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ABSTRACT In this work, we carried out chemical oxidation
studies of nitrogen-doped multiwalled carbon nanotubes (CNx-
MWCNTSs) using potassium permanganate in order to obtain nitro-
gen-doped graphene nanoribbons. Reaction parameters such as
oxidation reaction, reaction time, the oxidizer to nanotube mass
ratio, and the temperature were varied, and their effect was
carefully analyzed. The presence of nitrogen atoms makes CNx-
MWCNTs more reactive toward oxidation when compared to

undoped multiwalled carbon nanotubes (MWCNTs). High-resolution

transmission electron microscopy studies indicate that the oxidation of the graphitic layers within CNx-MWCNTSs results in the unzipping of large diameter

nanotubes and the formation of a disordered oxidized carbon coating on small diameter nanotubes. The nitrogen content within unzipped CNx-MWCNTs

decreased as a function of the oxidation time, temperature, and oxidizer concentration. By controlling the degree of oxidation, the N atomic % could be

reduced from 1.56% in pristine CNx-MWCNTs down to 0.31 atom % in nitrogen-doped oxidized graphene nanoribbons. A comparative thermogravimetric

analysis reveals a lower thermal stability of the (unzipped) oxidized CNx-MWCNTs when compared to MWCNT samples. The oxidized graphene nanoribbons

were chemically and thermally reduced and yielded nitrogen-doped graphene nanoribbons (N-GNRs). The thermal reduction at relatively low temperature

(300 °Q) results in graphene nanoribbons with 0.37 atom % of nitrogen. This method represents a novel route to preparation of bulk quantities of nitrogen-

doped unzipped carbon nanotubes, which is able to control the doping level in the resulting reduced GNR samples. Finally, the electrochemical properties of

these materials were evaluated.
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graphene and the discovery of its out-

standing properties,’ a great deal of
attention was paid to two-dimensional nano-
carbons. Strips of graphene sheets, also
known as graphene nanoribbons (GNRs),
are one-dimensional graphene-based ma-
terials exhibiting different physicochemical
properties when compared to carbon nano-
tubes. Since the pioneering work of Fujita
et al.? it is well-known that the edge con-
figuration, either on zigzag or armchair,
plays a fundamental role in the electronic
properties of GNRs. The edges are highly
reactive, and if GNRs are narrow (e.g., <10 nm
wide), they could behave as semiconducting

Soon after reporting the isolation of
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or metallic one-dimensional wires depend-
ing on their edge termination.? The fact that
graphene is one of the strongest materials
ever known makes GNRs very attractive as
reinforcement in the fabrication of nano-
composites. In addition, due to the good
mechanical properties of graphene, GNRs
combine a high aspect ratio that facilitates
their blending with polymers in the molten
state and the possibility to functionalize
their edges to improve their compatibility
with polymer matrices.* When compared to
carbon nanotubes, in which their outer sur-
face is mainly a basal graphitic plane, GNRs
possess reactive edges and might even
exhibit step-edges that could enhance the
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adsorption® and electrocatalysis® of certain molecules
on their surfaces. Among the methods used so far to
prepare graphene nanoribbons, there are bottom-up
approaches such as chemical vapor deposition (CVD)”
and chemical synthesis,® but top-down methods have
also been reported.” These top-down methods are
mainly based on the unzipping of carbon nanotubes by
different techniques such as plasma cutting,'® catalytic
cutting,'" intercalation—exfoliation,'*'® electrical'* and
electrochemical unzipping,'> and chemical oxidation/
reduction.’®"'® Among these methods, the latter ap-
pears to be a straightforward technique which could
be used to easily produce bulk amounts of GNRs, from
grams to even tons; however, due to the partially
irreversible oxidation, the residual defective sites will
result in ribbons with inferior electrical conductivity
and electron mobility as compared to highly crystalline
ribbons prepared by other routes. In addition, the
chemical oxidation/reduction method is relatively sim-
ple, and in this way, single- and few-layer GNRs have
been synthesized and their physicochemical proper-
ties reported.

While the properties of GNRs strongly depend on
their geometric parameters (thickness, width, length,
and edge termination), chemical and structural mod-
ifications of the nanoribbons can also drastically mod-
ify their performance. Indeed, one way to modify the
electronic and chemical properties of GNRs is by dop-
ing, and only a few papers have been published in
this respect.>?°~22 The presence of defects,?>** func-
tional groups,® and heteroatoms such as boron?®%’
and nitrogen,?®?° among other features,?? could also
modify the properties of GNRs. Nitrogen-doped GNRs
(N-GNRs) are particularly interesting because nitrogen
atoms could be used extensively to modify graphene-
like nanostructures, such as graphene or carbon nano-
tubes. N-GNRs have been studied, and theoretical
calculations suggest that nitrogen atoms located at
their edges and near the edges might promote the
electrocatalytic activity of GNRs toward the oxygen
reduction reaction.>° Doping could also be used to
modify the energy gap of GNRs and tune their elec-
tronic properties.?>3' 733 In spite of the huge potential
of N-GNRs and the amount of theoretical reports on the
subject, there are only very few experimental reports
dealing with the synthesis and characterization of N-GNRs.
Elias et al'' used metal nanoparticles as catalytic
nanoscissors to longitudinally unzip MWCNTs and
CNx-MWCNTs, obtaining a mixture of graphene-like
sheets, including N-GNRs, and partially unzipped na-
notubes. While it is well-known that the nitrogen
atoms increase the reactivity of MWCNTSs, the role of
these defects upon strong oxidation/exfoliation/reduction
has not been reported hitherto. Recently, Wei et al.?°
carried out the chemical oxidation of CNx-MWCNTs. It
was found that some nanotubes were shortened and
split into nanoribbons, but it was concluded that in
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most nanotubes the tubular structure was preserved
after the oxidation, even though the outer surface was
highly oxidized. In this work, we report the synthesis of
N-GNRs by a wet chemical oxidation process, starting
from CNx-MWCNTSs, followed by their thermal (and/or
chemical) reduction. For different synthesis conditions,
we studied the effect of the reaction time, oxidizer
concentration and temperature, and analyzed the
products by X-ray photoemission spectroscopy (XPS),
scanning electron microscopy (SEM), and transmission
electron microscopy (TEM). In our case, the unzipping
of CNx-MWCNTs was successful and we obtained
oxidized N-GNRs (ox-N-GNRs). These oxidized ribbons
were then reduced via chemical and thermal reduction
processes in order to synthesize crystalline N-GNRs. To
the best of our knowledge, this appears to the first
work describing the oxidation/reduction mechanisms
associated with the production of N-GNRs.

