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Oxidation of multiwalled carbon nanotubes, synthesized by Chemical Vapor Deposition
method using Al-Fe-Co catalyst has been carried out in this work. The main purpose of the
work is the use of two famous types of oxidation agents to oxidize the multiwalled carbon
nanotubes and define differences or similarities between oxidizing potentials of these agents.
Two different oxidation agents like nitric acid and potassium permanganate were used for this
purpose. The obtained nanostructures were characterized by FTIR, XRD, Raman spectroscopy,
TEM and SEM. FTIR results show characteristic peaks of the anticipated carboxylic group.
The formation of functional groups on the multiwalled carbon nanotubes was confirmed by
SEM and TEM by observation of the defected sides. XRD patterns structurally characterize the
obtained materials. Raman spectra give significant information about defect formation on the
sidewalls of the tubes.
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1. Introduction

Carbon nanotubes (CNTSs) have received considerable attention owing to
their unique electronic and mechanical properties that are expected to lead to
breakthrough industrial applications. Several types of the tubes are familiar to
scientists. One of them is multiwalled carbon nanotubes (MWCNTS) that can
be considered as a series of singlewalled carbon nanotubes, i.e. graphene sheets
rolled into seamless cylinders, arranged coaxially with regularly increasing di-
ameter [1]. CNTs have been synthesized generally by chemical vapor deposi-
tion (CVD) [2-6], laser ablation [2,7-9] and arc discharge technique [2,8-10].
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The oxidation methods of CNTs can be divided into wet chemical meth-
ods [11-18], photo-oxidation [19,20] oxygen-plasma [21], or gas phase treat-
ment [22] and these methods have attracted a lot of attention in order to en-
hance the chemical reactivity of the tubes. Pristine MWCNTS can be effective-
ly purified and oxygen-containing groups, mainly carboxyl and hydroxyl, can
be introduced onto the graphitic surface using above mentioned methods [23].
This, in turn, affects the solubility and reactivity of MWCNTSs and increases
the possibility of further modification [24].

Chemical oxidation was carried out by Avilés et al. [25,26] using a se-
quential treatment based on nitric acid followed by hydrogen peroxide. For the
oxidative treatment, the agglomerated MWCNTSs were first mixed with HNOj3
and mechanically stirred in a stirring plate for 15 minutes. The mixture was
then sonicated in an ultrasonic bath for 2h, promoting CNT disentanglement
within the acid solution. Then the slurry was filtered, thoroughly washed with
distilled water and the process repeated using H,O,.

In this paper the wet chemical oxidation method was used in order to ox-
idize the MWCNTSs. The process was carried out using different oxidation
agents like KMnO, and HNOs. It is observed that the solubility of the
MWCNTSs is improved with oxidation. Therefore, the obtained material can be
used as an additive for the manufacturing the advanced plastic-composite mate-
rials or an additive to construction materials for strengthening purposes.

The main purpose of this work is the use of two famous types of oxida-
tion agents to oxidize the multiwalled carbon nanotubes and define differences
or similarities between oxidizing potential of these agents.

2. Experimental

2.1 Materials and methods

All the chemicals were of analytical reagent grades. Transmission Elec-
tron Microscopy images were taken with a FEI TECNAI G2 20 X-TWIN
Transmission Electron Microscope using 200 kV voltage. The TEM specimens
were prepared by dripping the droplets of sonicated solutions of the samples
onto the carbon coated copper grid. Scanning Electron Microscopy images
have been taken with Hitachi S-4700 SEM device in 10 kV accelerating volt-
age. Powder XRD patterns were recorded on a Rigaku MiniFlex Desktop X-
ray Diffractometer. X-ray diffraction measurements were performed using
CuK, radiation (1.5418 A). FTIR spectra were recorded on a BRUKER Vertex
70 IR spectrometer. Raman investigations were done using Thermo Scientific
DXR Raman Microscope at 532 nm and 10 mW laser parameter.

2.2. Synthesis of MWCNT

MWCNTSs were synthesized by the CVD method. The experimental set-
up used for this process consists of a Lenton LTF 14/75/610 type horizontal
furnace, quartz tube (Tube diameter: 6 cm, Tube length: 95cm) and gas flow
meters. An Al-Fe-Co catalyst was used to direct the process. It was prepared
using AlI(OH)3, Fe(NO3)3; x 9 H,0 and Co(NO3), x 6 H,O and alcohol solvents
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under ultrasonic agitation. Then it was evaporated in vacuum and dried com-
pletely.

