetic signal
for the N-doped CSs.** A broader line width of the N-doped CSs
synthesized in H, than that of the N-doped spheres synthesized
in Ar can be associated with an increase in edge defects
resulting from localized spins on the N-centered dangling
bonds yielding a stronger ESR signal. Keartland et al.* reported
an ESR line width of 1.14 + 0.01 G for nitrogen doped carbon
spheres containing 3.52% N. Our calculated ESR line width for
the NCSs-H, was narrower (0.78) and this could be attributed to
the presence of the higher N content (5.0). Thus, the higher the
nitrogen content the more intense the paramagnetic signal and
the narrower the linewidth.

3.6 Mechanism rationalizing the role of carrier gas on CS
structure and N-configuration

Fig. 6 shows a possible mechanism to rationalize the role of the
carrier gas (reducing versus inert) on the carbon sphere

This journal is © The Royal Society of Chemistry 2017
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structure and the type of N-configurations formed in the reac-
tions. Post synthesis N-doping of carbon materials can be
viewed as a surface functionalization reaction to generate
a core/shell structure (Fig. 6). The presence of hydrogen gas (a
reducing atmosphere) during synthesis is known to etch the
carbon atoms resulting in edge induced defects;”>*" as was
detected in the XPS and ESR data. This resulted in the domi-
nance of pyridinic-N and pyrrolic-N upon N-doping. However,
due to the thermally stable carbon sphere core (Fig. 6a), less
carbon atoms are replaced by the nitrogen resulting in a lower
percentage of graphitic-N. The N-configuration induces N-
centered dangling bonds and edge defects resulting in
a stronger ESR signal as well as a higher O/C content.

In contrast, when argon gas is used as a carrier gas, the
carbon structure is composed of a pure carbon surface. Upon N-
doping of the carbon spheres, the carbon atoms are directly
replaced by nitrogen atoms leading to a higher percentage of
graphitic-N (Fig. 6b). In contrast, argon being an inert gas
induces fewer edge defects, thus, fewer pyridinic-N atoms are
observed with a low percentage of O/C content. In summary,
hydrogen causes modification of the carbon shell and etching
leads to more defects and a more defective-NCSs (Fig. 6a).

This study provides insight on the significant role of carrier
gas on the thermal, structural and paramagnetic properties of
carbon spheres. We would anticipate that for possible applica-
tion of carbon spheres in solar cells, a higher percentage of
graphitic-N* will be much favourable than that of pyridinic-N.
However, for catalytic reactions, a higher percentage of
pyridinic-N and pyrrolic-N is favourable due to their ability to
create larger edge plane exposure.***”* These ideas will be
investigated in later studies.

This journal is © The Royal Society of Chemistry 2017

4. Conclusions

Carbon spheres with small and homogeneous diameters of d =
200 nm were synthesized by use of a high flow rate of the
acetylene (200 sccm) and different carrier gases (Ar or H,) in
a vertical CVD reactor. The CSs-H, had more structural defects
and a more intense paramagnetic signal due to hydrogen
induced defects than found for CSs-Ar. The CSs-Ar had less
structural defects and a smaller and a broader paramagnetic
signal. Doping of the carbon spheres with N did result in an
increase in Ip/Ig ratios due to the presence of further defects
induced by N. In addition, the paramagnetic signal to noise
ratio was stronger in the post N-doped CSs.

All the N-doped CSs exhibited pyridinic, pyrrolic, graphitic
nitrogen and NOx configurations. Post N-doping of carbon
spheres synthesized in H, resulted in higher compositions of
pyridinic-N and pyrrolic-N, a low content of graphitic-N and an
overall higher N % compared to the N-doped CSs obtained in Ar
gas. The presence of edge defect states in the post N-doped CSs
synthesized in the presence of H, was confirmed by the higher
percentage of pyridinic-N and pyrrolic-N configurations as seen
from the XPS data.

This study clearly illustrates the effect of the carrier gas on the
structural, thermal and paramagnetic properties of CVD grown
solid CSs. The XPS and ESR data shows that the synthesis of
carbon spheres in the presence of hydrogen creates more edge
defects. Consequently the carrier gas used in the carbon
synthesis plays a role in determining the type of N-configurations
formed in the post N-doped CSs. This study opens a platform for
the use of hydrogen as a carrier gas to induce open edge defects
in carbon for application in surface reactions.
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