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CHEMICAL DESIGN OF CARBON-COATED
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The novel approach to chemical design of carboriemb#&}O; nanoparticles with an average particle
size of 8-10 nm was developed. Carbon coating wathesised by modification of fumed alumina support
with 4,4’-methylenebis-(phenylisocyanate) and ilssequent pyrolysis at 7 In order to synthesise the
samples with increased carbon content, the graftiy@lysis cycle was repeated. The above mentisyed
thetic route resulted in the samples with carbadlog of 7.6 and 14.5 wt. %. Characterisation @& fyn-
thesised samples with Raman, FTIR, TG/DTG-DTLAaddorption and SEM techniques revealed the forma-
tion of continuous carbon coating on the surfacélgD; nanopatrticles after the first grafting-pyrolysig-c
cle. The increase of the carbon loading on the alarsurface to 14.5 wt. % (two grafting-pyrolysigies)
resulted in the formation of the carbon coatingwitore regular graphitic structure.

INTRODUCTION

The carbon films have attracted considerable
attention due to their unique properties including
chemical and mechanical stability, electrical con-
ductivity, optical transparency, and low friction
coefficient. Combination of physicochemical
properties of individual carbon and alumina in car-
bon-coated alumina results in novel materials
promising for the development of dense electri-
cally conductive ceramic [1] and fillers [2], mem-
branes [3], solar absorbers [4], catalyst supports
and catalysts [5], protective coating [6]. It isle
established that the properties, structures and uni
formity of carbon film and the degree of surface
coverage of the support strongly depend on the
preparation conditions, carbon source, deposition

parameters and the supports chemical nature [1-6].
Therefore, a number of approaches for the synthesis

of such carbon-coated materials has been reported.

The first approach proposed by Youtsey et al.
[2] and intensively used by Leboda et al. [7] is
based on the ability of organic compounds to be
pyrolysed on the surface of the alumina and silica-

Pyrolysis of organic alcohols like-heptyl and
benzyl proceeds at lower temperatures [8].

An alternative approach was developed by
Pratsinis et al. [9] who proposed a continuous; one
step flame-synthesis of carbon-coated titania and
silica nanostructured particles. The diffusion #am
aerosol reactor is used for simultaneous combustion
of organic and inorganic sources. In both one-step
methods the formation of separate carbon phase
along the carbon coating cannot be completely ex-
cluded because of the applied synthesis conditions.

The present work aims at the development of
two-step approach for the synthesis of carbon-
coated nanoparticles. It is based on chemical-graft
ing of 4,4’-methylenebis(phenylisocyanate) (MDI)
on the support surface and subsequent pyrolysis of
the resulting surface species in vacuum. The method
was demonstrated for chemical design of carbon-
coated AJO; nanoparticles whose detailed physico-
chemical characterisation was performed.

EXPERIMENTAL

Non-porous fumed alumina
(Sser(N2)=155 nfg™) with an average particle

alumina supports at elevated temperatures that issize of 5-8 nm, prepared by the hydrolysis of
accompanied by carbon deposition. Among the aluminium chloride in a hydrogen/oxygen flame,
tested organic substances pyrolysable in the rangewas used as the alumina support. MDI was ob-
of 600-706C, are such hydrocarbons as hexane, tained from Bayer AG and used without further
benzene, toluene, naphthalene, anthracene, cyclo-purification. The weighted amount (4.5g) of

hexane and cyclohehene which was found to be fumed alumina was contacted with 100 ml of
the most promising for making carbon-alumina 0.04 M o-xylene solution of MDI at room tem-

and carbon-silica-alumina composite materials. perature for 24 h at periodic stirring. The product
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was filtered, washed out with 200 ml of pure methylenebis(phenylisocyanate) on the alumina
o-xylene, dried at 61 for 2 h. Then, the sample surface should be expected due interaction of car-
was placed into a quartz cell and evacuated at bon atom of isocyanate group and oxygen atom of
700°C and a pressure ofID? Pa for 2 h in order hydroxyl group of the alumina support that results
to complete pyrolysis of the grafted MDI. To pre- in simultaneous transfer of the proton to the nitro
pare the samples with increased carbon content,gen atom. The reaction between the hydroxyl
the grafting-pyrolysis cycle was repeated. The group of the alumina surface and isocyanate group
above procedure resulted in samples with carbon can be illustrated as follows (Fig. 1).

content of 7.6 and 14.5 wt. % denoted hereafter — c—N—=R o——C—— N—R

as C(7.6)/AJO; and C(14.5)/Al0s, respectively. :

The Raman spectra were performed by an auto-
mated double spectrometer DFC-24 (LOMO, Rus-
sia) using excitation of Ar ion lasenat514.5 nm. Fig. 1. Schematic representation _of the reactiol