MWCNT growth on catalyst was performed using acetylene (acetylene
purity: 3.0 [>=99.9%]) (acetylene flow rate=30ml/min) as the carbon source
and nitrogen (nitrogen flow rate=300ml/min) as the gas for flow and inert con-
dition. The process lasted for 2 hours at 650°C.

2.3. Cleaning of the MWCNT

There are some trapped catalyst particles in and out of MWCNTSs. They
can affect the next processes. For that reason they should be cleaned. Follow-
ing cleaning procedure was used for this purpose. The MWCNTSs with catalyst
impurity were mixed with concentrated HCI (36%) and the mixture has been
undergone to the boiling process on a magnetic stirrer. The process was con-
tinued for 16 hours. Then it was filtered and washed. Obtained MWCNTSs were
mixed in NaOH (10M) and boiled for 16 hours again. Then it was filtered and
washed again. Final powders are the clean MWCNTS.

2.4. Oxidation of MWCNT

MWCNTSs are not reactive. They should be activated for the future use.
Activation can be done with formation of functional groups on the sidewalls
and end caps of the tubes, which makes them more reactive. The MWCNTSs
were undergone to the oxidation process using different oxidation agents like
KMnO,4 and HNOs. The clean MWCNTSs were mixed with 0.1M KMnO, solu-
tion and the temperature was raised to 80°C and it was performed for 3 hours
with stirring on a magnetic stirrer. Bubbles can be seen during the process
which is the proof of the oxygen formation. This oxygen oxidizes the
MWCNT.

The oxidation of MWCNTS using nitric acid was performed in two steps.
Firstly 1 g of MWCNTSs were mixed with 200 ml of concentrated (65 %) nitric
acid in a beaker. Then the mixture was sonicated in 28 kHs for 30 minutes. In
the second step it was boiled with stirring on a magnetic stirrer for 12 hours.
The process was continued with washing, filtering and drying.

As the result of the oxidation carboxyl, hydroxyl, aldehyde, anhydride
and other groups can be formed on the defected sides of the tube.

3. Results and discussion

3.1. FTIR investigation

Figure 1 shows the FTIR spectra for pristine MWCNT (1), MWCNT ox-
idized with KMnO,4 (2) and MWCNT oxidized with HNO3 (3). The aromatic
C=C stretching peaks at 1539 cm™, 1541 cm™ and 1558 cm™ as well as C-C
vibrations at 1456 cm™ and 1506 cm™ characterize the pristine MWCNTS [27-
29]. The same peaks can be observed in the spectrum of the MWCNTS oxi-
dized with KMnO, (figure 1(2)) and the MWCNTSs oxidized with HNOj3 (fig-
urel(3)). Oxidation of MWCNTs with KMnQOy, is confirmed by the appearance
of the C=0 (at 1635 cm™, 1697 cm™, 1715 cm™ and 1732 cm™) and C-O (at
1163 cm™ and 1295 cm™) bands. The broad band with a maximum at 3381 cm™
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can be assigned as the O-H stretching peak of the carboxylic group formed by
the oxidative treatment. The same bands of the C=0 (at 1632 cm™ and 1717
cm™) and C-O (at 1145 cm™ and 1385 cm™) can also be observed in the spec-
trum of the MWCNTSs oxidized with HNO3. Moreover the broad band between
3024 cm™ and 3663 cm™ is assigned as the stretching peak of O-H which is the
main part of the carboxylic group obtained by oxidation with HNO3. Another
fact of the defect formation in MWCNTSs due to the treatment with HNOg is the
sp® C-H stretching of benzene ring in the MWCNT observed at 2849 cm™ and
2916 cm™ [30].

