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a b s t r a c t

The oxidized multiwall carbon nanotubes, their temperature modification in the range from RT to 630 ◦C
are studied. The oxidation proceeds in aqueous solution of the concentrated HNO3. The oxidized multiwall
carbon nanotubes are investigated using the infrared and electron spectroscopy methods.

The oxidation creates mainly carboxyl, hydroxyl and carbonyl groups attached to multiwall carbon
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unctionalization
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nanotubes, which can be detected by the infrared spectroscopy and at the surface by the electron spec-
troscopy methods. Thermal modification under ultra-high vacuum conditions leads to decreasing content
of water, oxygen and carbon groups proceeding with different rates, increasing content of C sp2 bonds
(e.g. carbon nanotubes reconstruction), surface atoms ordering and changes of surface atomic density.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

The carbon nanotubes (CNTs) [1] are the most interesting car-
on materials opening promising technological applications in
anotechnology, biochemistry, biomedicine, catalysis, electronics,
ptoelectronics, electrochemistry or space industry [2–4]. The CNTs
re the carbon allotropic form built from the rolled graphene (the
ingle atomic graphite layer) sheets. The CNTs consist mainly of

sp2 hybridizations, however defects, other atoms and chemi-
al groups introduce the C sp3 bonds. The CNTs exist in a wide
ariety of forms, i.e. the single walled carbon nanotubes (SWC-
Ts), the multiwall carbon nanotubes (MWCNTs) of different

tructures and modified with different chemical groups and metal-
ic/nonmetallic nanoparticles [5]. The CNTs are characterized by
he unique physical and chemical properties. However the changes

n these properties and in the mechanism of physical and chemical
rocesses may be introduced due to surface and bulk modifications,
specially with metallic nanoparticles.

∗ Corresponding author. Tel.: +48 22 343 3432; fax: +48 22 632 5276.
E-mail address: blo@ichf.edu.pl (B. Lesiak).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.05.185
The recent applications of carbon nanomaterials, such as CNTs,
have been focused on the hydrogen storage, hydrogen produc-
tion, solar and fuel cells and new composite materials. The fuel
cell technology has become a project of high concern due to its
crucial significance for practical utilization of hydrogen (or other
biofuels) energy replacing carbon, oil and gas. The application of
CNTs in fuel cell and hydrogen storage systems has been described
elsewhere [5–7]. The fuel cells operate using hydrogen, methanol
or formic acid, oxygen as reactants and produce electrical cur-
rent, water and in some cases carbon dioxide, being the cleanest
and the most efficient energy technology. The CNTs based cat-
alysts were shown to perform more effectively than the carbon
black supported [6–9]. Recently, the Pd-Au on MWCNTs has been
shown to be an efficient catalyst of formic acid electrooxidation
[6,7]. The CNTs and carbon nanofibres (CNFs), exhibit a number of
features typical for a promising component of an anode catalyst
layer, i.e. the high electrical and thermal conductivity (especially
MWCNTs), the large specific surface area, leading to high con-

centration of metal surface sites in the catalytic layer and access
for the reactants to catalysts metal nanoparticles deposited on
the surface. It was demonstrated that the replacement of carbon
black by CNTs decreases the agglomeration rate of metal cata-
lyst nanoparticles, which supports efficiency of electrooxidation

dx.doi.org/10.1016/j.jallcom.2010.05.185
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:blo@ichf.edu.pl
dx.doi.org/10.1016/j.jallcom.2010.05.185
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Table 1
The assignment of absorption bands from the FTIR spectra.

Frequency range (cm−1) Assignment Possible structural groups

3600–3100 O–H H2O, surface OH groups (hydroxyl, carboxyl)
3010–3040 C–H stretching vibration C sp2 – alkene and aromatic systems
2860–2950 C–H stretching (symmetric and

asymmetric)
C sp3 – alkane (methyl, methylene) systems

1800–1650 C O stretching vibration Carboxyl, ester, lactonic, acid anhydride
groups, unsaturated ketones, quinines,
carboxylic groups in aromatic ring

1650–1500 〉C C〈 stretching vibration Aromatic rings, conjugated alkene systems
1415, 1430 C–H2 C sp2

1430–1450 〉C C〈 stretching vibration Polynuclear aromatic systems
1375, 1398, 1450, 1480 –C–H C sp3