RESULTS AND DISCUSSION

The unzipping of pure MWCNTs using potassium
permanganate has already been optimized'®'” by Tour's
group; however, the reactivity of CNx-MWCNTs is very
different from pure carbon nanotubes, and thus, we
used slight modifications of the reaction parameters
in order to optimize the unzipping of CNx-MWCNTs.
Table 1 summarizes the results related to the obtained
morphologies (using SEM) and the oxidation degree (cal-
culated from XPS) after the oxidation reactions. The
CNx-MWCNTSs used in this study are large diameter
nanotubes with relatively low nitrogen content (1.55—1.7
nitrogen atom % as determined by XPS). SEM image,
diameter distribution, TEM image, XPS spectrum, and
TGA analysis of pristine CNx-MWCNTSs can be found in
the Supporting Information (Figure S1). In reactions
1—4,the KMnO,4 to CNx-MWNTs mass ratio was fixed to
5 and the oxidation temperature was varied from 20 to
80 °C. In order to study the amount of oxidizer, we
carried out reactions 5 and 6, in which the reaction
temperature was set to 60 °C and the KMnO,4 to CNx-
MWCNTs mass ratio was changed to 1 and 2.5. We
compared the oxidation of CNx-MWCNTs with other
types of carbon materials such as pristine MWCNTSs
produced in our laboratory using CVD (Run 7), highly
crystalline MWCNTs (Run 8), and graphite (Run 9).
Reactions 1—4 reveal that the oxidation strength of
permanganate solutions is strongly dependent on the
temperature, and the C/O ratio varied from 3.31t0 2.16
as the temperature increased from 20 to 80 °C. The C/O
ratios in our work are consistently higher than those
reported by Higginbotham et al.'® This difference
might be due to experimental differences (XPS sensi-
tivity factors, reactor design, purification procedure,
etc). The oxidation extent, as measured from the C/O
ratio, did not increase with temperatures over 60 °C
(reaction 4), as reported for MWCNTSs,'® but the reaction
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TABLE 1. Summary of Oxidation Conditions and Results

Type of Tem XPS data .
Run yp : P SEM Observations
material KMnO,
Peak Position at.% C/O
01s 532.6 229 Stacked ribbons with
20°C N1s  400.6 1.39 different shapes
1 ox-N-GNRs Eg Cls 284.5 75.71 331 (helicoidal, flat, and u
shaped).
Light oxidation.
O1s 532.9 29.73
N 1s 400.4 0.67 ) Stacked ribbons with
) ox-N-GNRs 40°C C1s 2845 69.6 2.34 different shapes (flat and u
5% shaped).
Moderate oxidation
01s 532.6 32.19
N 1s 400.2 0.38 Malnly stacked ribbons
3 oxNGNRs  O0C Cis 2868  67.43 209  Withfewexfoliated
5x ribbons.
High oxidation
O1s 532.7 315
80°C N1s  400.8 031 Mixture of exfoliated and
4 ox-N-GNRs Cls  287.0 68.19 2.16 stacked ribbons.
5x ; 5 g
High oxidation
O1s 532.5 22.32
60°C N1s  400.7 116 Stacked ribbons with
5 ox-N-GNRs Cls 284.5 76.51 3.43 u shape.
1x " Tt
Light oxidation
0O1s 532.7 28.29
N 1s 399.8 0.74 | ‘ bb
60°C Mainly stacked ribbons.
“N- Cls 284.5 70.97 251
€ R 2.5x Moderate oxidation.
Cls 286.7 75.23
01s 5302 24.08 3.12 . ) )
7 ox-GNRs 80°C Mainly exfollatgd rlliabons.
5x Moderate oxidation.
Cls 285.0 70.93
. O01ls 5310 29.07 2.44  Mainly exfoliated ribbons
8 ox-HC-GNRs assemble as sheets.
5x S
Moderate oxidation.
Cls 286.6 69.89
i O1s 532.3 30.11 2.32
Graphlte 40°C Fully exfoliated GO sheets.
2 axide 5x High Oxidation
(o) 8

prepared at 80 °C resulted in oxidized N-doped GNRs
that could be exfoliated by a slight ultrasound treat-
ment that resulted in ultrathin nanoribbons. High-
resolution SEM images of the different types of oxi-
dized N-GNRs are shown in Figure 1. The unzipping
of nanotubes led to four basic types of nanoribbons
represented in Figure 1a—d, and they could be described
according to its shape as longitudinally unzipped
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nanotubes (Figure 1a), helicoidally unzipped nano-
tubes (Figure 1b), “stiff” nanoribbons (Figure 1c), and
“soft” nanoribbons (Figure 1d). Nanoribbons exhibiting
morphologies shown in (b) and (c) are the result of a
mild oxidation (termed “stiff” nanoribbons because
they can form free-standing nanostructures) and were
obtained only in reactions 1, 2, 5, and 6. On the other
hand, “soft” nanoribbons (Figure 1d) are the result of an
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Figure 1. SEM images depicting the morphologies of the oxi-
dized N-doped graphene nanoribbons (ox-N-GNRs). (a) Long-
itudinally unzipped nanotube, (b) helically unzipped nano-
tubes, (c) “stiff” N-doped oxidized graphene nanoribbon (with
flat shape), and (d) “soft” N-doped oxidized graphene nanor-
ibbon (highly oxidized). Representative images of the oxi-
dized N-doped nanoribbons prepared at different tempera-
tures are also shown: (e) 20 °C, (f) 40 °C, (g) 60 °C, and (h) 80 °C.

