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Cerium (IV) oxide (ceria) nanoparticles, 6—10 nmsize, supported on carbon nanotubes (CNTSs)
were prepared by a chemical reaction between Ced\ddd NaOH. The effective processing parameters
of ceria particles size were discussed. CNTs/Clefbrids were characterized by transmission elattro
microscopy (TEM), selected area electron diffract{®8AED), Raman and electron paramagnetic reso-
nance (EPR) spectroscopy. SAED and Raman spectypstmwed that the Ce@articles had a cubic
crystal structure. EMR spectroscopy showed two pagnetic signals related to CNTs and a third one
belonging to paramagnetic defects of GeO

INTRODUCTION and NO thgt is important fqr cleaning exhaust
gases and in other technological processes [8, 9].
Chemical modification of carbon nanotubes The catalytic activity of ceria for Hand CO pro-
leads to changes in their physical and chemical duction from fuels is described in [10]. Cerium
properties [1, 2]. Recent studies on corrosion be- oxides are used in fuel cells as solid state conduc
havior of Zn deposits containing nanoparticles tors [11]. Ceria adsorbents are used for the re-
reported that the content of CNTs in the deposits moval of toxic Cr (VI) from water with an ad-
improved the corrosion resistance as compared to sorption capacity of 30.2 mg*gnd in medicine
zinc coating. In many cases the CNTs act as [12, 13]. The use of ceria to sense molecular oxy-
physical barrier to the corrosion process by @jlin  gen has been investigated [14]. Ceria is a good
in crevices, gaps, and micro holes on the surface polishing material which has been used commer-
of deposit [3]. The results [4] showed that addi- cially [15]. Cerium oxide powders are often used
tion of CNTs to the deposition process of nickel as fillers in polymers and in ceramics [16, 17].
significantly increased its resistance to corrosion Combining the effect of CNTs and cerium
The improvement in corrosion resistance is due to oxide is expected to produce highly efficient en-
the CNTs acting as physical barriers to corrosion vironmentally friendly anti-corrosion pigments.
process by filling in crevices, gaps and micron The purpose of our work is the synthesis of
holes on the surface of nickel coating. Another CNT/CeQ hybrids and testing them as anticorro-
reason is that CNTs evenly distributed in the sive pigments.
nickel coating increase corrosion potential of the
composite coating towards more positive values EXPERIMENTAL
restricting localized corrosion and result in more Sample preparation. Certificated catalytic
homogenous corrosion. multiwalled carbon nanotubes (CNTs, Nanothinx
Replacement of extremely toxic anticorrosive S.A.) having a diameter of 12-31 nm, 15-35
pigments (chromates, vanadates and nitrates) inwalls and 97% purity (about 2% is iron catalyst
ecologically friendly analogues is a major chemi- and less 1% is pyrolytic carbon) were used. CNTs
cal problem [5]. Cerium compounds show satis- were modified by the following reaction
factory results in the protection of iron, alumin- air_
ium a%/d other metals fl?om corrosion [6, 7]. There 4Ce(NQ)s+12NaOH+Q =4CeQ+12NaNG+6H,O.
are also other spheres where cerium oxide is used.6.25 g of CNTs was placed in about 15 ml of dis-
Cerium oxide is a catalyst in the oxidation of CO tilled water. Then 4 ml 0.5M (16.3ml 1M)
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Ce(NQy);z solution was added. Under mixing 6 ml
1M (24.5 ml 2M) NaOH solution was added until
the pH was 8-9. The solid was filtered, rinsed and
dried at 383 K. Two samples of CNTs/GeO
(5.2%) and CNTs/Cef)31%) with different con-
tent of ceria were prepared.

Corrosion testing. The anticorrosion proper-
ties of CNTs/Ce® pigments were tested in an
amine covering. Dispersed pigment covering was
placed on a panel of 2024-T3 aluminium scav-
enged by a standard four bath clearing process
and scribed at widths of approximately 2 mm.
Corrosion tests of the panels were carried out in
freely aerated 3.5% NaCl solution for 3000 h to-
gether with SrCrQreference pigment. After the
test, the bottom halves of the panels were stripped
for visual inspection.

Samples characterization. The carbon nano-
tubes were identified by transmission electronic
microscope (JEM-100CXIl). A crystalline struc-
ture of samples was verified by the selected area
electron diffraction pattern. The Raman spectra
were detected using a double monochromator, a
cooled photomultiplier employing standard pho-
ton counting technique, and DPSS laser at
532 nm for excitation. Estimated accuracy of de-
termining the peak position was of 1 tnElec-
tron magnetic resonance measurements were car-
ried out at the temperature range of 35-300 K
using X-band (microwave frequeney9.5 GHz)
electron paramagnetic resonance spectrometer
(Radiopan X-2244) with 100 kHz modulation of
magnetic field. Estimated accuracy of the deter-
mining the g-factor was of +5xIDand +3x10?
approximately for the narrow and broad lines,
respectively. The relative accuracy of EMR inten-
sity measurements was of £30%.