FTIR spectra in a reflectance mode were re- —N=C=0 groups of MDI with OH groups
corded in the range from 4000 to 400%cmith a Al205 nanoparticles
spectral resolution of 8 chusing a Nexus Nicolet Upon the contact of AD; nanoparticles with
FTIR Spectrometer (Thermo Scientiﬁc) equipped MDI dissolved in O-Xylene, their initial white
with a Smart Collector reflectance accessory. Alu- colour immediately turned yellow that is accom-
mina samples were powdered with KBr in 1:10 ratio. Panied by discoloration of the solution. The re-

Thermal studies (TG/DTG-DTA) were car- Sulting MDI species appeared to be strongly
ried out with a STA-1500 H thermobalance (PL bound to the support surface since the modified
Thermal Sciences) at a heating rate ofCIfin Al,O; nanoparticles do not loose yellow colour
in an air flow of ~50 crifmin. The carbon content ~ €ven after washing with-xylene. This confirms
in the synthesised samples was determined gra-that the reaction of -N=C=0 groups of MDI with
vimetrically from the weight loss within the tem- OH groups at the alumina surface results in the
perature interval of 300—70D. formation of the surface organic moiety.

The surface area (BET) and porosity were  Fig. 2 shows the SEM images of the initial
determined by nitrogen adsorption/desorption at fumed AbO; nanoparticles in comparison with,8k
-196C using a Quantachrome Autosorb-6B nanoparticles whose surface was involved into-inter

equipment. The samples were preliminary heated action with 4,4'-methylenebis(phenylisocyanate).

‘ ‘
H

[
o]

O S — A

in vacuum at 15 for 16 h. In the SEM image of the initial fumed alumina
X-ray diffraction (XRD) patterns were re- One can see the individual 8k nanoparticles with
corded in the range 5-8@scanning step (°)1 an average particle size of 5-8 nm and also tigeir a
with a DRON-3M automated diffractometer using glomerates with a size about 50-100 nm (. 2
the Cu-K, (\=1.54178A) radiatiomnd Ni filter. The morphology of AD; nanoparticles after interac-

SEM images were obtained with a LEO 1550 tion with 4,4'-methylenebis(phenylisocyanate) dif-

high resolution electron microscope. An electron fers significantly (Fig.B) from that of the initial

beam of 2.5 kV was used to analyse the surface fumed alumina. One can clearly see the distinct
details of the samples. boundaries between A); nanoparticles. This can

indicate that surface MDI species at the alumima su

, RESULTS AND DI_SCUSSION face cover each individual A); nanoparticle that
4,4'-methylenebis(phenylisocyanate) was se- yesylts in their separation from one another.

lected as carbon precursor because of extraordi- FTIR spectroscopy proves the chemical inter-
nary reactivity of -N=C=0 groups and high car- action of isocyanate group (-N=C=0) of MDI
bon content. It is well know that addition of or- \yith OH groups of AIO; nanoparticles.
ganip isocyanates to the compouno!s containing First, in FTIR spectrum of MDI (Fig.d, a dis-
mobile hydrogen atom (i.e. water, amines, carbox- tinct absorption band at 2278 &rypical for isocy-
ylic acids, alqohols) leads to urethane Or urea anate group (-N=C=0) is observed [12]. This band
group generation [10, 11]. The high reactivity of s not present in the spectrum of the alumina sampl
isocyanates toward nucleophilic reagents is mainly \which contacted with MDI (Fig.l8. Instead, one
connected with electrophilic character of the car- -gn see the intensive broad bands centred at 3520

bon atom in -N=C=0 functional group [10, 11]. and 3340 crwhich correspond to free and hydro-
Thus, the formation of surface complexes of 4,4~ gen honded N-H groups, respectively [13].
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Fig. 2.a — SEM images of the initial AD; nanoparti-
cles; b — after their interaction with 4,4'-
methylenebis(phenylisocyanate)
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Fig. 3. a — FTIR spectra of individual MDIp — MDI
on the surface of AD; nanoparticlesc —
C(7.6)/ALO; sample
Second, when MDI interacts with the alumina

surface, the appearance of the new absorption band “c7 )/ 7.6

at 1670 crit and the shoulder around 1545tm

which can be assigned to so-called Amide | and C(14.5)/ 14.5 - - -

Amide Il vibrations in amide groups -NH-C(O)- is
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observed (Fig.l3. Besides, the new absorption
bands at 1319 chrwhich is due to (N-H) + (C-N)
stretching vibrations and at 1240 tattributed to
the C—-N stretching vibrations of amide group ap-
peared [12, 14]. This also confirms the formatibn o
surface MDI species according to Fig. 1.