almost complete oxidation of the sp? graphitic net-
work that resulted in a sp>-like lattice with enhanced
chemical activity. These “soft” nanoribbons are not
free-standing structures; instead, the nanoribbons ad-
here completely to the substrate upon drying.
High-resolution images of nanotube samples un-
zipped at 20 and 40 °C (Figure 1e/f, respectively) con-
firm the presence of large diameter nanotubes that
could be easily oxidized and unzipped into ribbons of
about 150—400 nm in width; note that very small
diameter nanotubes (<30 nm) did not unzip. “Soft”
nanoribbons were not observed under these condi-
tions. After longitudinal unzipping, the inner features
of the bamboo-like structure of CNx-MWCNTs were
preserved (Figure 1ef, blue arrows). Some of these
CNx-MWCNTSs unzipped, resulting in twisted nanoribbons,
suggesting that the tube chirality might influence the
unzipping process (Figure 1b,e, red arrow). The mor-
phology of nanoribbons, such as those shown in
Figure 1a, indicates that light oxidation with KMnO,
results in nanotube unzipping without exfoliation of
the nanotube walls. However, when high oxidation took
place, structural changes occurred at 60 °C (Figure 1g),
thus resulting in shortened and curled unzipped nano-
tubes and some exfoliated material. Structures such as
those shown in Figure 1a—c were not found at 60 or
80 °C. During centrifugation of the samples oxidized
at 60 and 80 °C, dark supernatants were observed,
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d) 20 °C; C/0=3.31

Figure 2. HRTEM images of oxidized N-doped graphene
nanoribbons (ox-N-GNRs). (a,b) Two magnifications of the
sample highly oxidized (C/O = 2.16) prepared at 80 °C. (c,d)
Two magnifications of the sample mildly oxidized (C/O =
3.31) prepared at 20 °C. The formation of an amorphous-like
coating can be observed on the structures regardless of the
temperature. Exfoliated N-doped few-layer graphene sheets
exfoliated from nanotubes at different temperatures are ob-
served at (e) 20 °C and (f) 80 °C.

possibly due to the presence of very small fragments of
water-dispersible carbonaceous flakes, suggesting the
successful exfoliation of the ox-N-GNRs.

In order to study if the oxidation extent could be
controlled by limiting the amount of oxidizer, ox-N-GNRs
were prepared at 60 °C using 1:1 and 2.5:1 oxidizer to
nanotube mass ratio, instead of using the typical 5:1
ratio (see Supporting Information Figure S2a,b, respec-
tively). These experiments resulted in “stiff’ ribbon
structures with morphologies very similar to those
obtained at 40 and 20 °C, respectively (Figure 1f.e).
These results clearly indicate that the oxidation extent
determines the morphology of the unzipped nano-
tubes. In this context, we propose the following mor-
phology evolution of the nanotubes, as the oxidation
degree increases: (1) pristine CNx material, (2) mildly
oxidized unzipped structures (similar to those shown in
Figure 1a,b), (3) flat-shaped nanoribbons (see Figure 1¢),
and finally, (4) “soft” nanoribbons such as those shown
in Figure 1d,h. We also noted that some nanoribbons
exhibit a curled (or helicoidally shaped) morphology,
such as that shown in Figure 1g. These curled geo-
metries appear as a result of the oxidation, which starts
from the open ends and, after unzipping, continues
from the edges advancing toward the middle of the
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Figure 3. C 1sand N 1s X-ray photoelectron spectra of ox-N-GNRs. (a) N 1s core-level spectra and (b) C 1s core-level spectra of
the ox-N-GNRs prepared using a fixed 5:1 oxidizer to CNx-MWCNTs mass ratio showing the effect of the oxidation
temperature. Similarly, oxidation reactions performed at the same temperature with different amount of oxidizer display
different oxidation degree as witnessed in (c) N 1s core-level spectra and (d) C 1s core-level spectra of samples prepared at
60 °C with different oxidizer to CNx-MWCNTs ratio. The duration of oxidation time for all materials was 2 h.

unzipping nanotube, similar to the mechanism reported
for graphite flakes by Pan and Aksay.>* We believe oxi-
dation in anisotropic expansion results in curling of the
nanoribbon when partially oxidized.

The morphology of the N-GNRs was also studied by
HRTEM. Figure 2a,b shows a low-magnification image
of the ox-N-GNR sample prepared at 80 °C. The oxi-
dized nanotubes shown in Figure 2a with diameters of
less than 50 nm were not unzipped and still retain the
bamboo-like compartments, characteristic of CNx-
MWCNTs. However, they appear coated with a layer
of amorphous-like material of ca. 5—10 nm thick.
Figure 2b shows a nanoribbon of 160 nm width and
variable thickness as well as a partially unzipped
nanotube. Figure 2c shows the material prepared at
20 °C displaying a bent nanotube which was fully
unzipped (similar to the structure shown in Figure 1a).
In this image, small diameter nanotubes that were not
unzipped could also be observed. Figure 2d shows a
HRTEM image of one of these not unzipped nanotubes in
which a 6 nm thick amorphous coating (see dotted lines) is
observed on its surface. During oxidation, single-layer or
few-layer graphene was exfoliated from the nanotubes.

CRUZ-SILVA ET AL.

Figure 2e shows a layer attached to a nanotube (on
top) that displays pores and, in some parts, consists of a
few-layer graphene sheet. The inset shows the FFT of a
section that is a crystalline single sheet, as revealed by
the hexagonal pattern in the FFT (inset). We also
observed few-layered graphene sheets (attached to
the tubes) after the unzipping process (Figure 2f). The
inset shows the FFT of the square section (indicated
with dotted line). The bright spots demonstrate that
there are still some crystalline domains after oxidation,
whereas the multiple spots indicate the presence of a
few stacked graphene layers.

