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Abstract

The role of acid treatment of Taunit carbon nanotubes in the formation of oxygen-
containing functional groups on its surface as well as morphological and textural
properties was studied. Acid treatment was carried out in an HNOj; solution or its
mixture with H,SO, under mild conditions (85 °C/1 h) with subsequent washing
with distilled water or without washing. Properties of the initial and oxidized
samples were investigated using elemental carbon, hydrogen, nitrogen, oxygen
(CHNO) analysis, BET (Brunauer-Emmett-Teller) determination of surface area,
X-ray diffraction, Raman and Fourier Transform Infrared Spectroscopy (FTIR)
spectroscopy, and hydrogen temperature-programmed reduction. Treatment with
HNO,; and HNO,/H,SO, mixture was shown to be efficient for the formation of
various oxygen-containing groups on the Taunit surface; therewith, the water
washing step also contributed to functionalization of the surface. Depending on
the oxidant, acid treatment increased graphite and oxygen content in the samples
by a factor of 3—4.5. Treatment with HNO; without water washing exerted a weak
effect on the graphite structure ordering, the concentration of aliphatic groups
was high as compared to other oxidation conditions. Treatment of Taunit with the
HNO3/H,SO, mixture, on the contrary, increased the number of defects in graphite
layers and decreased the concentration of aliphatic structures.

1. Introduction

Graphitic nanotubes and nanofibers are obtained
by decomposition (pyrolysis) of carbon-contain-

Carbon materials are widely used as catalyst
supports, adsorbents, electrodes for supercapaci-
tors, reinforcing fillers of polymers, fuel cell elec-
trodes, biosensors, for the delivery of therapeu-
tic preparations in cells, etc. [1-4]. Such a wide
application of carbon materials is based on the
variety of their morphological structures (nano-
tubes, nanofibers, amorphous carbon, and others),
electronic properties, chemical stability in aggres-
sive media, inertness toward the supported catalyt-
ically active component, the possibility of recov-
ering the deposited noble metals by burning of the
support, etc.

*Corresponding author. E-mail: zinferl @mail.ru

© 2019 Eurasian Chemico-Technological Journal.

ing gases over metal catalysts [5—9]. The unique
mechanical, electronic and thermal properties of
nanotubes and nanofibers are provided by specif-
ic conditions of their synthesis. Carbon nanotubes
(CNTs) consist of coaxial carbon layers, the num-
ber of which varies from 1 to 50, and have a cavi-
ty inside the tube [10]. Carbon nanofibers (CNFs)
have the herringbone or platelet structure, which is
determined by the arrangement of graphene layers
relative to the fiber growth axis [11-14]. In CNFs,
in distinction to carbon nanotubes, multiple cuts or
partially closed edges of graphenes terminate at the
external surface of the fiber, which makes it possi-
ble to use CNFs in catalysis. The CNT surface can
readily be functionalized, thus opening a way for
selective deposition of active metals [15].
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Nevertheless, the application of CNTs and CNFs
for the synthesis of supported catalysts is limited by
surface hydrophobicity of these materials and their
low ability to homogeneous dispersion in many
solvents. In addition, the high nonpolar surface of
such materials results in the formation of the cata-
lyst active components that are weakly bound to the
surface, for example, noble metals. This may lead
to the removal of active metals from CNT and CNF
surface and fast deactivation of the catalysts in
liquid-phase processes. This problem can be min-
imized by the surface modification of carbon nano-
materials with oxygen-containing functional groups
[16-20], such as carboxy, carboxy anhydride, lac-
tone, phenol, carbonyl, quinone, xanthene or ether
groups. Several methods are employed to function-
alize carbon material surface with oxygen-con-
taining groups [21]. For example, methods of wet
etching of carbon nanomaterials in concentrated
solutions of acids — HNO; [16, 22, 23] and HNO,/
H,SO, mixtures [16—18] were carefully elaborated.
Ros et al. [16] estimated the efficiency of different
compounds (HNO;, mixtures of HNO; and H,SO,,
KMnO,, H,0,) in wet etching of CNF surface and
concluded that the mixture of concentrated nitric
and sulfuric acids is most efficient for the formation
of oxygen-containing groups on defect surface sites
and, which is essential, does not produce changes in
the graphite structure of CNFs. Darmstadt et al. [24]
demonstrated that boiling in nitric acid not only ox-
idizes the surface but also decreases the ordering of
the CNF graphitic structure. In multiwalled CNTs
(MCNTs) with a low density of defects on the lat-
eral walls, acid treatment provides the selective for-
mation of -COOH and —OH groups at the ends of
nanotubes, where many reactive and defect sites are
located. Such selective action of acids is important,
for example, for specific functionalization of nano-
tubes by oligonucleotides [25]. In addition to wet
etching, methods of plasma [19, 26], photochemical
[27] and electrochemical oxidation of carbon mate-
rials are also employed [20]. Thermal treatment in
an inert atmosphere is conventionally employed, on
the contrary, to remove oxygen groups and defects
in order to increase ordering of the CNF graphite
structure. Nevertheless, thermal treatment at rela-
tively high temperatures in an oxygen-containing
atmosphere facilitates the burnout of amorphous
carbon and oxidation of the surface of a graph-
ite-like carbon material. Thus, in [28], heating of
MCNTs in the air to 400 °C was used to enhance
hydrophilicity by generating surface oxygen-con-
taining groups and defects on nanotube walls.