RESULTS AND DISCUSSION

Formation of ceria. The ultrafine Ce®
powders were synthesized by using flash combus-
tion, mechanochemical processing, co-
precipitation, homogeneous precipitation, electro-
chemical synthesis, hydrothermal, and sol-
vothermal processes. Recently a significant ad-
vancement has been made in developing envi-
ronmentally friendly and economically efficient
ways of producing controlled ceria hanostructures
via aqueous-phase synthesis method. Polyhedra,
rods, wire, cubes, sphere, tadpole-shaped wire,
triangular plate, and hollow structure, nanotube-
like structure of Ce@are selectively obtained by
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changing conditions [18]. Often synthesis of
nanosized Cefcarry out the alcohol agueous
environment. We have chosen exclusively the
neutral aqueous-phase synthesis method in order
to make the scaling easy.

Photos of electronic images of CNTs are pre-
sented in Fig. 1 which displays the characteristics

of CNTs described in the experimental part.

Fig. 1. TEM images of initial CNTs&,b), and CNT
modified by ceria of 5.2%c] and 31% massd)
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The photos show that nanotubes form con- phonons near the Kzone boundary of

glomerates. The electronic images (FigdyL of

spf-hybridizing carbon. After depositions of ceria,

modified CNTs testify to particles which decorate a spectrum of modified CNTs (Figa,2) has D-
them. SAED indicates the rings pattern of nanopar- band 1352 cfh and G-band 1580 chwith the
ticles that can be indexed using the face-centered I/l = 0.26.

cubic polycrystalline structure of Ceiffusive-

The Raman spectra for CNTs synthesized by

ness signals of weak crystallization and influence matrix method have bands at 1302 and 1596 cm
of dimensional effect. The size of 6-10 nm parti- that for disordered graphite are located in the

cles fluctuates in a range according to TEM.
Raman spectroscopy of carbon nanotubes.
A spectrum of initial CNTs (Fig.&1) consists of
two clear separate bands — D 1352'cmand
G 1579 crit with the intensity ratiog/lg = 0.38.
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Fig. 2. Raman spectra of CNT$)( CNTs modified b
ceria of 31% mass2) in "carbon" region &);
ceria single crystall) and CNTs modified k
ceria of 31% mass2) in "ceria" region If)

range of 1300-1350 and 1570-1585'cfi9].

The increasing width of G-peak from 37 to
46 cm' for modified CNTs leads to the decreas-
ing in Ib/lc. As G-peak broadening is detected,
the bond-angle distortion at the carbon atom in
six fold aromatic rings can be explained by the
influence of synthetic procedure and ceria inter-
action with carbon surface of the nanotubes.

CNTs decorated with 31% Ce@how clear
Raman signal in the "ceria region”. It was impos-
sible to detect the ceria signal of CNTs with 5.2%
mass. Ce®@due to small amount of ceria clusters
and their high dispersion. Raman spectra have
shown a strong peak at 452 tmuith full width at
half maximum [) of 26.5 cni (Fig. ,2). The
peak is related toFmode ofCeO; fluorite struc-
ture what corresponds to SAED data. The Raman
peak of CeO, single crystal is much narrower
(I'=13.5 cn?) and has much higher peak position
at 466 crit (Fig. 2,1). A significant downshift of
14 cm' and broadening of 13 chof F,y mode as
compared to the bulk ceria indicate the presence
of nanosized crystals [20, 21]. We used a correla-
tionsI' = 10 + 124.7/gbetweenl” and grain size
dy for estimation of ceria nanocrystal size. The
data on the size of Ce@articles obtained from
TEM and Raman spectroscopy &l 7.6 nm) cor-
relate. The main reason for broadening of F
mode is disorder in the oxygen sublattice result-
ing grain size-induced non-stoichiometry. There-
fore, we estimated the defect concentration to be
about &10%° cmi®.

