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Selective carboxylation versus layer-by-layer
unsheathing of multi-walled carbon nanotubes:
new insights from the reaction with boiling
nitrating mixturet
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We have studied the oxidation of multi-wall carbon nanotubes (MWCNTSs) by boiling them in a nitrating
mixture composed of conc. HNO3/H,SO,4 (v/v = 1/3). By analysis of the morphology and surface
physicochemistry of the oxidation products as a function of MWCNT treatment time, we have revealed
two interrelated phenomena. Firstly, the most outer walls were becoming more functionalized with
carboxylic groups to the point of quasi-saturation where, secondly, oxidized MWCNTs could be
desheathed uncovering the yet non-functionalized wall. These phenomena were manifested by the
periodic-like nature of functionalization and de-functionalization. In the products of MWCNT oxidation —
the number of graphitized MWCNT walls was determined by HR-TEM while quantification of oxygen
functionalities was performed via Boehm titration. The above techniques coupled with the analysis of
zeta potential and Raman spectroscopy allowed us to propose a pseudo-1% order kinetic model for
MWCNT oxidation translatable to other sp?-C allotropes. The findings mean that prolonged oxidation
does not necessarily yield nanotubes of higher levels of functionalization. The final outcome is of great
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Introduction

Controllable surface functionalization of carbon nanotubes
(CNTs)' remains an unceasing challenge for chemists. Particu-
larly, control over the kinetics and the selectivity of introducing
oxygen functional groups onto CNTs is of high importance.” The
significance derives from the fact that numerous applications,
from biomedicine (drug/gene delivery, cell scaffolds) to elec-
trical engineering to sensors, require CNTs of precise stoichi-
ometry, tunable hydrophilization and biocompatibility.* Nearly
three decades of research has shown that oxidation of CNTs is
the most commonly reported method to overcome the problems
related to their poor dispersibility, limited solvent/matrix
compatibility and purity.** Oxidation, apart from functionali-
zation in the general sense, could also lead to significant
changes in the CNT morphology such as thinning, cutting or
unzipping (to graphenoid products).®” It is therefore crucial to
understand the process of CNT oxidation as it could yield
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relevance in all fields of MWCNT applications from medicine to sensors to nanomaterials engineering.

control over this process, typically considered as a ‘black-box’ in
terms of the complex molecular mechanisms.?