Thus, wet acid activation of carbon materials is a
well-elaborated method now. However, characteri-
zation of activated carbon materials was performed
mostly using the laboratory CNT samples, where-
as the commercial CNT samples were investigated
only in a few works, which gave contradictory re-
sults. There are some studies where the gas-phase
oxidation of commercial Taunit CNTs was per-
formed in nitric acid [29] and H,O, vapor [30]. The
oxidation by HNO; vapor was efficient at 140 °C,
which is the temperature at which a high concentra-
tion of carboxy groups on the surface was reached.
However, the uniformity of carboxy groups distri-
bution on the Taunit surface depended on the chem-
ical composition of CNTs and instrumentation of
the process. When CNTs were oxidized in a 37%
aqueous solution of H,0,, the degree of surface
functionalization by —OH and —COOH groups was
quite low even at temperatures above 140 °C, al-
though their concentration tended to increase with
temperature elevation. Wet treatment in concentrat-
ed nitric acid at 100 °C seems to be unsuitable for
functionalization of Taunit because the destruction
of its surface layers was observed already after the
treatment for 2 h [31].

In recent years, there appeared several studies
exploring the possibility to apply carbon nanomate-
rials and the related catalysts for oxidative desulfur-
ization (ODS) of fuels [32], particularly for the se-
lective liquid-phase oxidation of sulfur compounds
of thiophene and dibenzothiophene series to corre-
sponding sulfoxides and sulfones. In refs. [33-36],
supported catalysts based on activated carbon were
studied in the liquid-phase oxidation of sulfur; it
was shown that percarboxylic acid groups, which
are formed in the reaction on defects of basal planes
of the carbon lattice, accelerate the reaction [37].
A study of oxidized graphene and CNTs revealed
the effect of the surface chemical composition and
graphitization degree on the catalytic activity of car-
bon material in the oxidation of dibenzothiophene
[38]. Carbon nanotubes with high graphitization
degree demonstrated high catalytic activity in the
oxidation of dibenzothiophene owing to their high
electronic conduction [38], which provided electron
transfer in the redox reaction. On the other hand,
in [39] it was supposed that carbonyl groups and
surface defects play an important role in the ODS
process. In [38], structural, textural and surface
properties of carbon nanotubes, for example, the
Taunit CNTs, were shown to be essential for ODS.
The ODS process requires the minimum differenc-
es in thermal stability of initial and oxidized CNTs.
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The goal of this work was a detailed investi-
gation of the composition of functional groups
as well as the morphology, textural and structur-
al features of Taunit carbon nanotubes, which are
formed upon wet acid activation in HNO; and
HNO,/H,SO,. Treatment with acids was carried
out under mild conditions: temperature 85 °C and
treatment time 1 h; this was made to preserve the
mechanical properties of CNTs and prevent the de-
struction of surface layers, which was earlier re-
vealed for Taunit [31].

2. Materials and methods
2.1. Materials

Taunit carbon nanotubes (NanoTechCenter
Ltd., Tambov, Russia) are represented by qua-
si-one-dimensional nanostructured filamentary
graphite polycrystals, mostly of cylindrical shape
with the internal channel. The initial CNT sample
was dried at 170 °C in Ar for 2 h. The sample was
denoted as T1.

2.2. Oxidation of CNTs

The oxidation of CNTs was performed using
concentrated HNO; acid or an HNO,/H,SO, mix-
ture at a volume ratio 1/1. A CNT sample was
moistened with distilled water and poured with
a specified amount of acid. A ratio of the CNT
weight to the volume of liquid was 1/10. The tem-
perature was raised to 85 °C and the sample was
held at this temperature for an hour under constant
stirring. After cooling to room temperature, the
CNT suspension was diluted fivefold with distilled
water and filtered on a vacuum Teflon filter. The
sediment was then washed off repeatedly with hot
water (H,O/CNT = 50/1) to obtain the neutral reac-
tion of wash water. After the oxidation procedure,
the samples were dried under a lamp and then at
120 °C for 10 h. The samples treated with HNO;
and HNO,/H,SO, were denoted as TIN,,, and
TI1NS,.qn, respectively.