The extent of surface oxidation of all samples was
analyzed by XPS. Figure 3a,b displays the change in
the N 1s and C 1s core-level spectra, respectively, as a
function of the reaction temperature and consequently
oxidation degree. Figure 3a shows the N 1s core-level of
pristine CNx-MWCNTs with three signals ascribed to
molecular nitrogen, substitutional, and pyridine-like
nitrogen, at ca. 404.0, 400.0, and 397.5 eV, respec-
tively. After oxidation, the intensity of the N, and the
pyridine-type nitrogen signals decreased, even when
mild oxidation took place. For the N, signal, the
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unzipping process creates defects that most likely allow
the release of trapped gaseous nitrogen,> whereas
pyridine-like nitrogen disappears due to preferential
oxidation because of its high reactivity.?® Oxidation
at temperatures between 60 and 80 °C shifts the
N 1s peak to ca. 401 eV, suggesting the formation of
terminal —NH;" and/or amide (CO-NH) groups.

The XPS data for the ox-N-GNRs, shown in Figure 3b,
indicate that oxidizing reactions carried out at 40 and
20 °C result in oxidized GNRs exhibiting moderate
oxidation, with the formation of C=0 and COOH
functional groups, which most likely are located at
the edges of graphene nanoribbons domains (see
deconvolution of C 1s peaks in Supporting Information
Figure S3).In contrast, in ox-N-GNRs prepared at 60 and
80 °C, the C 1s peak due to sp>-hybridized carbon
atoms (at ca. 284.5 eV) broadens considerably due to
the formation of sp>-hybridized carbon atoms and
the resulting C 1s spectra, which is similar to that dis-
played by graphite oxide®*~*® and unzipped pure
carbon MWCNTs.'®'” Nevertheless, the top spectrum
in Figure 3b shows the C 1s peak of ox-GNR prepared
from pure carbon MWCNTs, and both the C 1s peak
shape and the C/O ratio of this sample indicate that its
degree of oxidation is much lower when compared to
ox-N-GNRs prepared at the same temperature. In order
to correlate the oxidation extent with the nanoribbon
morphology, the samples prepared at 60 °C with
limited amount of oxidizer were also evaluated by
XPS, and the results are shown in Figure 3d. In this
case, the C 1s peak shape resembles that of samples
oxidized at lower temperatures. These results confirm
that the oxidation extent can be controlled either by
using a lower temperature or by limiting the amount of
oxidizer (see deconvoluted peaks in Figure S2, Sup-
porting Information).

After we found that the oxidation extent can be
easily controlled by the temperature, we studied the
effect of temperature by performing oxidation kinetics
at80and 20 °C (runs 1 and 4). Figure 4a,b compares the
C 1s peak evolution during the first two hours and first
hour of the CNx-MWCNT oxidations carried out at 20
and 80 °C, respectively. When the reaction occurred at
20 °C, the oxidation is steady with a gradual change in
the peak shape (Figure 4a), whereas the reaction
carried out at 80 °C shows a drastic change in the C
1s peak, with significant broadening of the 284.5 eV
peak after only 30 min (Figure 4a). Indeed, the semi-
quantitative chemical analysis indicates that at 80 °C
the carbon content decreased rapidly to 70 atom %
after just 15 min, whereas at low temperature, the
oxidations proceeded slowly, reaching a similar carbon
content (72 atom %) after 2 h (Figure 4c). The strong
dependence of oxidation rate upon temperature could
be deduced by comparing the peak shape change over
time. For example, after 1 min at 80 °C, the C 1s peak
shape is similar to that observed after 60 min at 20 °C,
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Figure 4. X-ray photoelectron study of the evolution of the
carbon, oxygen, and nitrogen content as a function of oxi-
dation extent. Evolution of the C 1s core-level spectra of
samples oxidized at (a) 20 °C and (b) 80 °C. (c) Semiquanti-
tative carbon content analysis (C/(C + O + N)) of samples
shown in (a) and (b). Note that samples were oxidized as
long as 14 h (840 min), and the x axis in (c) has a break between
120 and 850 min. In order to observe peaks changes, spectra
from the first two hours and the first hour are included for
reactions carried out at 80 and 20 °C, respectively.

thus suggesting that the oxidation rate is approxi-
mately 60 times higher at 80 °C as compared to that
occurring at 20 °C. Regardless of the strong depen-
dence of the oxidation rate with temperature, the C
and O content barely changed between 2 and 14 h,
which indicates that the oxidized nitrogen-doped
graphitic lattice reached equilibrium with the oxidizer
medium.

One of the most important differences of these
N-doped nanoribbons, when compared to previously
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In the case of substitutional nitrogen

Figure 5. Proposed mechanism for the nanotube oxidation involving the oxidation of pyridine-like and substitutional-like
nitrogen atoms within the graphitic lattice of CNx-MWCNTs. All reaction steps are carried out in concentrated H,50, with an

excess of KMnO,.

reported nanoribbons prepared by unzipping of pure
MWOCNTs, is the presence of nitrogen atoms. Figure 3a,b
indicates the nitrogen atomic percent of the samples
oxidized at different temperatures or with different
oxidizer concentration, respectively. The nitrogen con-
tent was higher in pristine CNx-MWCNTs with 1.55
atom %, and it decreased as the oxidation degree (C/O
atomic ratio) increased, promoted by either tem-
perature or the amount of oxidizer. This clearly indi-
cates that the N atoms are preferential sites for
initiating oxidation, and consequently, its content
decreases as oxidation increases. Indeed, it has been
known that primary and secondary amines could be
degraded by oxidation with permanganate to alde-
hydes and ketones, thus losing nitrogen atoms with
the generation of gaseous ammonia.>®

All samples were also studied by FTIR spectroscopy
(see Figure S4, Supporting Information) in order to
identify the functional groups produced by the oxida-
tion process. The ox-N-GNRs prepared at 80 °C (run 4)
were compared with graphite oxide (GO) (run 9) pre-
pared by a slight modification of the method reported
by Marcano et al.® and with oxidized GNRs prepared
using (pure carbon) MWCNTs (ox-GNRs, run 7) and
highly crystalline MWCNTs (ox-HC-GNRs, run 8). All
samples exhibited the same FTIR peaks identified in
graphite oxide.*® The broad band around 3410 cm™'
is due to O—H stretching mode, indicating the presence

CRUZ-SILVA ET AL.

of water and hydroxyl groups. The peak located at ca.
1732 cm ™' corresponds to the stretching mode of
carboxyl groups, while the peak at 1625 cm™' has
been recently found to correspond to water.>® The
peaks at ca. 1410, 1225, and 1055 cm ™" are related to
several C—C and C—O vibration modes. The main
difference of these spectra, however, is the stronger
intensity of the peak located at ca. 1732 cm ™', which is
due to a comparatively larger number of carbonyl
groups in the oxidized N-GNRs. During graphite oxida-
tion, it is well-known that carboxyl groups are formed
primarily on the edge of the graphitic sheets.*® Thus,
the larger number of defects usually contained in CNx-
MWCNTSs, such as vacancies, and the nitrogen groups
located on the walls, are likely to promote the forma-
tion of carbonyl groups during oxidation.