By now, there have been several trials addressing the
controllable oxidation of CNTs in the liquid phase. Datsyuk et al.®
studied the effect of oxidation of multi-wall CNTs (MWCNTs)
(synthesised by c-CVD, purity 80%, outer diameter d = 10-20 nm,
length / = 0.7 um) via acidic (nitric acid and a mixture of sulfuric
acid/hydrogen peroxide) and basic (ammonium hydroxide,
hydrogen peroxide) agents. After oxidation [reflux, 48 h for conc.
HNO3;, room temperature; 5 h for H,SO,/conc. H,0, (‘piranha’)
and 80 °C, 5 h for the mixture of NH;(,q) and H,0,, concentration
of carboxylic groups increased from 1.0 (MWCNTs purified with
conc. HClyg) to 1.6 (NHjuq, H,0,), 2.0 (H,SO4/H,0,) and
3.7 mmol g~ ' (HNO,). Moreover, oxidation under acidic condi-
tions produced shortened and more defective CNTs, while under
basic conditions oxidation removed the residues of amorphous
carbon and metal oxides leaving the nanotubes intact. Goh et al.**
have studied the effect of oxidation time on dispersibility of
MWCNTs (prepared by c-CVD) in solvents (water, n-hexane and
ethanol). MWCNTs were oxidized using a mixture of H,SO, and
HNO; (1 : 4; v/v) in reflux for 2, 4 and 6 h. The concentration of
COOH groups changed from 0.8 mmol g~ * (pristine) to 1.75 (2 h),
2.00 (4 h) and 2.50 mmol g~' (6 h). Oxidized MWCNTs (O-
MWCNTs) formed stable dispersions in ethanol and water
while they were indispersible in n-hexane confirming polar
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character of O-MWCNTs and build-up of 3D network of hydrogen
bonding. Rosca et al.** have monitored the weight of nanotube
substrates and products as well as dispersibility of O-MWCNTSs
after oxidation using nitric acid. MWCNTSs (d = 20-40 nm, [ =
5-20 pm) were refluxed in HNO; (60%) from 1-48 h. The
enhanced dispersibility was obtained for the samples treated for
24-48 h while 60-90% of the initial MWCNTSs were lost. Addi-
tionally, oxidation caused problems with isolation of small
diameter MWCNTs (degradation after 24 h oxidation); MWCNTSs
were also cut (short CNTs were visible at SEM images) and
revealed a better alignment after drying in comparison with the
pristine MWCNTSs. Furthermore, Canete-Rosales et al.** studied
the effect of chemical oxidation on two types of MWCNTSs: short
(d =15-45 nm, [ = 1-5 um) and long (d = 15-45 nm, [ = 5-20 um)
ones. The samples were heated in a mixture of conc. H,SO,-
:HNO; (3:1; v/v) for 3 and 6 h or in HNO; for 6 h. The
concentration of COOH groups was higher for longer MWCNTS:
1.83 wt% (3 h nitrating mixture), 2.39 wt% (6 h nitrating mixture)
and 3.38 wt% (6 h nitric acid). Furthermore, oxidation using
HNO; led to higher amounts of quinone, lactone and anhydride
groups whereas nitrating mixture introduced mainly carboxylic
groups. Importantly, the oxidation could be applied for the
production of graphene nanoribbons.”** Dimiev et al, while
revisiting the mechanism of MWCNT unzipping, have studied the
effect of KMnO4 : MWCNTSs (d = 40-80 nm, / = 4-12 pm) ratio and
oxidation time on the structure and composition of the graphene
nanoribbon products. The unzipping process involved consecutive
intercalation (nanotube swelling), oxidation and exfoliation steps.
Intercalation and unzipping occurred in the KMnO,/H,SO, solu-
tion, while the full oxidation and exfoliation in water. For the
complete MWCNT unzipping, a 0.12 wt. equiv. of KMnO, was
required. Controlling of KMnO, : MWCNT ratio and the oxidation
duration led to the products with a clearly defined number of
layers and the oxidation degrees. Kinetics of MWCNT oxidation
was also studied in the gas phase (using air and oxygen)**® but the
MWCNT substrate scope was ambiguous and the elaborated
models were not transposed to the atomic scales.

Here, we present the new findings on the oxidation of well-
defined MWCNTSs under harsh conditions in the liquid phase.
We demonstrate that the oxidation duration allows controlling
a degree of selective carboxylation (functionalization with
carboxylic groups), in the background of hydroxylation. At the
same time, quenching the reaction mixture at the required step
of the MWCNT layer-by-layer unsheathing would allow to
control the MWCNT diameter. We therefore clearly show that
the progressive layer-by-layer combustion (hence decarboxyl-
ation) and selective oxidation are interrelated processes.
Importantly, the behaviour of the reactants is presented for the
first time within the short time intervals. This disclosure
constitutes an important development in the field of CNT
functionalization also because numerous previous outcomes
from the oxidation studies were performed at one-hour intervals
as the shortest periods and in the absence of analysis of
morphological MWCNT changes upon the oxidation. We even-
tually deliver a model of MWCNT oxidation under above harsh
conditions showing consequences for the application site of
MWCNTs.
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Experimental

Materials

Commercially available MWCNTs NC7000™ (d = 9.6 nm, [ =
1.5 pm, 90% purity) were purchased from Nanocyl, Belgium.
Nitric acid (65%, pure p.a.), sulfuric acid (98%, pure p.a.),
sodium hydroxide (pure p.a.), sodium carbonate (pure p.a.),
sodium bicarbonate (pure p.a.) and hydrochloric acid (35-38%,
pure p.a.) were purchased from Chempur, Poland.