1350–1000 Combination of C–O stretching
vibration and O–H deformation,

C–O
ation

Aromatic and unsaturated alcohols, phenols
hydroquinine; cyclic, diaryl ethers; oxirane
(epoxides) systems; ketals and acetals,
aromatic dioxy compounds
Aromatic systems (mono-, di-substituted)
Polynuclear aromatic systems
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symmetric and asymmetric
stretching, C–O–C (ring) vibr

1250–1000 C–H in plane deformation
600–650 In plane ring vibration

10,11]. The characterization of electrodes allows for optimizing the
tructure/geometry, the operational parameters, the stability, the
ifetime and for determining the catalysts optimum composition
nd structure. The extensive studies on MWCNTs supported with
etallic nanoparticles [5–9], the purification and functionalization

f the MWCNTs support [12] have already been started.
In the present work the multiwall carbon nanotubes oxidized

y a concentrated nitric acid (denoted as ox-MWCNTs) and their
erivatives obtained by annealing from RT to 630 ◦C are investi-
ated using the Fourier transform infrared spectroscopy (FTIR) and
lectron spectroscopy methods, like X-ray excited Auger electron
pectroscopy (XAES), X-ray spectroscopy (XPS), elastic peak elec-
ron spectroscopy (EPES) and reflection energy loss spectroscopy
REELS).

. Experimental

.1. Samples

The samples of “as-received” MWCNTs (CNT CO., LTD., Korea) were oxidized in
oiling 68 wt% concentrated HNO3 under a reflux condenser (about 50 h at 118 ◦C)
nd then rinsed with deionised H2O till stabilization of filtrate pH.

.2. Infrared spectroscopy

The obtained oxidized material (ox-MWCNTs) was divided into several sam-
les and each portion was heated at temperatures 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C and
00 ◦C under pressure of 10−3 Torr. The FTIR spectra of obtained samples were mea-
ured by the infrared Fourier transform spectrometer (Spectrum 2000, Perkin Elmer,
ermany) in the range of 400–4000 cm−1. The samples were mixed with KBr, heated
t 100 ◦C under vacuum (p = 10−3 Torr) to remove traces of H2O and finally pressed
n a hydraulic press.

.3. Electron spectroscopy methods

Before the measurements ox-MWCNTs were annealed carefully in UHV from RT
o 630 ◦C. The pressure of desorbing gases did not exceed the value of 10−6 Torr. The
pectra were recorded at RT in the UHV chamber of ADES-400 electron spectrometer
VG Scientific, UK) equipped with angular-resolved electron analyzer, an electron
un (Varian, model 981-2455) and the X-ray excitation source.

The XPS/XAES spectra were measured using the MgK˛ radiation of
� = 1253.6 eV. The XPS C 1s, O 1s spectra were recorded using the pass energy,
p = 20 eV, whereas the XAES C KLL spectra using the pass energy, Ep = 100 eV, with
he X-ray incidence angle of 70◦ and the photoelectrons and Auger electrons emis-
ion angle of ˛out = 0◦ , with respect to the surface normal. For the XPS/XAES spectra,
he binding energy (BE) reference is the Fermi energy and the kinetic energy (KE)

eference is vacuum level.

The EPES/EELS spectra were recorded using a defocused primary electron beam
f KE = 1500 eV and 2000 eV, the beam current of 1 × 10−6 A, a spot of 2r = 3 mm,
p = 20 eV, within a conical analyzer acceptance angle of ±4.1◦ , the electron beam
ncidence angle of ˛in = 0◦ , the emission angle of ˛out = 35◦ , with respect to the surface
ormal.
Fig. 1. The FTIR spectra of ox-MWCNTs under annealing.

3. Results

3.1. The infrared spectroscopy

The characteristic absorption bands found in the FTIR spectra
recorded for oxidized, not annealed carbon nanotubes, samples
annealed gradually up to 600 ◦C are shown in Fig. 1. The infrared
assignments of main bands observed for groups containing C, O

and H atoms are compared to those observed for surface groups
in carbon nanofibres and amorphous carbon [13]. The compilation
and description of absorption bands present in the FTIR spectra of
ox-MWCNTs are listed in Table 1.
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Table 2
Comparison of C and O atomic content, the positions of C 1s and O 1s peaks, the C sp2 content resulting from C 1s spectra fitting and evaluation of the width of C KLL spectra.

ox-MWCNTs conditions XPS (at%) Peak positions (eV) XPS C sp2 (%)

C O C 1s O 1s C KLL C 1s

RT 87.6 12.4 284.4 532.8 63 82
150 ◦C-3 h 90.2 9.8 284.5 532.9 74 79
350 ◦C-1 h 91.8 8.2 284.4 533.0 89 81
465 ◦C-4.5 h 86.5 13.5
533 ◦C-2 h 90.1 9.9
590 ◦C-4 h 91.0 9.0
630 ◦C-3 h 92.7 7.3
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ig. 2. The first derivative C KLL spectra recorded from ox-MWCNTs after annealing
t different temperatures indicating the width of the spectrum (parameter D).