The functionalization of the graphitic layers of the
CNx-MWCNTSs results in expansion, as indicated by the
XRD pattern revealing the formation of a broad (001)
peak in ox-N-GNRs with a d spacing of 0.84 nm (see
Supporting Information Figure S5). These phenomena
resemble the oxidation of graphite, but unlike the
sharp 001 peak shown by GO, the ox-GNR peak is very
broad, due to increased disorder and variable spacing
of the layers.

Mechanism of Oxidation of CNx Nanotubes. From the
characterization described above, it is clear that the
oxidation of CNx-MWCNTs is higher when compared to
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Figure 6. Comparative thermal analysis of oxidized graphene nanoribbons prepared from pure carbon and from nitrogen-
doped MWCNTs: (a) TGA analysis of the ox-N-GNRs, ox-GNRs, and graphite oxide in air; corresponding (b) differential thermal
analysis (DTA) and (c) first derivative obtained during the TGA scan. (d) Evolution of carbon dioxide by TGA-MS under inert
(He) atmosphere. Both curves have been normalized to the peak intensity during the exothermal deoxygenation around

200 °C.

pure carbon MWCNTSs. We therefore propose a possible
oxidation mechanism (Figure 5). When CNx-MWCNTs
are in contact with the permanganate ion in the
sulfuric acid solution, the oxidation of the pure carbon
lattice follows the pathway described by Sun et al.,*' in
which the oxidation disrupts the hexagonal symmetry
of the tubular lattice, thus creating higher order rings
that eventually unzip the nanotube. Theoretical calcu-
lations have shown that nitrogen-doped carbon favors
the formation of vacancies and higher order rings. In
addition, nitrogen atoms, either pyridinic or substitu-
tional, exhibit a high charge density,**> and conse-
quently, the permanganate ion is strongly attracted
to these sites. For substitutional nitrogen, the neigh-
boring carbon atoms oxidize as indicated in Figure 5,
2a—3a. The resulting structure could be further oxi-
dized (Figure 5, 4a), but the nitrogen atom is still
relatively stable within the hexagonal lattice. On the
other hand, pyridine-like nitrogen atoms are prone to
be removed from the structure, as supported by the
XPS (see Figure 3a,c). Unlike substitutional nitrogen,
the pyridine-like nitrogen is bonded to two (not three)
carbon atoms. After reacting with permanganate, the
pyridinic C=N bond is oxidized into a highly strained
C—0O—N bond (Figure 5, 3b—4b). This functional group
is further cleaved, and then the pyridine-like nitrogen is
transformed into a terminal NH, group, which, after
further hydrolysis, is removed from the surface of the
nanotube as NHs leaving a carboxyl group at the edge.
The oxidation of the pyridine-like group results in the
formation of three C=0 groups observed in Figure 5,

CRUZ-SILVA ET AL.

8b, which might be partially responsible for the strong
carbonyl signal observed by FTIR (Figure S4) in the ox-
N-GNR sample.

The higher extent of oxidation was also confirmed
by TGA-DTA and TGA-MS comparative experiments of
0x-N-GNRs (run 4), ox-GNRs (run 7), and GO (run 9), as
shown in Figure 6. The first weight loss below 100 °C
displayed in all samples corresponds to water evapora-
tion. This is an endothermic process as indicated by the
differential thermal analysis. Then, both ox-N-GNRs
and ox-GNRs displayed an exothermic graphite oxide-
like deoxygenation when heated around 200 °C.
The magnitude of this reaction, as revealed by the
weight loss (Figure 6a and more clearly seen in its
derivative in Figure 6¢) and the exothermic signal
(Figure 6b), was higher for ox-N-GNRs than for ox-
GNRs. This is in part the result of a larger amount of
oxygen groups confirmed by the C/Oratio (see Table 1).
When an oxidized carbon sample is heated, most of the
oxygen from functional groups is released as CO,, thus
we carried out TGA-MS to study the comparative
evolution of this gas in both ox-N-GNRs and ox-GNRs
(Figure 6d). As expected, the CO, evolution peak in ox-
N-GNRs is not only broader, suggesting a greater
diversity of functional groups, but also of higher in-
tensity up to 600 °C.

Reduction of Oxidized CNx Nanotubes. Oxidized GNRs
could be reduced to graphene nanoribbons by chemi-
cal or thermal methods.'”** We studied comparatively
the reduction of ox-N-GNRs (run 4) and two samples of
oxidized nanoribbons obtained from two different
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TABLE 2. Summary of Reaction Conditions for Reduction Treatments and Results

T f Tem XPS data
Run ype ? emp SEM Observations
material
Peak  Position at.% C/O
Cls 284.448  93.48
1h 0 1s 532.848 6.15 Stacked rlbbon's.
10  N-GNRs-red300  300°C Nis 399318 037 152 Moderatereduction.
Moderate nitrogen
(Ar)
content.
Cls 284.35 95.01 Small ribbons and
1h O1s 533.1 4.82 nanotubes. Structural
11 N-GNRs-red800 800 °C N 1s 401.08 017 19.7 damage. Highly
(Ar) reduced. Low nitrogen
content.
Cls 284.35 96.32
1h 01s 533.4 3.68 26.2 \ixture of stacked and
12 GNRs-red800 800 °C exfoliated ribbons.
(Ar) Highly reduced
C1ls 284.5 94.25
1h 01s 53245 5.75 164 Exfoliated ribbons.
13 HC-GNR-red400 400°C Assembled into sheets.
(Ar) Moderate reduction.
C1ls 284.477 88.39
NH3g:50C1M O1s 532.631 8.73 Mainly stacked ribbons.
14 N-GNRs-redNH, I:IH Nl-i N1s  400.137 2.89 10.1  Moderate reduction.
2! 2 . .
(1% vol) High nitrogen content.
C1ls 284.44 91.67
3h 85°C 01s 532.54 3.93 EXnglatjd ribbzns
NH,OH 0.1M Assembled into sheets.
15  GNRs-redNH, NH,NH, N1s  400.26 440 233 Ll educed, High
(1% vol) nitrogen content.

pure carbon MWCNTS, ox-GNRs (run 7) and ox-HC-
GNRs (run 8). Both thermal and chemical reduction
methods were used for the samples, and the results are
summarized in Table 2.