The above mentioned FTIR results reveal that both of the oxidation

agents used in this work are very useful for oxidation of MWCNTSs.
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Fig. 1. FTIR spectra for pristine MWCNT (1), MWCNT oxidized with KMnO, (2) and
MWCNT oxidized with HNO; (3)

3.2. XRD spectroscopy

Figure 2 shows the X-ray patterns for pristine MWCNT, MWCNT oxi-
dized with HNO3 and MWCNT oxidized with KMnO,. Characteristic (002),
(100), (101) and (004) peaks were observed in the pattern for MWCNTS. The
average coherence length (L) or mean crystalline size along the c-axis (crystal-
lographic c-axis is the perpendicular axis to the long axis of the MWCNTS)
was estimated by the Scherrer’s equation [31]:

Lth=(0-9 X K)/(ﬁ X COSG)

where A corresponds to the X-ray wavelength, 0 is the Bragg angle and B is the
half-peak width in radians. The (002) Bragg peak was used to calculate L.. The
results were about 11 nm (pristine MWCNT), 10 nm (MWCNT oxidized with
HNO3) and 6 nm (MWCNT oxidized with KMnQ,). These values represent an
average stacking height of graphitic planes in the MWCNT walls. It can be
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seen from the results that the value of L. decreases in the line from pristine
MWCNT to oxidized MWCNT. With the oxidation using HNO3; and KMnQO,,
outer layers of the MWCNTSs lose their symmetry and become defected. But
the nature and the quantity of the defect formation depend on the type of the
oxidation agent. As it can be seen from the results, the L. value for the
MWCNT oxidized with KMnOy is quite less than the value for another one. It
means that KMnQy, is stronger oxidative agent in comparison with HNO3.
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Fig. 2. XRD patterns for pristine MWCNT (1), MWCNT oxidized with HNO; (2) and
MWCNT oxidized with KMnQO, (3)

3.3. Raman spectroscopy

Raman spectroscopy is the most significant technique for CNTs and gives
useful information like doping, defects, chirality, curvature and diameter. In
this work Raman investigations were performed using a 532 nm green excita-
tion laser. The spectra for pristine MWCNT, MWCNT oxidized with KMnQO4
and MWCNT oxidized with HNO3; were summarized in Figure 3. In general
Raman spectrum of CNT consists of 3 peaks like D band, G band and G band
[32]. The D band, which is observed at ~1340 cm™ represents the scattering
from defects and amorphous carbon impurities present in the MWCNTSs sam-
ples. It is a disorder induced peak. The G band peak (~1570 cm™) is a result of
ordered high-frequency in-plane stretching of the C-C bonds, which is charac-
teristic for defect free carbon nanotubes. It is called Graphite band. The G
band (~2670 cm™) is the result of double resonance process. This band does
not require an elastic defect-related scattering process and is observable for de-
fect-free sp® carbons. The ratio between the intensities of D and G bands (Ip/1g)
is proportional with the extent of defect formation, thus it can be used to quan-
tify the oxidation. As it can be seen from figure 3, the ratios for pristine
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MWCNT, MWCNT oxidized with HNO3; and MWCNT oxidized with KMnO,
are 0.87, 0.93 and 0.95 respectively. An increase in the Ip/lg ratio indicates an
increase in the number of defects on the sidewalls of MWCNTSs. Obtained re-
sults show that the MWCNTSs oxidized with KMnO,4 contain more defects than
the MWCNTSs oxidized with HNOs.
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Fig. 3. Raman spectra of pristine MWCNT (1), MWCNT oxidized with KMnO, (2) and
MWCNT oxidized with HNO; (3)

3.4. Microscopic investigations

3.4.1. TEM investigation

Figure 4 shows the TEM view of pristine MWCNT, MWCNT oxidized
with HNO3; and MWCNT oxidized with KMnO,. It includes the images in the
scales of 20 nm, 50 nm and 100 nm. It clearly shows the difference between
pristine, and two types of oxidized MWCNTSs. It can be deduced from the
comparison of the figures that the differences are the defects. The pristine
MWCNTSs (figure 4a) look smooth, because they do not contain considerable
defects on the sidewalls. On the other hand we can see the defect regions on the
sidewalls of the oxidized MWCNTSs (figure 4b,c,d). The sidewalls of the
MWCNTSs oxidized with nitric acid (figure 4b) are visibly defected. An articu-
lated structure of the tubes and dot-like fragments on the background are the
evidences of oxidation. Figure 4c,d shows that, KMnQ, is much more aggres-
sive oxidation agent than HNOj3. Because, with this oxidation the outer layers
of the sidewalls of the MWCNTS are exfoliated with strong oxidation effect of
this agent and changed their shape partly to the graphene-like structure. That
means the inner walls of the tubes become uncovered and can easily be under-
gone to the oxidation. That is the priority feature of this process, because it im-
proves the activity of the MWCNTSs. But negative side of this oxidation agent
is that, it is more destructive than HNO3;. The MWCNTSs can acquire chemical
activity but loose their mechanical excellence with this process. But it has a lot
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of advantages like obtaining much more oxidation effects even at mild condi-
tions.