.2. XPS quantitative analysis

The surface atomic content was quantified from XPS C 1s and
1s transitions by the relative sensitivity factor method [14]. The

tomic content of C and O in ox-MWCNTs samples from RT to 630 ◦C
s listed in Table 2.

.3. Evaluation of C sp2/sp3 ratio

The Auger electron transition consisting of the C KV
2p�)V(2p�) and C KV (2p�)V(2p�) transitions results in a large
alue of full width at half-maximum (FWHM). The main contri-
ution at KE of 272 eV is due to p� electrons characteristic for C
p2 hybridizations. The experimental data indicates the changes
n the line shape and the FWHM width of the C KLL transition for
iamond and graphite. The width between the maximum and the
inimum of the first derivative C KLL spectra for diamond (C sp3)

2
nd graphite (C sp ) varying from 13.2 eV to 22.6 eV, respectively,
s called a parameter D [15–17]. Its linear interpolation with the C
p2 content allows evaluating the C sp2/sp3 hybridizations. The C
LL spectra recorded from ox-MWCNTs, the estimated parameter
and the content of C sp2 bonds are shown in Fig. 2.

able 3
he BE values for C 1s and O 1s transitions applied in the fitting procedure.

C 1s bond BE (eV)

sp2 graphite 284.2
sp3 diamond 285.1
C*–OH hydroxyl, phenol 286.2
C* O carbonyl 286.8
–C*(O)–O–C– ester 288.8
HO–C* O carboxyl 289.0
–C*(O)–O–C*(O)– acid anhydride 289.1
284.4 531.6 96 83
284.5 531.5 96 79
284.5 531.8 96 83
284.4 531.9 96 83

3.4. Content of carbon and oxygen groups

The XPS spectra consist of photoelectron transitions from atoms
of different chemical configurations, characterized by the BE values.
The positions of C 1s and O 1s peaks recorded from ox-MWCNTs are
listed in Table 2. However, these spectra consist of photoelectron C
1s and O 1s transitions from C and O atoms of different bonding
configurations. The evaluation of C and O atomic bonding con-
tent is based on the fitting of C 1s and O 1s spectra using a sum
of Gaussian–Lorentzian asymmetric functions, where the BE val-
ues for expected transitions, assuming the aromatic carbon forms,
are taken from the literature compiling the experimental and mea-
sured BE values for carbon materials [18]. The respective values
of BE are listed in Table 3. For C sp2 and C sp3 components of C
1s spectrum the BE separation value of 0.9 eV was assumed due
to the agreement of experimental and theoretical values for dia-
mond (C sp3) and graphite (C sp2) [19]. The results of fitting of
C 1s and O 1s spectra from ox-MWCNTs to different functional C
and O groups using asymmetric Gaussian–Lorentzian functions are
shown in Figs. 3 and 4, respectively.

The content of C and O functional groups, with BE values indi-
cated in Table 3, is normalized to the total area under respective
spectra, respectively. The content of C 1s and O 1s functional groups
in ox-MWCNTs as a function of temperature, fitted to a polynomial,
is shown in Fig. 5(a) and (b), respectively.

3.5. EPES REELS spectra

The REELS can be applied for characterizing some physical prop-
erties, like dielectric constant, atomic density and other related
quantities [20]. From the knowledge of � and � + � plasmon energy
values and intensities, assuming the nearly free electron approxi-
mation, it is possible to evaluate the density of valence electrons,
the density of carbon material, the C sp2/sp3 fraction, etc. The EPES
and EPES REELS spectra of electrons quasi-elastically backscattered
from atoms and their low energy side of electrons undergoing
inelastic losses indicate the structural changes under temperature.