For comparison, GNRs prepared by oxidation of
MWCNTs based on previous reports'® and reduced
thermally at 800 °C are shown in Figure 7a (TEM image
shown in Supporting Information, Figure S6a, whereas
the TEM image of the ox-N-GNRs prior to reduction is
shown in Figure S6b). SEM images of the nitrogen-
doped GNRs reduced at 300 °C (N-GNRs-red300, run
10) and at 800 °C (N-GNRs-red800, run 11) are shown
in Figure 7b,c, respectively, whereas the N-GNRs re-
duced using hydrazine (N-GNRs-redNH2, run 14) are
displayed in Figure 7d. N-GNRs reduced at low tem-
perature (300 °C) (Figure 7b) showed a morphology
consisting of ribbons (see also the TEM images in
Supporting Information Figure Séc), but unlike GNRs
obtained from pure carbon MWCNTSs, the structure of
N-GNRs was unstable when the heat treatment was
carried out at 800 °C (run 11, Figure 7c, and TEM image

CRUZ-SILVA ET AL.

in Supporting Information Figure Séd). The resulting
structures consist of very small short tubes, ribbons
(less than 500 nm long), and carbon nanoparticles. The
reason for such a drastic change in morphology during
thermal reduction might be due to the higher amount
of oxygen groups within the carbon lattice. Chemical
reduction using hydrazine also yielded N-GNRs (run 14,
N-GNRs-redNH2), with small diameters (Figure 7d) that
contain a considerable amount of carbon nanoparti-
cles (Figure 6d). Due to their reduced dimensions (see
inset for size distribution), these structures might have
potential applications as catalyst support and electro-
chemical capacitors due to their higher surface area, as
compared to pristine CNx-MWCNTs. We believe that
the structural instability of oxidized nitrogen-doped
GNRs results from its chemical reactivity, caused by the
presence of a larger number of defects and oxygen
groups as compared to oxidized undoped GNRs. How-
ever, HRTEM images of samples reduced at 800 °C
show some nitrogen-doped graphene sheets, such as
the bilayer graphene anchored to a small diameter
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nanotube (Figure 7e), and in spite of the large number
of defects, after heat treatment, most of the layered
structures recovered the hexagonal lattice character-
istic of graphene (as seen by the FFT in the inset of
Figure 7f).

The reduced samples were also analyzed by Raman
and UV—uvisible spectroscopy, and the results are shown
in Supporting Information Figure S7a,b, respectively. In
particular, the Ip/Ig intensity ratio, I peak position, and
the m—x* peak position are indicated in the Supporting
Information (see Table Sl). The shift of the w—s* peak
position is an indication of the extent of conjugation.
We can observe that pristine nitrogen-doped nano-
tubes (CNx-MWCNTSs) show this peak at 275 nm, but
after oxidation and the formation of carbon sp> do-
mains, it is shifted to 244 nm for ox-N-GNRs (C/O = 2.16)
whereas ox-GNR (C/O = 3.12) shows its peak at 236 nm.
It is clear that, in spite of being more functionalized,
these functional groups are probably not evenly dis-
tributed within ox-N-GNRs and some “islands” with sp?
conjugation remain. Chemical reduction with hydra-
zine shifts the w—a* peak position to 263 nm for
N-GNRs-NH2 (C/O = 10.1), whereas the GNRs after
hydrazine reduction shift to a higher wavelength of
268 nm (C/O = 23.3). Both the UV—vis spectra and XPS
indicate that pure carbon ox-GNRs are more easily
reduced by hydrazine. Therefore, nitrogen atoms not
only avoid the homogeneous oxidation but also slow
the reduction process in ox-N-GNRs, thus inhibiting the
formation of sp?-conjugated domains within N-GNRs.
Raman results (Figure 7b) are consistent with UV—uvis;
the G-band position in pristine CNx nanotubes appears
at 1585 cm™ ', and after oxidation and the formation of
sp> carbon domains, the G peak shifts to 1600 cm ™.
Following the chemical reduction with hydrazine, the
position of this peak is shifted back to 1590 cm™" for
N-GNRs and to 1587 cm ™" in the case of pure carbon
GNRs. Thermal reduction of ox-N-GNRs at 800 °C also
shifts the G band further to 1587 cm™', which is very
close to the original position in pristine CNx-MWCNTs.
The presence of remnant oxidized domains in the
N-GNR sample reduced at 300 °C is also revealed by
the position of the G band, which appears shifted at
1592 cm™" after reduction.