To reveal the effect of washing, one of the CNT
samples treated with concentrated nitric acid at
85 °C was dried at the same temperature without
water washing. The sample was denoted as TIN.

2.3. Investigation of physicochemical properties

The content of carbon, hydrogen, nitrogen, sul-
fur and oxygen was measured on a Thermo Flash

2000 (Thermo Scientific, USA) analyzer by burn-
ing the sample in reactors filled with CuO/Cu
(for C, H, N, S detection) and nickel-plated carbon
with quartz filings (for O detection) at a tempera-
ture of 1000 °C. The content of the elements was
calculated by averaging the values of three parallel
measurements.

X-ray diffraction (XRD) analysis was carried
out on a Bruker D8 ADVANCE A25 powder X-ray
diffractometer (CuKo radiation, Ni filter on the
secondary radiation-bean) at room temperature by
polycrystal method. The diffraction patterns were
recorded at great accumulation times (up to 1.5 s)
and a scanning step of 0.02°. ICDD and PDF2 da-
tabases were used for phase identification from dif-
fraction peaks.

Raman spectra were recorded on a Renishaw
Invia Raman Microscope spectrometer with the ar-
gon laser as an excitation source (A = 514.5 nm),
diffraction lattice 1800 pieces/mm, and a x50
long-focus objective able to focus a laser spot with
the diameter up to 2 um on a plane-parallel surface.

Textural properties of the samples were exam-
ined by the low-temperature nitrogen adsorption
using an ASAP-2020 Micromeritics volumetric
vacuum static setup. Specific surface area (Sggr,
m?/g) of the samples was obtained by the analy-
sis of N, adsorption-desorption isotherms taken
at —196 °C (77 K). Prior to adsorption measure-
ments, the samples were dried in a drying oven
at 10545 °C to a constant weight and then evac-
uated directly in a special port of the setup at
200 °C for 12 h to a residual pressure not higher
than 0.65 Pa. The nitrogen adsorption-desorption
isotherms were measured in the region of equilibri-
um relative vapor pressures from 1072 to 0.995 P/P,,.
The specific surface area of the pores was calculat-
ed by the Brunauer-Emmett-Teller (BET) method.
The micropore and mesopore volume was deter-
mined using the comparative t-Plot method and the
Barrett-Joyner-Halenda (BJH) method, respective-
ly. The average pore diameter was estimated by the
formula D,, = 4V,,/Sger. The measurement error
was 5%.

FTIR spectra were recorded on an Infralum
FT-08 (Lumex, St.-Petersburg) Fourier transform
IR spectrometer in a mixture with KBr at a weight
ratio 1:130. A mixture of CNT with KBr was stirred
in a vibromill for 3 min to obtain a homogeneous
substance. After that, the mixture was pressed in
a pellet at a pressure of 20 MPa. FTIR spectra
were recorded in a range of 350-3000 cm™' using
256 scans.
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Sample stability to reduction was studied us-
ing temperature-programmed reduction with hy-
drogen (H,-TPR) on a setup equipped with a flow
reactor and a heat conductivity detector. A Test-
1 analyzer was used to identify gases (CH,, CO,
and others), which were formed during H,-TPR
experiment. The reduction was carried out in the
temperature range from 25 to 900 °C with a ramp
rate 10 °C/min; a mixture of 10% H, in Ar was
passed through the sample at a rate of 30 cm?/
min. Before the experiment, the sample was treat-
ed in Ar blown through the reactor with a rate of
30 cm*/min at 300 °C for 30 min. The weight of
the sample was 50 mg, and the size of the parti-
cles, 250-500 um. To prevent exothermic effects,
the sample was mixed with 50 mg of quartz hav-
ing the same particle size. Water formed during
the reduction was removed from the gas mixture
by freezing in a trap at —70 °C. The amount of
consumed hydrogen was calibrated with respect
to hydrogen consumed for the reduction of cop-
per oxide under similar conditions, assuming that
CuO is completely reduced in a single step.

3. Results and discussion

Figure 1 displays SEM images of unoxidized
Taunit CNT sample. Its microstructure is repre-
sented by nanotubes with the external diameter
20-50 nm and length greater than 2 pm (the im-
ages were afforded by the manufacturer — http://
www.nanotc.ru/producrions/87-cnm-taunit). The
arrowed bright white spots on the images are the
Ni-Fe particles, which serve as the catalyst of CNT
growth. The tube walls are perfectly smooth and
virtually free of structural defects.