These changes are indicated by the values of FWHM, the ener-
gies of � loss peak and the changes of area ratio of � loss peak to
EPES peak recorded from ox-MWCNTs under annealing. The respec-
tive values are indicated in Table 4. Comparison of EPES REELS
spectra recorded from ox-MWCNTs at RT and 630 ◦C recorded at

O 1s bond BE (eV)

C O* carbonyl 531.3
–C(O*)–O–C– ester 532.0
–C(O*)–O–C(O*)– acid anhydride 532.6
HO–C O* carboxyl 533.2
C–O*H hydroxyl, phenol–C(O)–O*–C– ester 533.6
–C(O)–O*–C(O)– acid anhydride 533.9
HO*–C O carboxyl 534.5
H2O water 535.7
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ig. 3. The C 1s spectra recorded from ox-MWCNTs fitted to carbon functional group
omponents by asymmetric Gaussian–Lorentzian functions. (a) RT. (b) 630 ◦C.

ifferent kinetic energies of primary electrons is shown in Fig. 6(a)
nd (b).

. Discussion

As shown previously [12] by the elemental analysis, EDS and
PS, the ox-MWCNTs material consisting of C, N, O and H (with N
bsent at the surface) are in-depth inhomogeneous. The XPS quan-
itative analysis indicates only the presence of carbon and oxygen
t the surface (Table 2). The FTIR analysis at RT provides the evi-
ences for water, hydroxyl and carboxyl groups, carbonyl, ketone,
cid anhydride, ester groups, C–H from CH, CH2, –CH3, C sp3 and
–O–C from ether and acid anhydride groups, present in the bulk
Table 1) [13]. The identified vibration frequencies at 3222 cm−1,
t 1711 cm−1 and at 1628 cm−1 can be ascribed to –OH, –COOH,
nd C C or C O groups, respectively. The C–H stretching in the

egion from 3010 cm−1 to 3040 cm−1 are ascribed to sp2 C–H
ode, whereas in the region from 2860 cm−1 to 2950 cm−1 to the

p3 –C–H mode. Otherwise, the sp2 –C–H stretching modes appear
t 1415 cm−1 and 1430 cm−1, and sp3 –C–H stretching modes at
375 cm−1, 1398 cm−1, 1450 cm−1, 1480 cm−1 (Table 1) [13].

able 4
omparison of the FWHM, the � energy loss in the EPES REELS spectra and the ratio of �

ox-MWCNTs conditions EPES 1500 eV

FWHM (eV) � (eV) A(�)/A(

RT 0.78 6.7
150 ◦C-3 h 1.06
350 ◦C-1 h 1.13 6.3 1.1
465 ◦C-4.5 h 0.82 6.4 4.6
533 ◦C-2 h 0.83 6.5 4.8
590 ◦C-4 h 0.83 6.5 4.3
630 ◦C-3 h 0.83 6.5 4.3
Fig. 4. The O 1s spectra recorded from ox-MWCNTs fitted to oxygen functional group
components by asymmetric Gaussian–Lorentzian functions. (a) RT. (b) 630 ◦C.

Under annealing of ox-MWCNTs the FTIR spectra demonstrate:
(i) the relative decrease of band of OH moieties (3600–3100 cm−1

and 1627 cm−1) as a result of water molecules desorption, dehy-
dratation of surface functionalities, and finally – destruction of
hydrogen-containing groups, (ii) the relative decrease of C O moi-
eties (existing in various surroundings) as a result of destruction of
surface carboxylic groups (1710 cm−1) and keto-enol like surface
systems (1625 cm−1), (iii) the relative increase of bands described
to polynuclear aromatic systems (1430 cm−1, 650 cm−1) and (iv)
the relative increase of CH (sp3) bands in first stage of anneal-
ing (2900 cm−1) and decrease at higher temperatures. The clear
evidence for increasing of the C sp2 bonds accompanied by decreas-
ing of the C sp3 bonds is given by intensities at about 1430 cm−1

(sp2) and 1480 cm−1 (sp3), respectively (Table 1). The ratio of
C sp2/C sp3 intensities increases few times from RT to 600 ◦C

(Table 1) [13]. Additionally, the increase of intensity at 2323 cm−1,
assigned to COO− modes, can indicate removing of carbon–oxygen
groups and rearrangement and reconstruction of C sp3 into C sp2

bonds.

loss peak to the EPES peak recorded from ox-MWCNTs under annealing.