Influence of synthesis conditions on ceria
particles size. By means of synthesis of CeO
from CeC} at 283 K the particles of about 6 nm
are obtained on oxidized carbon nanotubes
through a stage of heating at 723 K. What pre-
cipitating cerium hydroxide in more alkaline so-
lution or carrying out the reaction at 293 K, the
average size of particles increases to 10-15 nm
[22]. By a similar technigue CeGnhanoparticles

The G peak is usually assigned to zone centre in the size of 3-8 nm are synthesized being
phonons of & symmetry and the D peak, which

is the breathing mode of,Asymmetry, involves
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placed on two-layer carbon nanotubes [23]. £eO
with average grain size of 4 nm was synthesized
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from Ce(NO}) and NaOH in alcohol aqueous so- gling bonds. We will disregard the influence of

lution (Vaiconoi Vwate=1:1) with high-intensity ul- metal catalysts on EPR signal but focus on car-
trasonic radiation at room temperature [24]. bon-related ones.
We synthesized the cerium oxide particles of In order to obtain more information about the

6—10 nm corresponding to those described in sci- carbon-related defects, we studied their behavior
entific works. It should be point out that the non- depending on the temperature (Fig. 4).

templating synthesis reduces the cost of £eO

When using special additives, ultrasonic process-

ing and other expensive approaches [18], it is 800+
possible to make the size of particles one-half of
initial one.

Authors of [22] have come out with the as-
sumption that oxygen chemisorbed atoms on
CNTs are the formation centers of oxide nanopar-
ticles. It is obvious that uniformity of CNT deco-
ration [23, 24] contradicts the nature of their-sur 1 2
face. When carbon oxidation of nanotubes occurs,
first of all a reaction proceeds with participation -800 4

of graphene defects (the ends of nanotubes and W

non-integral sites of their surface) that woulddlea

EMR signal, a.u.

to selectivity of the centers of Ce@dsorption. In 3300 3450 360!
our opinion, one of the formation reasons of Magnetic field, G
nanosized ceria is templating action of CNTs sub- Fig. 4. EPR spectra of CNTs at 23)( 70 @) anc
strate. Nanotubes have nanosized, closed surface, 300K @)

with high degree of curvature and With set of At low temperatures the shape of the carbon
heterogeneou; contacts. These propertles reallyrelated EPR line is complicated. It can be de-
can favorably influence on the formation of small ... 0 o< 4 sum of two broatH,~50 G and nar-

oxide patrticles. Lo ) .
i row AH,=7 G contributions to the profile width
EPR spectroscopy of carbon nanotubes. In at 25K (Fig. 4,1). The broad part does not

tensive and broadH,=1.5 kG EPR S|gnqls W'th change roughly the line width within the 25 to
9:2'15. caused by the presence of .re3|dua| Iron 300 K temperature range. The line width of nar-
catalytic nanoparticles are observed in of samples ., nart increases gradually due to elevation of
both CNTs and modified CNTs (Fig. 3). spin relaxation processes at high temperatures.
The line widths of both contributions are
1000+ equal at room temperature and form a single con-
1 tour of EPR absorption with a Lorentz line shape
(Fig. 4, 3).
0- The EPR integral intensity follows the Curie
2 law (ICIC/T) between 25 and 100 K specifying the
mainly localized character of the paramagnetic
centers. A visible growth of I (T) is sharply
slowed down at < 25 K what is caused partly by
the saturation effects due to sudden decreasing of

EMR signal, a.u.

-1000+

0 1500 3000 4500 6000 the spin relaxation rate below 20 K [25].
. Magnetic field, G B We believe that a principal cause of the EPR
Fig. 3. EPR spectra of CNT4)and those modified | spectrum modification is the interaction of the
ceria of 31% mass2) at 300 K paramagnetic subsystem of free carriers with the
Narrower EMR linesAH,=70 G of smaller  |ocalized defects (carbon dangling bonds) in the

intensity caused by the presence of carbon-related nanotubes structure [26]. In this model, the EPR
defects are also observed in the samples (Fig. 3, line width is formed by the interaction between
spectra central part). The value of g-factor for subsystems and grows gradually as the tempera-
these defects (2.003) is typical of the carbon dan- ture increases due to spin relaxation contribution
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of free carriers [27]. From the described point of
view the presence of broad part to EPR contribu-
tion at low T (Fig. 4]1) indicated the existence of
an additional broadening mechanism due to either
an interaction with other impurities [28] or differ
ent acting to the inner and outer nanotube sides
[25]. The exchange coupling model also forecasts
the Pauli contribution in the paramagnetic suscep-
tibility at high T and the Curie law at low T.

In the modified CNTs system one more EPR
signal with close g-value 2.0028 is observed at
room temperature (Fig. 3).

150

1 Gain:5
-150 -

EMR signal, a.u.

(2)

3335 34%0 35&5
Magnetic field, G
Fig. 5. EPR spectra of CNTsadified by ceria of 319

mass. at 3001j and 70 K )

The line width of the signal depends on the
oxygen atmosphere content so valueAlgf, = 4,
5 and 8 G change in evacuation. The signal be-
longs to defects of CeGstructure [29]. It is not
possible to track down the temperature behavior
of this signal because it masks more intensive
EPR signal (linel) of the nanotubes (Fig. 4). A
total concentration of the paramagnetic centers
for the modified sample isdN 10°° cmi®.