Mag= 30.00KX 1pm
Merlin42-22

3.1. Chemical composition of CNTs

Investigation of the composition of CNT sam-
ples by CHNSO analysis (Table 1) before oxida-
tion (T1) and after the oxidation with acids (TN,
T1Ny.h TINS,.q) revealed that acid treatment of
the carbon material increases the content of car-
bon and decreases the content of hydrogen, which
is accompanied by a decrease in the [H]/[C] ra-
tio. The indicated changes in the composition of
carbon material testify to an increase in its graph-
itization degree. Graphitization of CNTs may in-
crease due to dissolution of the amorphous part of
carbon in acids. Oxygen content in the oxidized
samples depends on the treatment conditions. The
initial sample T1 may contain a certain amount of
oxygen in the surface oxygen-containing groups,
which are stable in Ar at temperatures up to
170 °C. Treatment of the T1 sample in HNO;
(TIN and T1N,,y,) increased oxygen content by
a factor of 3, whereas its treatment in the HNO,/
H,SO, mixture (TINS,,,,) — by a factor of 4.5. Ac-
cording to the chemical analysis data on oxygen,
the concentration of oxygen-containing groups in
the oxidized CNT samples increases in the series:
T1Nyun < TIN < TINS, .61

3.2. Ordering of the CNT structure according to
XRD and Raman spectroscopy data

The diffraction pattern of the initial and oxidized
CNT samples (Fig. 2) contains peaks of graphitic
carbon, nickel-iron metallic alloy with the FCC lat-
tice (20: ~44, 52, 76, 93, and 98°), and magnesium
oxide phase (20: ~ 37, 43, 63, 75, 79, and 94°).
Ni-Fe and MgO entered the catalyst composition,

Fig. 1. SEM images of Taunit carbon nanotubes at different magnification: (a) — the label corresponds to

I pm, (b) — 200 nm.
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Table 1
Elemental analysis of CNT samples of the Taunit series before and after oxidation

# Sample C, % H,% [H]/[C] N, % S, % 0, %

1 Tl 91.72 0.35 0.046 0 0 0.78

2 TIN 93.07 0.30 0.039 0.15 0 2.84

3 T1Nyash 93.04 0.31 0.040 0.21 0 2.49

4 TINSun 92.11 0.33 0.043 0.19 0 3.52
la. u. time of the experiment [40]. A similar conclusion
1600 : ﬁcj’g o was made in [16, 18], where XRD study of carbon
1400 i Ni-Fe nanofibers revealed a decrease in the concentration
1200 | of mineral phase in the samples after treatment
1000 | with acids. Thus, dissolution of the growth cata-
800 | ‘L i 4 lyst during treatment of carbon nanomaterials in
500 | mineral acids is a general trend leading to the cat-
400 | 7~ 3 alyst removal from the carbon nanomaterial with

200 | o~ 2 different arrangement of graphene layers.

. - %o e d 7 In our experiments, peaks corresponding to the

20 30 40 50 60 70 80 90 100 110 26, deg.

Fig. 2. The diffraction patterns of Taunit CNTs:
1 — unoxidized sample T1; oxidized samples: 2 — TIN,
3 — T1Nyam, and 4 — TINS .4

and a part of them remained in T1. There are some
differences between diffraction patterns of the ini-
tial and oxidized samples. A slight broadening of
the graphite phase peak (20 = 26°) and an increase
in its intensity for the samples treated with acids
are observed. Broadening of the graphite line may
indicate a decrease in the crystallite size of graphite
after the oxidation of CNTs, whereas an increase in
intensity of the graphite line for the oxidized sam-
ples testifies to a growth of the graphite component
in the samples due to dissolution of amorphous car-
bon in acids. This is consistent with the chemical
analysis data. The position of graphite peaks does
not change in the process. The intensity of the peaks
corresponding to the mineral phase, MgO and Ni-
Fe alloy considerably decreases for all the oxidized
samples. Most likely, treatment with acids leads to
the dissolution of weakly condensed carbon and
partial removal of the CNT growth catalyst from
the cavities of nanotubes. In 1994, Tsang et al.
[40] investigated carbon nanotubes that were treat-
ed with concentrated HNO; at 140 °C for 4.5 and
24 h; the HRTEM study showed that treatment
with the acid opens the nanotube edges. The frac-
tion of open nanotubes, which were free of the cat-
alyst particles, reached 80-90% depending on the

Ni-Fe phase were not observed for the oxidized
samples; only peaks of the MgO phase, the amount
of which is very low as compared to unoxidized
sample T1, were identified. It seems interesting
that in the TIN sample, which was oxidized by
HNO; but not washed with water, the amount of
such phases is comparable with that in the washed
samples T1N,,,q, and TINS,,,, from which the dis-
solved Ni, Fe and Mg compounds were removed
by washing with water. In the case of TIN sample,
such compounds may become X-ray amorphous
after CNT drying and cannot be identified by XRD.