Kinetic studies of MWCNT oxidation toward oxidized
MWCNTSs (O-MW CNTS)

MWCNTSs (2.000 g) were mixed with a solution of conc. HNO; :
H,S0, (1 : 3; v/v) (52 mL). The reaction mixture was refluxed using
the identical heating power supplied by the heating mantle for the
periods from 5 to 90 min, and to the time of full gasification of
MWCNTs (leaving Al,O; as the residue). After cooling down at
room temperature (15 min), the mixture was quenched by pouring
onto distilled water (2 L). O-MWCNTs were filtered off under
diminished pressure using a PTFE filter (Merck Millipore; pore size
0.2 pm) and rinsed with distilled water until pH 7. O-MWCNTs
were dried at 85 °C to the constant weight, that is at least for 12 h.

Characterization

High-resolution transmission electron microscopy (HR-TEM),
thermogravimetry (TGA), Boehm titration and zeta potential
measurements were used to characterize the changes in the
morphology and surface physicochemistry of MWCNTs and O-
MWCNTs. HR-TEM images were taken using a transmission
electron microscope F20X-TWIN (FEI-Tecnai) operated at 200
kv. One drop of sample dispersion in ethanol (96%, p.a.) was
placed on a copper grid coated with an ultrathin amorphous
carbon film, and then dried under ambient conditions. TGA
curves were recorded using a LINSEIS STA PT1600 in a heating
rate of 10 °C min~ ' under the argon atmosphere. The content of
surface oxygen groups in MWCNTs was determined by Boehm
titration and the procedure was as follows: functionalized (and
pristine, i.e. blank sample) MWCNTs (60 mg) were dispersed for
48 h under continuous magnetic stirring in the specified
aqueous reaction base solutions: (1) 0.01 M NaOH, 60 mL; (2)
0.01 M Na,COj3, 30 mL; (3) 0.01 M NaHCO3, 60 mL. The mixture
was filtrated using a 0.2 um-PTFE filter and then 10 mL (or 5 mL
in the case of Na,CO;) of the appropriate filtrates was titrated
with 0.01 M HCl,q (20 mL). pH of the final solutions was
measured using a pH-meter (EcoTestr 2). Each titration was
performed in triplicate. As blank samples 10 mL of each reac-
tion base (5 mL in the case of Na,CO;) were used. Zeta potential
(at 25 °C) was measured using Nano Plus HD (Micromeritics,
USA) for pH = 7.0. 5 mg of CNTs was dispersed in 30 mL of
0.1 mM KCI (pH of the suspension was adjusted using standard
solutions of HCl,q or NaOH,).

Results and discussion

As the MWCNT oxidizing agent a standard nitrating mixture
was used. It was composed from a mixture of concentrated
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nitric(v) (65 wt%) and sulphuric(vi) (98 wt%) acids in a volu-
metric ratio v/v = 1/3. This oxidizing system was frequently
applied in the laboratory practice for pre-functionalization of
CNTs with carboxylic and/or hydroxyl groups. On the other
hand, it has not been systematically studied in terms of the
post-treatment nanotube morphology. In order to carefully and
systematically track the kinetics of MWCNT oxidation, we have
performed the reactions in different periods of time but
otherwise identical conditions, i.e. under reflux in the mixture
of the above acids (Fig. 1). To comprehensively analyse the
products of MWCNT oxidation, a set of various, complementary
analytical techniques was used. And so, (a) HR-TEM allowed to
reveal a number of well-graphitized CNT walls, (b) pyrolytic TGA
was applied to quantify functionalization degrees, (c) Raman
spectroscopy was used to identify sp>-type lattice/wall disorders
in the background of aromatic sp*>-carbon atoms, (d) Boehm
titration allowed to selectively quantify carboxylic and hydroxyl
groups, and (e) zeta potential measurements cross-verified TGA
and titration results (Fig. 1, techniques).