3.4.2. SEM investigation

SEM images show that the most of the structure consists of carbon nano-
tubes than amorphous carbon. Bindings and defect regions can be seen in the
SEM images (Figure 5). In the Figure 5a,b it can be seen that, the sidewalls of
the MWCNTSs are not defected. Since they are not oxidized, they show smooth
surface. In contrast, the sidewalls of MWCNTSs described in Figure 5c are con-
siderably defected. That is the result of the destructive effect of oxidation agent
to the outer layers of the walls of MWCNTs which accompanied with func-
tional group formation. Figure 5d is the SEM image of the MWCNT oxidized
with KMnOQ,. It is quite visible from the image that the defect regions are high-
ly spread for the tubes oxidized with KMnQO, which proves that this type of ox-
idation agent is stronger than the HNOs.

Fig. 4. TEM images of pristie CNT (a), MWCNT oxidized with HNO3 .(b)
and MWCNT oxidized with KMnOy, (c,d)
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Fig. 5. SEM images for the pristine MWCNT (a,b), MWCNT oxidized with HNO; (¢) and
MWCNT oxidized with KMnO, (d)

4. Conclusion

The MWCNTSs synthesized via the chemical vapor deposition method us-
ing the Al-Fe-Co catalyst, acetylene as the carbon source, nitrogen as the inert
and flow gas, and horizontal furnace as the set up of the process were under-
gone to the cleaning process for removing the trapped catalyst particles. Then
clean MWCNTSs were oxidized with using two different oxidation agents like
KMnO, and HNOj3 to obtain functional groups on the defect walls and end
caps. The proof of formation of the functionalities was obtained using FTIR
technique. The XRD, Raman, TEM and SEM results show defects which are
the evidences of formation of the functional groups through the oxidation pro-
cesses. Visually, defects can easily be seen on the surface of the MWCNTS in
the microscopic images. All these results express that, KMnO, and HNOg3 are
useful compounds for oxidation of MWCNTSs. But it can be concluded that,
KMnOQy is better for the oxidation potential and much more fertile than HNO3.
Because, quite miserable amount of KMnOy is enough to get rather considera-
ble amount of oxidized MWCNTSs. Moreover, this oxidation proceeds under
mild conditions which makes it cheaper in comparison with oxidation using
HNOg3. The oxidation process is necessary to make the MWCNTSs reactive and
mixable in solvents. It is possible to use it as the first stage of the manufactur-
ing process in the future to produce composites on this basis.
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NITRAT TURSUSU VO KALIUM PERMANQANAT KiMi MUXTOLIF
OKSIDLOSDIRICi AGENTLORIN iSTIFADO EDILMOSI IL® COXDiVARLI
KARBON NANOBORULARIN OKSiDLO$MOSi