Raman spectroscopy is the most informative
method for studying the structural disorder and
defectness of graphite-like materials. It is known
[24, 41] that the Raman spectrum of crystalline
graphite is characterized only by G band in the
wavenumber region near 1575 cm™. In the spectra
of defect structures of polycrystalline graphite and
other carbonized materials, bands appear in the re-
gion of 1355 cm™ (D band) and in some cases at
1620 cm™ (D’ band or the so-called “peak of de-
fects”) [24]. The appearance of D band is observed
in the case of symmetry breakdown of the atoms
that are close to the ends of graphite layers, when
the forbidden vibration of the A,, type becomes
possible [41]. D’ band is due to modifications in
the hexagonal ring tension caused by the arrange-
ment of the electronic cloud. This band is typical of
the graphite-like materials with many defects and
weakens with an increase in their structural ordering
[19]. The ratio of the areas of D and G bands (I/15)
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Fig. 3 Raman spectra of Taunit CNTs: 1 — unoxidized
sample T1; oxidized samples: 2 — TIN, 3 — T1N,.q,
4 — TINS,.., dark phase, and 5 — TINS,,.,, bright phase.

is commonly used for estimating the disorder of
graphite-like systems. Another control measure of
the structural ordering is the ratio of D band over-
tone (2D band) to G band: the greater is the ratio,
the higher is the graphitization degree; however,
this trend holds true for extended structures, to
which CNFs cannot be attributed.

Figure 3 displays Raman spectra of the Tau-
nit CNT samples before and after acid treatments.
Raman spectra of all the samples contain two
main peaks D and G in the region of 1350 and
1590 cm™, respectively. A shoulder near 1620 cm™!
testifies to the presence of D’ band. Raman spectra
of the tested samples, including the initial unox-
idized T1 sample, differ from the Raman spectra
of single- and double-walled CNTs (SWCNTs and
DWCNTs, respectively) reported in the literature
[42] by a higher intensity of D band as compared
to G band, which indicates a great number of struc-
tural defects in Taunit. On the other hand, in the
Raman spectra of multiwalled CNT samples [42],
D line had a higher intensity than G line, similar to
the case of Taunit samples. Data on the processed
Raman spectra of Taunit samples are listed in
Table 2.

According to Table 2, an increase in the D band
half-width is observed for all the oxidized samples,
and broadening of G band in comparison with un-
oxidized T1 sample is observed for the majority
of samples; this may testify to a decrease in the
size of carbon crystallites. This assumption is
confirmed by XRD data, which revealed broaden-
ing of graphite lines after the oxidation of CNTs.
Differences in structural ordering of the carbon
framework between T1 and T1IN are insignificant:
Ip/Ig(TIN) =1.99 and 1.97, respectively. Disorder-
ing of TIN,,q and TINS,,. samples is somewhat
higher: Ip/Ig(T1N,,q) = 2.10 and 2.29. The growth
of defectness may be caused by the disturbance of
graphene layers symmetry during the formation
of functional groups [31]. Table 2 lists values of
Raman parameters for the TINS,,,,, sample, which
were obtained in different regions of the sample
because examination of the sample on an optical
microscope revealed dark and bright surface re-
gions (Fig. 4). Differences were found in the Ra-
man spectra obtained for these regions; hence, the
microstructure of the CNT sample treated with the
HNO/H,SO, mixture is inhomogeneous. The con-
centration of defects is higher in the bright part of
the sample.

Fig. 4. A photo of TINS,.. sample obtained on an
optical microscope at a x50 magnification.

Table 2
Position, half-width of D and G bands, and Ip/I ratio for all CNT samples
Sample D band G band Ip/1g
Position, cm’! Half-width, cm'! Position, cm’! Half-width, cm!
Tl 1349 57 1592 45 1.99
TIN 1356 62 1588 52 1.97
T1Nyah 1353 63 1590 46 2.10
TINS,.s, dark 1355 65 1588 41 2.29
TINS,..q light 1356 66 1593 60 2.10
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According to the data obtained, the great-
est amount of defects is observed in T1N,,, and
TINS, ., samples. They have the highest I,/I; val-
ues. These data are consistent with the results of
other studies, which demonstrated a decrease in
the graphite ordering after the oxidation of car-
bon materials with graphitic structure [25, 30].
Overall, the I/I; ratio slightly changes after acid
treatment. A possible reason is that the acids weak-
ly interact with the defects of nanotubes in their
conglomerates [43].