As the reference MWCNT material, we have selected
commercially available nanotubes MWCNTs of well-defined
morphology, i.e. Nanocyl NC7000™ produced in an industrial
scale in a c-CVD fluidized bed reactor (90 wt% nanotube product,
~9 wt% Al, O3 and ~1 wt% of total Fe).>** MWCNTs were refluxed
in the nitrating mixture from 5 to 90 min time intervals. Each
heating time up to the boiling point (bp) of the reaction mixture
was identical (7 min) while the start-point of the releasing brown
fumes of nitrogen oxide (NO,) could be plainly noticed, after
3 min of heating, identifying progress of the oxidation. The end of
NO, release, observed as the clear cut-off, could be determined at
~30 min. Afterwards, all of the post-reaction mixtures were
allowed to cool down under the same conditions. O-MWCNTs as
the main reaction products were isolated as black precipitates,
washed with water and dried to the constant weight which was
nearly equal to the initial weight of MWCNTs (see Table 1). The
products after drying were hard and brittle solids due to forma-
tion of three-dimensional network of hydrogen bonds containing
water. Importantly, as confirmed by UV-Vis and NMR spectros-
copy, no polyaromatic hydrocarbons (PAHs), fulvic acids or
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Fig. 1 Treatment of MWCNTs using boiling nitrating mixture toward
O-MWCNTSs products of various surface functionalization/morphology
and the analytical techniques applied thereto.
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Table 1 Number of well-graphitized MWCNT walls versus the
oxidation time

Weight of isolated

Time No.ofwalls No. of walls (min : max) = O-MWCNTSs, g
0 15.0 £ 2.0 (13:17) 0.000
5 14.7 £ 1.2 (12:16) 1.020
10 125+ 14 (11:15) 1.024
15 12.2 + 1.8 (9:15) 1.041
30 11.3 + 1.8 (9:14) 1.014
45 99+ 1.6 (7:13) 1.010
60 9.2 £ 0.8 (7 : 10) 1.019
75 8.8 £1.2 (6:10) 1.022
90 8.1+ 1.2 (5:10) 1.008

MWCNT wall-debris, such as fluorescent carbon quantum dots or
graphenoids, were identified as side- or by-products neither in the
filtrate nor on the O-MWCNT surface. Hence, no risk of the
overestimation of functional groups in the solid product
occurred.

Initially, morphology of MWCNTs and O-MWCNTs was
studied using high resolution transmission electron microscopy
(HR-TEM) (Fig. 2). Under analogous magnification one could
immediately notice along the nanotube length, apart from well-
graphitized hence countable MWCNT walls, numerous grooves
and disordered sp’-carbon layers. A careful look at the purely sp’-
developed nanotube walls allowed seeing a clear tendency of the
decreasing number of MWCNT walls with time of oxidation.
Indeed, the number of MWCNT walls — while starting from
pristine to 90 min-treated MWCNTs - decreased(on the average)
from 15 to 8 walls, respectively. Table 1 shows a more detailed
relationship - expressed by a statistical TEM analysis of 50
individual and distinguishable, i.e. visibly separable one-from-
other (measured one-by-one) nanotubes for a given O-MWCNT
batch - between the number of MWCNT walls and the period of
oxidation.

Clearly, the prolonged oxidation led to a progressive diges-
tion and the eventual gasification of the nanotube walls in
a ‘layer-by-layer’ manner leading to the nanotube thinning. This
process emerged, at the first glance, as occurring without any
obvious regularities in terms of a type of MWCNT wall defects.
Having in mind the observed tendency, we have performed
a detailed thermogravimetric analysis (TGA) and the parallel
Boehm titration for each sample, further supported by analysis
of the main peaks in Raman spectra with a recall of TEM results
(Fig. 3). As can be seen, the first weight loss (below 200 °C) in
TGA curves (Fig. 3A; ESI, Fig. S1 and S2t) could be connected
with the desorption of water (approx. 2 wt%). Further, the
weight loss in a range from 200 to 550 °C could be assigned to
desorption of covalently bonded groups and hence, in the first
place, to decarboxylation - as the least energy demanding
process and straightforwardly correlatable with the -COOH
content (300-550 °C).