Finally, the C 1s core-level spectra and the thermal
stability of reduced samples are shown in Figure 8a,b
and show perfect correlation between the reduction
extent (C/O ratio) and thermal stability analyzed by
thermogravimetry. CNx-MWCNTs display the typical
shape characteristic of spz-hybridized carbon (284.5 eV),
and its C/O ratio is very high as expected from CVD-
synthesized carbon. GNRs from pure carbon MWCNTs
obtained by thermal reduction at 800 °C (GNRs-red800)
show a C 1s peak very similar to the pristine CNx-
MWCNT material, indicating the complete loss of oxy-
gen functional groups and recovery of the sp? hybri-
dization and a high C/O ratio of 26.2. On the other

CRUZ-SILVA ET AL.

f)N-GNRs-red800; C/0=19.7

e) N-GNRs-red800; C/0=19.7

Figure 7. Images showing the morphologies of oxidized
GNRs after the thermal or chemical reduction with hydra-
zine. (a) SEM image of GNRs obtained from pure carbon
MWCNTs thermally reduced at 800 °C (run 12). (b) SEM
image of N-containing GNRs thermally reduced at 300 °C
(run 10). (c) SEM image of N-containing GNRs thermally
reduced at 800 °C (run 11). (d) SEM image of chemically
reduced N-GNRs using hydrazine (run 14). (e,f) HRTEM
images of N-GNRs thermally reduced at 800 °C (run 11).
The insets in (c,d) show the corresponding diameter dis-
tributions, and the inset shown in (f) corresponds to the FFT
of the area indicated in dotted square.

hand, N-doped GNRs reduced by the same process
(N-GNRs-red800) show a small peak located at 289 eV
in addition to the main peak at 284.5 eV, which is due to
residual carboxyl groups and defects, which decrease
the C/O ratio to 19.7. In addition, the peak located at
284.5 eV is broader, suggesting the presence of carbon
atoms exhibiting sp® hybridization and C—N and C—0O
bonds. The thermal stability of these three highly
reduced samples is similar, but it decreases slightly as
the reduction extent increases (C/O ratio).

In addition, carboxyl defects are evident in the
N-GNR sample reduced at 300 °C (N-GNRs-red300), in
which a peak located at 288.7 eV and a shoulder
located at ca. 286.2 eV caused by C—O groups are
observed. The C/O ratio of this sample is lower (15.2),
and its thermal stability decreases considerably. In-
deed, a weight loss could be observed at 250 °C, due to
the loss of oxygen functional groups. Similarly, the
hydrazine-reduced sample shows the contribution of
C—N or C—O groups close to 286.2 eV, but the carboxyl
groups were successfully eliminated. Potential applica-
tions of reduced nitrogen-doped GNRs include elec-
trochemical energy storage and electrochemical bio-
sensors. Figure S8a,b shows the cyclic voltammetry
behavior for the GNRs prepared by thermal reduction
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Figure 8. (a) XPS C 1s core-level spectra of GNR samples after thermal or chemical reduction. From top to bottom: pristine
CNx-MWCNTs as reference, GNRs obtained by oxidation of MWCNTSs followed by thermal reduction at 800 °C (GNRs-red800),
N-GNRs obtained by oxidation of CNx-MWCNTs and thermal reduction at 800 °C (N-GNRs-red800), and by thermal reduction
at 300 °C from oxidized (N-GNRs-red300) and from chemical reduction using hydrazine (N-GNRs-redNH2). The presence of
oxygenated groups as defects is confirmed by thermogravimetric analysis in (b), where the thermal stability matches the
sequence of the reduction extent (C/O ratio) measured by XPS .

and nitrogen-doped GNRs obtained by reduction with
hydrazine, respectively. Both samples show the typical
shape of a double-layer charging (capacitive current)
with a broad peak around 0.4 V (vs Ag/AgCl) most likely
due to residual functional groups. Nevertheless, in spite
of the small size, the capacitance shows a moderate
value of ca. 50 F/g for both samples, twice of that
reported for pristine MWCNTSs. Further activation of the
nanoribbons is proposed in order to reach higher
capacitance values.

CONCLUSIONS

N-GNRs could be synthesized by oxidative unzip-
ping of CNx-MWCNTs using KMnO, in H,SO4/HsPO,
mixture. We proposed the structural evolution from
longitudinally unzipped nanotubes to “stiff” nanorib-
bons and finally “soft” (highly oxidized) nanoribbons.
The degree of functionalization of the ox-N-GNRs is
higher than that of pure carbon ox-GNRs prepared
under the same reaction conditions, as confirmed by
XPS, TGA, FTIR, and TGA-MS. This is due to the high

EXPERIMENTAL SECTION

Materials. Sulfuric acid (H,SO,, 95 wt %), hydrochloric acid
(HCl, 36—37% wt), potassium permanganate (KMnO,4 99%),
phosphoric acid (HsPO,, 85 wt %), ferrocene (Cp,Fe), hydrogen
peroxide (H,0,, 30 wt %), benzylamine (C;HgN), and synthetic
graphite (400 mesh) were purchased from Wako Chemicals.
Hydrazine hydrate (N;H,-H,0, hydrazine 65 wt %) was pur-
chased from Sigma-Aldrich. Synthetic graphite was aquired
from Wako, Japan.

Carbon Nanotube Synthesis. MWCNTs were synthesized by
spray-assisted CVD, using Ar as carrier gas; the material was
then collected from the inner wall of a quartz tube as described
elsewhere.** CNx-MWCNTs were synthesized using a 6 wt %
solution of ferrocene, used as catalyst, and benzylamine as a
carbon/nitrogen source. In a typical procedure, the ferrocene/
benzylamine solution was nebulized and carried out by an Ar
flow rate (2.5 L/min) through a quartz tube heated at 850 °C.

CRUZ-SILVA ET AL.

chemical reactivity of nitrogen-doped MWCNTs. Un-
zipping of CNx-MWCNTSs with diameters smaller than
30 nm did not occur, although these structures were
oxidized. The oxidation process decreases the concen-
tration of nitrogen groups on the surface of GNRs and
could be used as a method to control nitrogen con-
centration within the nanoribbons. For instance, by
controlling the degree of oxidation, the N atomic %
could be reduced from 1.56% in pristine CNx-MWCNTs
down to 0.31 atom % in nitrogen-doped oxidized
graphene nanoribbons. The thermal reduction at rela-
tively low temperature (300 °C) results in graphene
nanoribbons with 0.37 atom % of nitrogen. After the
thermal reduction at 800 °C, the hexagonal carbon
lattice could be restored. The chemical reduction with
hydrazine results in nitrogen-doped nanoribbons with
low thermal resistance but high nitrogen content. A
reaction mechanism of the oxidation of nitrogen func-
tional groups in CNx-MWCNTSs was proposed. This work
provides further insight in the unzipping mechanism of
different types of MWCNTs.