3.3. Textural properties of CNTs

The obtained textural characteristics, namely,
the values of specific surface area (Sggr, m?/g), pore
volume (the total pore volume Vg, cm?/g; the mi-
cro- and mesopore volumes V.., and V.., cm*/g)
and average pore diameter (Dpors, A) of the tested
samples, are listed in Table 3. All the samples have
close textural parameters (specific surface area
and pore volume) before and after the oxidation.
A minor increase in specific surface area (by 10%
on the average) after treatment with acids is pro-
vided by an increment in the micropore volume,
which is related to etching of the surface of CNT
walls with acids; an increase in the pore volume is
provided by the removal of metal catalyst particles
and opening of the internal channels of nanotubes.

The shape of nitrogen adsorption-desorption
isotherms (Fig. 5a) testifies to the mixed type of
the pore structure consisting of meso- and microp-
ores. The pore size distribution (Fig. 5b) indicates
the polymodal nature of the pore structure with a
wide set of pore sizes from 20 to 1000 A. The ef-
fective pore diameter corresponds to the pores with
the size of 40 A. The oxidative treatment of CNTs
with acids exerts virtually no effect on the pore
size distribution. Treatment of nanotubes with the
HNO,/H,SO, mixture promotes the formation of a
greater amount of small pores with the diameter
20-35 A; accordingly, the smallest average pore
diameter and the greatest specific surface area are

Table 3
Textural properties of CNT samples
of the Taunit series before and after oxidation

Sample  Sger, Vs,
m¥g  cmi/g

T1 180 0.32
TIN 190 0.34
T1Nyash 197 0.36
TINS... 196 0.33

Viicos  Vimezos  Dporess
cm’/g  cm’/g A
0.009  0.30 71
0.014 0.32 71
0.015 0.33 72
0.013 0.31 68

a)

240+

3 1
V» cm’g

00 05 10
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b)
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Fig. 5. Nitrogen adsorption-desorption isotherms (a)
and differential pore size distribution (b) in Taunit CNT
samples before and after the oxidation. 1 — unoxidized
sample T1; oxidized samples: 2 — TIN, 3 — T1N,,q, and
4 — TINS yash-

observed for the TINS,,,, sample. Minor changes
in the pore structure parameters of CNTs after the
oxidation testify that acid treatment affects mostly
the surface properties, whereas the bulk properties
remain unchanged.

3.4. State of the surface and bulk groups in CNTs
according to FTIR spectroscopy

FTIR spectra of the initial and oxidized CNT
samples (Fig. 6) are characterized by a wide set
of absorption bands (a.b.) in the region of 500—
3000 cm™; some of them are caused by vibrations
of the lattice and functional groups of the carbon
material, while another part of a.b. (in the region
of 670-520 cm™) — by components (MgO, NiO)
of the CNT growth catalyst. In addition, the spec-
tra contain a.b. in the region of 1630-1642 cm’,
which is attributed to deformation vibrations of
water [44]. Let us discuss some general and spe-
cific regularities in FTIR spectra of the initial and
oxidized CNT samples.

Eurasian Chemico-Technological Journal 21 (2019) 291-302
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First, the spectra of unoxidized sample T1 and
acid-activated samples TIN, TIN,,q, and TINS, .,
contain broad bands in the region of 875-880 and
1572—-1582 c¢cm’, which were assigned in [45] to
vibrational modes A,, and E,, in the crystal struc-
tures of graphite. In addition, the spectra contain a
broad band in the region of 1200-1210 cm™!, which
corresponds to vibrations of the defect graphit-
ic structure with distorted translational symmetry
[45]. The maximum of the indicated band shifts
from 1178 to 1200-1207 cm for the oxidized
samples TIN, TIN,,q, and TINS,,,q (Fig. 6).

Second, bands with the maxima at 2954, 2895
and 2834 cm™! are observed in the spectrum of the
initial sample T1. The first two bands correspond
to asymmetric (v,) and symmetric (v,) stretching
vibrations of CH; groups, whereas the 2834 cm™!
band — to symmetric (v,) stretching vibrations of
CH, group [44]. Note that the band of asymmet-
ric stretching vibrations of CH, groups (common-
ly at 2950-2925 cm™) may be masked by a broad
a.b. at 2925-2850 cm'. Deformation vibrations (d)
of the C-H bond in CH,/CH; groups (commonly
at 1370-1450 cm™ [44]) show up in the spectrum
of the sample as the band at 1425 cm. There-
with, spectra of the oxidized samples TIN,,, and
TINS,,.., contain bands at 2920, 2849 and 1380 cm’!
corresponding to CH, groups. In addition, the TIN
spectrum has a shoulder in the region of 2955 cm™!
indicating the presence of CH; groups, although
their amount is smaller as compared to sample T1.
The band intensity of CH,/CHj stretching vibrations
at 2919 and 2849 cm™ decreases in the spectra of
TIN,. and TINS,,.q, samples. T.G. Ros et al. [16,
46] in their study of carbon nanofibers with a differ-
ent arrangement of graphite layers concluded that
the band assigned to CH,/CH; stretches appears on
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Fig. 6. FTIR spectra of Taunit CNTs: 1 — unoxidized
sample T1; oxidized samples: 2 — TIN, 3 — T1N,,q, and
4 — TINS, s