E.Y.MOLIKOV, 0.H.OKBOROV, M.B.MURADOV, Q.M.EYVAZOVA,
AMMOIOHOIORROMOV, A KUKOVEC, Z.KONYA

XULASO

Bu isdo Al-Fe-Co katalizatoru istifads edilmoklo Kimyavi Buxar Cokdiirma metodu ils
sintez edilmis ¢coxdivarli karbon nanoborularm oksidlosdirilmasi hoyata kegirilmisdir. Isin osas
mogsadi ¢oxdivarli karbon nanoborularin oksidlosmosi U¢uin iki oksidlosdirici agentin istifadasi
va bu agentlorin oksidlogdiricilik gabiliyystlori arasindaki mixtslifliklor vo ya eyniliklorin
miayyan edilmasidir. Bu magsadls nitrat tursusu va kalium permanganat kimi iki muixtslif ok-
sidlosdirici agent istifado edilmisdir. Alinmis nanostrukturlar FTIQ, Rentgen difraksiya, Ra-
man spektroskopiya, KEM vo SEM vasitasilo xarakterizo olunmusdur. FTIQ naticolori goz-
lanilon karboksil qrupunun xarakterik piklorini gostorir. Coxdivarli karbon nanoborularda
funksional gruplarin formalagsmasi SEM vo KEM vasitoasilo defektli torsflorin miisahidasi ilo
tosdiglonmigdir. Rentgen difraksiya diaqramlari alinmis materiallar1 struktur baximindan xa-
rakterizo edir. Raman spektrlori borularin yan divarlarinda defekt formalagsmasi haqqinda oho-
miyyatli molumat verir.

Acar sozlar: karbon nanoborular, nanoquruluslar, karbon nanoborularin sintezi, karbon
nanoborularin oksidlogsmasi, elektron mikroskopiya, raman spektroskopiya

OKHUCJIEHUE MHOT'OCJIOMHBIX YIJIEPOJHBIX HAHOTPYBOK C IIOMO-
b0 PA3JIMYHBIX OKUCJIUTEJIBHBIX ATEHTOB, TAKUX KAK A3OTHASL
KHCJIIOTA U IIEPMAHI'AHAT KAJIUA

3.1.MEJHUKOB, O.I . AKIIEPOB, M.E.MYPAJIOB, . M.2MIBA3OBA,
AM.MATEPPAMOB, A.KYKOBEY, 3.KOHSI

PE3IOME

B paboTre oOCyIIECTBICHO OKHCICHHE MHOTOCIONWHBIX YIVIEPOJHBIX HAaHOTPYOOK,
MOJTYYEHHBIX C ITOMOIIBI0 XUMHYECKOTO OCAXJICHUS U3 Tapa MCIOb3ys Katanusarop Al-Fe-
Co. Llenpro uccnemoBaHu SBJISETCS MCIOIB30BAHNE JBYX W3BECTHBIX ar€HTOB JJISI OKUCICHUS
MHOTOCJIOHHBIX yTJIEPOIHBIX HAHOTPYOOK M ONpeielICHHEe Pa3IMyksl U CXOJCTBA MEXKIY OKHC-
JUTETHHBIMH CIIOCOOHOCTSAMH ITHUX areHTOB. J[1s 3TOM 1enu ObUTH MCTIONIB30BaHBI ABA pa3iind-
HBIX OKHCIIUTENs, TAKME KaK a30THas KUCIOTa M MEpPMaHraHaT Kanus. [lolyuyeHHblE HAHOCT-
PYKTYpBI ObUIH OXxapakTepu3oBaHbl ¢ moMompio K-Dypbe, peHTreHoBckoW Audpakium, pa-
MaHOBcKOH cnektpockonuy, [I9M u COM. Pesynsratel UK-Dypbe noka3bIBaloT XapaKTEpHBIE
MUKH OXKUJAEMBIX KapOOKCHIIbHBIX rpymi. PopMupoBanue (HyHKIHOHAIBHBIX IPYII HA MHO-
TOCJIOMHBIX YTIICPOJHBIX HaHOTPYOKax Opw1o monreepkaeHo Ha COM m [1OM mytem HaOIO-
neHus 1e(eKToB Ha CTEeHKaX. PEHTreHOrpaMMBbl XapaKTepU3yIOT CTPYKTYPY HOJIYYEHHBIX Ma-
TepuanoB. CHeKTpbl KOMOWHAIIMOHHOTO paccesiHusl Aal0T BaXHYI0 HMH(OpManuio o nedexTo-
00pa3oBaHUAX Ha OOKOBBIX CTEHKAX TPYO.

KaioueBble cjioBa: yriaepomHble HAaHOTPYOKH, HAHOCTPYKTYpPbI, CHHTE3 YTIIEPOIHBIX
HaHOTPYOOK, OKHCIICHUE YITIEPOJHBIX HAHOTPYOOK, 3JIEKTPOHHAS MUKPOCKOIIHS, paMaHOBCKas
CHEKTPOCKOIIHSA
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