In all of the cases, step-wise weight losses could be observed
while phenol-type hydroxyl groups were eliminated above
500 °C.”* The exact functionalization degrees were determined
by a projection of the Derivative Thermogravimetry (DTG) peak

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 HRTEM images of representative O-MWCNTs after 5 min (A),
10 min (B), 15 min (C), 30 min (D), 45 min (E), 60 min (F) 75 min (G) and
90 min (H) oxidation time. The red lines show the well-graphitized
MWCNT walls.

onsets and offsets (hence initiation and termination of the
appropriate processes) onto the corresponding TGA curves and
readout of the weight differences between the so-indicated
points (ESI, Table S17).

Importantly to note, the trends were non-monotonic and
quasi-periodic so they required further verification. Here, with
the help came Boehm titration (black curve in Fig. 3B).*°
Indeed, in line with the TGA results, the COOH content was
changing throughout the whole course of the experiment in
a similar, that is the quasi-periodic manner. (OH-content was
found constant for all O-MWCNT samples, i.e. 1.8 & 0.2 mmol

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Representative TGA curves for O-MWCNTs obtained by
oxidation at different periods of time (A). Correlation of zeta potential
(©) with the COOH content in O-MWCNTs versus the oxidation time
(B). No. of MWCNT walls and degree of the outer wall oxidation
(indicated as green layer of varied thickness) versus oxidation time (C).
Ip/lg ratios in the Raman spectra of O-MWCNT products (D).

g7 '). As so, any high COOH content - received from the
Boehm titration - could be directly correlated to highly
negative zeta potential ({) values (blue curve in Fig. 3B). This
observation confirmed the elevated surface concentration of
negatively charged functional groups. Remarkably, the whole
in-time studies allowed stating a clear interdependence
between functionalization degrees and the duration of
oxidation in this quasi-periodic relationship. Generally, the
shape of the Boehm- and {-curves must be related to pro-
gressing degradation of the most outer walls of MWCNT. This
phenomenon, also called ‘onion effect’ (‘layer-by-layer’), has
been also very recently observed by Gonzalez et al.?> They
observed that several MWCNT walls were peeled off after
achieving a critical carboxylic group content during the
oxidation by H,0, under UV irradiation - partly confirming
our findings. However, there are remarkable differences for
oxidation with the nitrating mixture, comparing to H,0,. At
first, the number of carboxyl groups increased. Next, the outer
wall was destroyed and the number of functionalities
decreased. When the entire wall was destroyed the number of
functional groups again was starting to increase (Fig. 3C). On
the other hand, Raman spectra, in which ratio of intensities of
D- to G-peaks (Ip/Ig ratio) corresponds to ratio of C-sp® to C-
sp® atoms (Fig. 3D),? were found as loosely correlating with
the other outcomes. This net effect could result from the fact
that distortion from sp>-hybridization derives from: (a)
COOH/OH surface functionalization, (b) the initial defects in
the inner walls, and (c) decarboxylation leaving ‘wrinkled’
regions in the nanotube walls (clearly seen in TEM images)
rich in sp*-C atoms.