the graphite structure defects. The intensity of this
band decreases after treatment in acids due to a par-
tial transformation of C-H bonds to C-O upon for-
mation of the oxygen-containing groups. H. Darm-
stadt et al. [24] made a similar conclusion from the
analysis of surface enhanced Raman (SER) spec-
tra of carbon materials; they supposed that a de-
crease in the concentration of aliphatic structures
after oxidative surface treatment is caused by their
oxidation or decomposition. In [24], a direct de-
pendence between the concentration of aliphatic
structures and disordering of graphite structures
was revealed. It seems interesting that according
to the I/l ratio of lines in the Raman spectra, the
T1N sample is the most ordered among the studied
ones, whereas the TINS,,y, sample has the high-
est content of structural defects and the minimum
intensity of bands at 2910, 2839 and 1462 cm™.
Therefore, similar to [24], we can suppose that the
graphite structure ordering and the concentration
of aliphatic structures are interrelated.

Third, the spectra of oxidized Taunit samples
contain bands with the maxima at 1720-1740
and 1693 cm’!, which are absent in the spectrum
of the initial sample T1. Bands in the region of
1700-1740 and 1690—-1655 cm™ can reliably be at-
tributed to stretching vibrations of the C=0O bond
in carboxy (-COOH) and quinone groups [16, 44,
46, 47], respectively. In this case, bands in the
region of 1440-1395 and 1205-1260 cm™ may
be caused not only by deformation vibrations of
CH,/CH; groups and defects of graphitic structures,
respectively, but also by a combination of deforma-
tion vibrations of C-O and C-H bonds in carboxy
groups [44]. Note that monomeric -COOH groups,
in distinction to the hydrogen-bound groups, have
the band at 1190-1075 cm! corresponding to C=0
vibrations [44], which can be observed in our study
as a shoulder near 1075 cm™ and indicates their
presence in the composition of oxidized samples.
In addition, the band at 1380 cm™ may correspond
to vibrations of N=O in NO,, for which the sym-
metric and asymmetric bands are in the region of
1370-1390 and 1550—-1580 cm™, respectively. As
shown by analysis of the spectra, the intensity ra-
tio of 1720 and 1693 cm™ bands depended on the
conditions of oxidative treatment of Taunit. The
TINS, . sample had the maximum intensity of
the indicated bands and they were not separated.
The intensities of TIN and T1N,,,y, samples were
much lower than that of TINS,,,q,, but comparable
with each other. The oxygen content estimated by
CHNO analysis correlates with the intensity of a.b.
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at 1720 and 1693 cm'; the maximum oxygen con-
tent is observed for TINS,,y, While in TIN and
TIN,.q it is lower by 19 and 30%, respectively.
Thus, the content of carboxy groups in the oxi-
dized samples correlates with the I/l ratio in the
Raman spectrum.

3.5. Stability of functional groups on the CNT
surface estimated by H,-TPR

H,-TPR was used to investigate the stability of
functional groups of the initial and oxidized CNT
samples in reducing media.

H,-TPR profiles for the initial and oxidized
CNT samples are displayed in Fig. 7. Profiles of all
the samples contain two intense hydrogen adsorp-
tion peaks in the temperature region of 390-400
and 590-660 °C as well as the peak in the low-tem-
perature region with the maximum at 195 °C,
which has a very low intensity. The analysis of H,-
TPR profiles shows that the amount of hydrogen
adsorbed in separate temperature regions did not
correlate with their oxygen content estimated by
CHNO analysis. In the temperature region of 195
and 590-660 °C, the amount of adsorbed hydro-
gen reached a maximum for the initial sample T1,
whereas in the region of 390-400 °C its minimum
amount was observed. Therewith, the T1 sample
contained 0.78 wt.% of oxygen, which is lower as
compared to all the oxidized samples. The direct
analysis of the gas mixture composition (using a
Test-1 gas analyzer) at the TPR reactor outlet re-
vealed that hydrogen is actually adsorbed in two
quite wide temperature regions with the maxima
near 400 and 635 °C. The medium temperature
region of hydrogen adsorption 380—400 °C cor-
related with CO release, which was typical of both
the initial and oxidized Taunit samples. Its amount
was comparable for all the oxidized samples at
380-450 °C; however, for TIN and TIN,,,, sam-
ples the CO release region was somewhat broader:
450 — 530 °C, where CO was not already released
from the TINS,,q, sample. For T1 and TIN sam-
ples, the high-temperature peak of hydrogen ad-
sorption was accompanied by a release of methane
and CO, which reached a maximum at 650 and
680 °C, respectively, whereas from TIN,,q,
and TINS,,,, samples only CO was released. It
should be noted that the CO amount released in
the high-temperature region was comparable for
TIN and T1N,,q, samples, while for the TINS,,,q
sample it was lower by an order of magnitude.
Unfortunately, the formation of CO, could not be
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Fig. 7. a) H,-TPR profiles of the samples: 1 — unoxidized
T1; oxidized samples: 2 — TIN, 3 — TIN,., and
4 — TINS,.u b) Concentration profiles of gases in
H,-TPR experiment with the TIN sample. 1 — hydrogen
consumption, 2 — methane release, and 3 — CO release.