Anticorrosion properties of modified carbon
nanotubes. Panels containing chromate,
CNTs/CeQ (5.2%) and CNTs/Ce31%) prim-
ers were used for the corrosion test. Damage pro-
tection is demonstrated by results of corrosion
exposure of scribed samples are shown by all
primers. After 3000 h in salt spray chamber of
chromate panel, the scribe on the panel remained
shiny with no visible sign of corrosion. The
CNTs/CeQ (5.2%) panel did not show signifi-
cant signs of corrosion on the scribe but it was
not as shiny as that of the chromate panel. The
CNTs/CeQ (31%) panels showed visual indica-

T
3300

tion of corrosion at 18%. We think that the speed g

of ceria oxide releasing on metal surface plays a
critical role in the anticorrosion effect. Additiain

studies will be done to understand the anticorro-
sion properties of the pigments. These results in-
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dicate a reasonable corrosion inhibition for

CNTs/CeQ specimens.
CONCLUSIONS

The ceria nanoparticles supported on carbon
nanotubes about 6-10 nm were synthesized by
chemical reaction between Ce(j9and NaOH.
The synthesis was realized in aqueous solution at
room temperature that reduces the cost of the
preparation procedure of nanosized ceria. EPR
spectroscopy showed two paramagnetic signals of
CNTs and the third one belonging to paramag-
netic defects of CeO The CNTs/Ce® (5.2%)
could be used as a substrate preparation compo-
nent to replace the currently utilized chromate
containing surface treatments and provide the
basis for long lasting coating system for alumin-
ium alloys.
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okcuaom uepito (1V)

C.Jl. bpunuka, 1.b. SAnuyk,
A.A. Konunus, C.II. Koaecnuk, A.B. €danos,
A.B. Bpuuka, M.T. Kapreasb

Tuemumym ximii nogepxui im. O.0. Yyiika Hayionanvhoi akademii nayx Yxpainu
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Hanouacmunku oxcudy yepiio (IV) posmipom 6-10 um odepocano na syeneyesux nanompybrax (BHT) 3a xi-
miunoio peakyicio mioe Ce(NOz)s i NaOH. Bemanosneno egpexmusni napamempu cunmesy HAHOYACMUHOK
okcuoy yepito. Hanoxomnoszumu BHTICeO, oxapaxmepuzo8ano 3a 00nOM02010 MpaAHCMICIUHOT eleKkmporHol
mikpockonii (TEM), enexmponoepaghii, KP- ma EIIP-cnexmpockonii. Memodamu enexkmponozpagii i
KP-cnexmpockonii gusgieno kyoiuny xpucmaniyny cmpykmypy CeQ,. EIIP-cnexmpockonis noxkaszana, wo
06a napamazHimHux cueHaiu maroms gionowennus 0o BHT, a mpemiu 06ymosnenutl napamacHimuumu oege-
kmamu CeQ.

JlekopupoBaHHe YIJIePOIHBIX HAHOTPYOOK
okcuaom uepus (1V)

C.Jl. bpuuka, U.B. SAnuyk,
A.A. Konunn, C.II. Koaecnuxk, A.B. Edanos,
A.B. Bpuuka, H.T. Kapreanb

Hnemumym xumuu nosepxrnocmu um. A.A. Yyiixo Hayuonanwroii akademuu Hayk Yxpaunol
ya. I'enepana Haymosa 17, Kues 03164,Vrpauna
Hucmumym ghusuku nonynposoonuxos um. B.E. Jlawkapesa Hayuonanwroii akademuu Hayk Ykpaunol
np. Hayxu 41, Kuee 03028,Vkpauna, yanchuk@isp.kiev.ua

Hanouacmuywr oxcuoa yepus (IV) pasmepom 6-10 um noayuenwvt na yenepoonwvix nanompyoxax (YHT) 6 pe-
synemame xumuueckou peaxyuu mesxcdy Ce(NOz)s u NaOH. Yemanoenenwt s¢hgpexmusnvie napamempor cun-
me3sa nHanouacmuy oxcuoa yepus. Hanoxomnosumor YHTICeO, oxapaxmepusoeansi ¢ noMoublo mpancmuc-
cuonnou anexkmponnot mukpockonuu (TOM), snexkmponoepaguu, KP- u DIIP-cnekmpockonuu. Memooamu
anexmponoepauu u KP-cnekmpockonuu ycmanoeiena Kybuueckas xpucmannudeckas cmpykmypa CeGQ,.
DIIP-cnekmpockonus nokazania, ymo 06a NAPAMASHUMHGIX cueHala umerom omuowenue k YHT, a mpemuii
obycnosnen napamacnumuvimu oepexmamu CeQ,.
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