In order to construct a more general approach taking all the
above facts into consideration, we attempted to build an overall
kinetic model describing the observations of MWCNT oxidation
(Fig. 4) assuming that: (a) the initial number of walls in MWCNT
is 15, (b) the inter-wall distance equals to 0.334 nm, (c) outer

RSC Adv., 2019, 9, 37608-37613 | 37611
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Fig. 4 Complex kinetics of MWCNT oxidation: number of residual
carbon atoms (log scale) in O-MWCNTSs versus time reveals a pseudo
1% order of MWCNT wall combustion — two neighboring regions of
different kinetics are shown (A); qualitative mechanism of MWCNT
oxidation: apart from ‘layer-by-layer’ desheathing via quasi-periodic
functionalization leading to nanotube thinning, MWCNTSs are cut in the
regions of excessive functionalization (reactive hot-spots) (B);
a decreasing number of available surface carbon atoms (nCgyy) is
shown for particular nanotube outer diameters for Nanocyl MWCNT
length of 1.5 um; the insets in (A) show MWCNT before oxidation (left)
and after complete carbon digestion (right).

diameter and length are 9.5 nm and 1.5 um, respectively
(Fig. 4A), and (d) a local densification of the functional groups
(reactive hot-spots) could lead, apart from the nanotube thin-
ning, to its shortening/cutting®>® due to necking functionali-
zation (Fig. 4B). Simplifying that all the walls are of metallic
armchair (n,n) configuration, the first wall and the second
would be of (30,30) and (35,35) chiral indices. For those indices,
a number of carbon atoms in the ‘circumference unit’ equals
240 and 280, respectively. The iteration to the diameter and
length would yield molecular weight of the individual/single
15™ wall of ~62 millions and hence molecular weight of the
individual Nanocyl MWCNT ~607 millions of Daltons. As the
oxidation proceeded in the presence of large excess of by
oxidants, it could follow the pseudo 1°* order kinetics. Gener-
ally, the process could be considered from two points-of-view,
that is as combustion/removal of wall carbon atoms leading
to delamination (decay of substrate) and as production of gases
(CO,, H,0) (formation of products) (Fig. 4A).
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The gaseous products are formed by protonation of
carboxylic groups and the subsequent dehydration and
decarbonylation (with possible in situ oxidation of CO) while
decarboxylation proceeds via heat-induced decomposition of
carboxylates.?” As it could be easily noticed, a number of non-
oxidized (remaining/residual) carbon atoms could be
described by two equations describing two different regions
of pseudo 1°° order kinetics, i.e. in the initial stage of the
reaction up to 15 min In(nC,.s) = —0.0012¢ + 20.515 and
consecutively In(nCes) = —0.0003¢ + 20.502 with high corre-
lation coefficients (Fig. 4A). The differences might be the
consequence of a drop of number of available surface carbon
atoms compromised by the increasing O-MWCNT surface
contact area. The latter phenomenon is much more
pronounced after 90 min of oxidation after which a slope of
the line changes to ca. —0.003. And by performing an exces-
sively prolonged reaction course, i.e. after 108 h of boiling
MWCNTs in the nitrating mixture, a complete decay of carbon
phase nanomaterials occurred and only insoluble a-Al,O;
could be detected as the final white product (inset in Fig. 4). It
should be also emphasized that after 7 h of boiling and hence
the substantial increase of the solid-liquid interface, the O-
MWCNT products could not be filtered off using the PTFE
filter of pore size 0.2 pm.

Conclusions

We presented the controllable oxidation of MWCNTSs using one
of the harshest oxidants, i.e. nitrating mixture of concentrated
acids HNO3/H,SO, = 1/3 (v/v). The elaborated control covers
competitive processes of selective oxidation to carboxylic groups
and the complete wall-degradation. Basing on the obtained
results, one might predict the kinetics of oxidation versus
delamination and hence steer the processing toward the
required characteristics. Additionally, since the redox potential
of the nitrating mixture under elevated temperature is high, one
might apply more controllable conditions for both oxidants of
lower oxidation power as well as nanotubes of different
morphology. Our findings clearly mean that prolonged oxida-
tion under harsh conditions does not necessarily yield nano-
tubes of higher levels of functionalization which is of great
relevance in all fields of oxidized nanotube applications from
medicine to sensors to nanomaterials engineering.
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