detected by the gas analyzer because CO, (in the
case of its formation) was frozen out together with
water in a trap cooled to —70 °C before passing to
the detector.

CO release in the medium temperature region
testifies to the presence of carboxy groups in the
oxidized samples; in the presence of hydrogen,
these groups will selectively oxidize to phenol
groups [48—50]. The reduction of carboxy groups
(-COOH) to phenylic groups (C-OH) on the sur-
face of CNTs oxidized by hydrogen peroxide was
observed at 450-700 °C [49, 50]. Lactone groups
and carboxy anhydride groups are reduced at tem-
peratures above 430 °C with a release of CO and
CO, [48], which may testify to their presence in
TIN and TIN,,,, samples, although CO, was not
detected in this temperature region.
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Methane can be formed during H,-TPR of the
initial Taunit sample due to the interaction of hy-
drogen with surface functional groups of CNTs
[48] or with CO/CO,, which appear upon decom-
position of CNT functional groups [51]. This as-
sumption is based on the known fact that selective
methanation of CO and/or CO, catalyzed by me-
tallic Ni particles [52, 53] proceeds in the hydro-
gen-containing medium, but commonly the reac-
tion occurs at quite low temperatures (up to 200 °C
[53]). But in this case, the ability to methanation
of CNTs by hydrogen should depend on both the
concentration of oxygen-containing groups in the
sample and the content of metallic nickel. Accord-
ing to our experimental data, for Taunit samples,
the amount of hydrogen and CH, adsorbed and
released, respectively, in the high-temperature re-
gion of H,-TPR experiment directly depended on
the residual content of Ni-Fe in the CNT growth
catalyst, but inversely depended on the oxygen
content in the catalyst. In other words, the high-
er were the structural disordering (the Ip/I; ratio)
and the oxygen concentration (CHNO analysis and
intensity of the band at 1720 cm™ in IR spectrosco-
py) and the lower was the Ni-Fe fraction, the high-
er was the stability of CNTs to methanation.

4. Conclusions

Carbon nanotubes Taunit were treated with con-
centrated acids, nitric acid and a mixture of nitric
and sulfuric acids taken in the volume ratio 1/1
at a temperature of 85 °C for 1 h. According to
CHNO analysis, the initial CNT sample not treated
with acids already contains oxygen and hence the
oxygen-containing groups. Acid treatment under
mild conditions leads to the oxidation of the CNF
surface and increases the oxygen content by a fac-
tor of 3—4. As shown by XRD studies, treatment
with acids increases the content of graphite phase
in the samples, which is related to the dissolution
of weakly condensed carbon by acids. According
to the Raman spectroscopy data, all CNT samples,
including unoxidized and all oxidized samples, are
characterized by a high Ip/I; ratio, which indicates
a high defectness of CNTs. Treatment with acids
decreases the crystallite size of carbon and increas-
es defectness of the graphite structure (if the pro-
cedure includes water washing after the oxidation
step). The CNT sample oxidized by HNO; with-
out water washing has the most ordered graphite
structure in comparison with other oxidized sam-
ples. The use of the HNO,/H,SO, mixture produces

more pronounced changes in the graphite structure
as compared to HNO;. FTIR spectroscopy revealed
that the use of HNO; without water washing and
the HNO,/H,SO, mixture with subsequent washing
provides the most efficient oxidation of the Taunit
surface with the formation of various oxygen-con-
taining groups. As shown by the BET method,
treatment with acids virtually does not change the
textural properties of CNTs. Thus, the oxidation of
CNTs by acids changes mostly the surface proper-
ties and does not affect the bulk properties of CNTs.
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