EPES 2000 eV

EPES) (%) FWHM (eV) � (eV) A(�)/A(EPES) (%)

0.97 7.3
1.18 6.2 4.0
1.24 6.4 1.4
0.91 6.3 4.7
0.95 6.3 4.3
0.95 6.3 4.4
0.99 6.4 4.7



L. Stobinski et al. / Journal of Alloys and Compounds 505 (2010) 379–384 383

F
i

f
r
o
o
c
s
o
c
o
g
f
t
a
r
t
a
t
t
w
r
(
s
c
d
m
a
o
s
t

ig. 5. The content of (a) C chemical groups and (b) O chemical groups under anneal-
ng.

The results of electron spectroscopy methods indicating the sur-
ace changes under temperature treatment are consistent with the
esults of the FTIR spectroscopy. The annealing causes the continu-
us increase of atomic percent of carbon, accompanied by decrease
f oxygen atomic content. The positions of C 1s peaks are nearly
onstant remaining in agreement with the theoretical and mea-
ured values for graphite, i.e. 284.4 eV [21], whereas the positions
f O 1s peaks shift towards the low BE values, indicating decreasing
ontent of carboxyl and hydroxyl groups with remaining groups
f oxygen bonded to carbon, i.e. carbonyl and carbon-bridged
roups (Table 2). Annealing causes an initial increase of C sp3

unctional groups and then their decrease, accompanied by a con-
inuous increase of C sp2 groups, i.e. C bonds reconstruction (Figs. 1
nd 5(a)). The C sp2 hybridization content increases continuously
eaching a continuous value of 96% at 630 ◦C (Table 2, Fig. 2). To
he temperature of 350 ◦C, the increase of FWHM of EPES peaks,
ccompanied by the � peak shift is observed (Table 4), indicating
he structural changes of ox-MWCNTs surface [20,22]. From 350 ◦C
o 630 ◦C, the decrease of FWHM to constant value is observed,
hereas the � loss peak energy remains constant. However, the

atio of area under the � peak and the EPES spectrum increases
Table 4), indicating changes of surface C sp2/sp3 ratio and den-
ity [20]. These changes result from desorption and removal of
arbon–oxygen functional groups, which under annealing undergo
ecreases with different rate (Fig. 5). The rate of decrease is the

ost rapid for acid anhydride, carboxyl, whereas ester, hydroxyl

nd carbonyl undergo a decrease with a slower rate (Fig. 5). The
btained results are consistent with data by Kundu et al. [23]. As
hown there [23], carboxyl and ester decompose in the tempera-
ure range of 300–440 ◦C, whereas acid anhydride at about 430 ◦C.
Fig. 6. Comparison of EPES REELS spectra from ox-MWCNTs at RT and 630 ◦C. (a)
KE = 1500 eV. (b) KE = 2000 eV.

Decomposition of hydroxyl and carbonyl starts at about 590 ◦C.
As confirmed by the mass spectroscopy, to the temperature above
100 ◦C the predominant contribution to desorption is given by H2
and H2O, whereas from 150 ◦C to 350 ◦C, the major contribution to
desorption is given by CO2 and CO. Above 465 ◦C, the increase of
CO and decrease of CO2 contribution are observed. The acid anhy-
dride decomposes into CO2 and CO, whereas carboxyl into CO. The
obtained results using the XPS spectra fitting (Fig. 5) are consistent
with the mass spectroscopy, indicating the most rapid decompo-
sition of acid anhydride and carboxyl, whereas the slower rate of
ester, hydroxyl and carbonyl decomposition.

5. Conclusions

The applied oxidation reaction results in creating the carboxyl,
hydroxyl, carbonyl, acid anhydride and ester groups attached to
MWCNTs, which can be detected by the FTIR and XPS spectro-
scopes. The thermal treatment of ox-MWCNTs up to 630 ◦C leads to
decreasing content of oxygen (from 12.4 at% to 7.3 at%), removing
water, carbon and oxygen groups proceeding with different rates.
This is accompanied by increasing content of C sp2 bonds (up to
96%), i.e. MWCNTs reconstruction, increasing of carbon atoms sur-
face ordering and changing the atomic density. Different functional
groups are decomposed with a various rate. In the temperature
range from 300 ◦C to 440 ◦C the most rapid decrease rate is observed

for acid anhydride and carboxyl. Then, ester, hydroxyl and carbonyl
(at about 590 ◦C) undergo a decrease with a slower rate (Fig. 5). The
changes at the surface are more rapid in the temperature range
from RT to 465 ◦C, whereas in the range from 465 ◦C to 630 ◦C they
are less significant.
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