Chemical Oxidation and Unzipping of CNx-MWCNT. CNx-MWCNTSs
were unzipped by oxidation using a method similar to that
reported by Higginbotham et al.'® Typically, 800 mg of CNx was
sonicated for 1 hin 100 mL of H,SO,. Later, 20 mL of H3PO4 was
added, and the mixture was stirred on a hot plate set at 80 °C.
Subsequently, 4.0 g of KMnO, was slowly added, and the
reaction mixture was left to react for 2.0 h (Caution: perman-
ganic acid oxidations are potentially explosive and should be
carried out inside a fume hood with a safety shield protector).
After this time, the reaction mixture was slowly poured into a
stirred solution of 10 mL of H,O, in 400 mL of cold water. The
sample was centrifuged and washed with diluted HCl and
H,SO, solutions and, finally, three times with distilled water.
After freeze-drying, 679.0 mg of oxidized N-GNRs (0x-N-GNRs)
was obtained. A series of reactions were carried out in order to
study the effect of temperature and oxidizer concentration.
Typically, 200 mg of CNx-MWCNTSs was dispersed ultrasonically
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(1 h) in a mixture of 50 mL of H,SO4 and 10 mL of H3PO,. To
study the effect of oxidizer, the hot plate temperature was fixed
to 60 °C and the mass ratio of oxidizer to CNx-MWCNTs was
varied in three concentrations: 1:1,2.5:1,and 5:1. When studying
the effect of temperature, the mass ratio of the oxidizer to CNx-
MWCNTs was fixed to 5:1, and the hot plate temperatures were
varied (20, 40, 60, and 80 °C, runs 1, 2, 3, and 4, respectively).
Finally, when studying the effect of reaction times, samples
were left reacting for different periods of time, ranging from
1 min to 14 h, and the oxidation was stopped by pouring the
reacting suspensions in an aqueous solution of H,0,. All
samples were neutralized with an excess of H,O, and were
washed with diluted H,SO,, HCl, and finally three times distilled
H,O0, followed by freeze-drying. For comparison, MWCNTs and
highly crystalline MWCNTSs also prepared by CVD according to
Botello-Mendez et al.** were also unzipped using the same
method explained above; samples were labeled ox-GNRs and
ox-HC-GNRs (runs 7 and 8), respectively. Samples were also
purified in the same way as that described for the ox-N-GNR
samples. For comparison purposes, graphite oxide was oxidized
(run 9) using a slight modification of the improved method
described by Marcano et al.*® Typically, 1 g of graphite and 5 g of
KMnO, were added to 50 mL of H,SO,4 and 10 mL of H;PO, and
heated to 40 °C. The reaction mixtures turn into thick slurry and
after 2 h are poured in 500 mL of a mixture of ice and water with
5 mL of hydrogen peroxide. The GO was purified by centrifugation
and washing and finally freeze-dried similarly to ox-N-GNRs.

Hydrazine Reduction. Fifty milligrams of oxidized nanoribbons
(0ox-N-GNRs or ox-GNRs) was added to 100 mL of ammonia
solution (NH4OH, 0.1 N) to give a dark brown dispersion. Later,
1 mL of N,H,-H,0 (65.0 wt %) was added, and the mixture was
heated to 85 °C for 3 h. The gradual darkening of the mixture
and flocculation of the dispersed nanoribbons indicate that
chemical reduction took place. The hydrazine-reduced nitro-
gen-doped GNRs (N-GNRs-redNH2) and the hydrazine-reduced
GNRs (GNRs-NH2) were purified by centrifugation/redispersion
in distilled water followed by freeze-drying.

Thermal Reduction. ox-N-GNRs and ox-GNRs were deposited
on a ceramic crucible and heated in a tubular furnace. The
temperature was increased over a 20 min period from room
temperature to 800 °C under a dry Ar flow. After 1 h, the furnace
was cooled and the sample was removed and stored for analysis
(N-GNRs-red800 and GNRs-red800). In one experiment, we used
abrupt heating at relatively low temperature by introducing the
sample in a preheated furnace at 300 °C, using the same flow
conditions and time as described above (N-GNRs-red300).

Characterization. The overall morphology of the samples was
studied by SEM (JEOL JSM-6335 operating at 15—20 kV). High-
resolution transmission electron microscopy (HRTEM) was car-
ried out in a JEOL JEM-2100F, operating at 80 kV and equipped
with a CEOS Double Cs. Thermogravimetric/differential thermal
analysis (TGA/DTA) was carried out on TGA 8120 equipment
under air flow (300 mL/min) and a 10 K/min heating rate using
alumina powder as reference. Thermogravimetric analysis coupled
with mass spectroscopy (TGA-MS) was carried out using a He/O,
80/20 flow in a Rigaku ThermoMass Photo equipment. X-ray
photoelectron spectroscopy (XPS) analysis was carried out
using the Al Ko line in an Axis-Ultra, Kratos, UK. The XPS analysis
chamber was operated at 1072 Torr, a 700 um x 300 um area
was studied, and the analyzer was set at 20 eV pass energy.
Samples were grounded, and an electron gun was used to avoid
charging during the measurements. Samples were referenced
to the C 1s sp? peak at 284.5 eV. Semiquantitative elemental
analysis was carried out using the C 15,0 1s,and N 1s peaks from
XPS, with relative sensitivity factors of (1, 2.93, and 1.8, res-
pectively). Raman spectroscopy was carried out in a Renishaw
Micro Raman using the 785 and 633 nm lines. Fourier trans-
formed infrared (FTIR) spectroscopic studies were carried out on
Nicolet 6700 equipment. GNR samples (oxidized and reduced)
were ground with KBr and were pressed into pellets for analyses
in transmittance mode. X-ray diffraction patterns were obtained
using a PANalytical XPert Pro equipment using the Cu Ka line.
UV—vis spectra were obtained after sonication of a 1 mg/mL
sample in deionized water. The water-dispersed material was
allowed to sediment, and then 200 uL of the dispersion was
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quickly mixed by inversion with 3.0 mL of deionized water and
measured immediately.
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