Besides, the formation of surface MDI species
can also proceed via interaction of -N=C=0O groups
with coordinatively unsaturated #Alacid sites on
the alumina surface. It has been found earlier [15]
that -N=C=0O groups posses very strong electron-
donor property and may be used to identify even
very weak Lewis acid sites of the alumina surface.

One can also see that the band at 2278 cm
associated with —N=C=0 groups is not present in
the spectrum of the carbon-coated alumina sam-
ple which contacted with MDI (Fig.c3. In addi-
tion, the bands at 1678 and 1545 cwhich indi-
cate the formation of the amide bonds (NH-CO)
is observed. This allowed us to conclude that the
carbon-coated alumina possesses the surface
functional groups which can be involved into
strong interaction with MDI molecules.

It is necessary to note the difference between
MDI grafting on the initial and carbon-coated.®@d
nanopatrticles. In contrast to MDI grafted on the su
face of ALO; nanoparticles (Fig.l8, in FTIR spec-
trum of MDI on the surface of C(7.6)/&); sample
(Fig. X) only a weak broad band centered at
3300 cnit connected with hydrogen-bonded N-H
groups is seen. Moreover, the band which can be
assigned to free N—H groups is not present at all.
This reflects substantial changes of the natutbeof
adsorption sites due to shielding of the alumina su
face with the deposited carbon.

The surface loading of AD; nanoparticles
with MDI species and carbon coating was deter-
mined by thermal analysis using TG/DTG-DTA
technique (Table 1).

Table 1. Quantitative data on MDI grafting on A,
nanoparticles, carbon yield upon pyrolysis of
surface MDI species and carbon loading

Sample Carbon Grafted Pyrolysisof grafted — Sger

loading, MDI, MDI (N,),
wt.% wt.% yieldof final m?/g
elemental carbon
carbon, loading,
% wt. %
Al,O; 0 19.2 55.0 7.6 155.0
12.8 75.0 14.5 155.0
Al,O;
155.0

AlLO,
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One can see that on the surface ofOAl
nanoparticles the amount of grafted MDI reaches
19.2 wt. %. The carbon loading in this sample after
pyrolysis was 7.6 wt. % that corresponds to 55% of
carbon yield. The amount of MDI grafted on the
C(7.6)/ALO; sample appeared to be somewhat lower
as compared to that on the initial alumina support.
Meanwhile, the carbon yield after pyrolysis was suf
ficiently higher (75.0%). After two-fold repetitioof
the grafting-pyrolysis cycle the carbon loadingtos
surface of AlO; nanoparticles was 14.5 wt. %.

Thermoanalytical characterisation of the syn-
thesised carbon coated,®; nanoparticles exhib-
its the intense weight loss in DTG patterns around
500°C that coincides with the exothermic peak in
DTA curves. Oxidation started at 3@and pro-
ceeded in one step up to 700 This suggests that
oxidation of a single carbon phase occurs.

The nitrogen adsorption-desorption isotherms
confirmed that carbon coating did not change the
textural characteristics of AD; nanoparticles
(see Fig. 4).

900

~
4]
o
L
(9]

Adsorption (cm’/g)

150 H~

0,2 0,4 0,6 0,8
Relative Pressure (Po/Ps)
Fig. 4. Nitrogen adsorptiomlesorption isotherms

Al203 nanoparticles -a, C(7.6)/AI203 -b
and C(14.5)/Al203 € samples

The nitrogen adsorption-desorption isotherms
of the initial ALO; nanoparticles and carbon-coated
samples (Fig. 4) can be identified as the typedi i
therms according to IUPAC classification and are
typical for non-porous materials [16]. The surface
area values of the initial and carbon-coategDAI
nanoparticles are similar as well (see Table 1).

Most likely this is due to the decrease of close
packing of the primary AD; nanoparticles when
their surface is covered with carbon coating.

Raman spectroscopy was used to characterise the
structure of carbon coatings on the alumina surface

The Raman spectrum of C(7.6)/8k sample
(Fig. 5a) consists of two bands, namely a broad
asymmetric band centred at 1585cmhich re-
lates to spbonded carbon of mono-crystalline
graphite (known as G-band) and the band at
1365 cnt which is associated with disorder in the
graphite lattice (known as D-band) [17-23]. The
presence of such well resolved broad Raman bands
indicates the formation of the carbon coating with
amorphous structure [17-19] on the surface of
fumed ALO; after the first grafting-pyrolysis cycle.

G-band
D- band
1592

1365

: M

& 1585

>

= 1365

c
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E

a
1700 1600 1500 1400 1300 1200

Raman shift (cm'l)

Fig. 5. Raman spectra of C(7.6)/&; — a, anc
C(14.5)/ALOs; —b samples

The bandwidth and the intensity of both D-
and G-bands in Raman spectrum of C(14.514l
sample are decreased substantially (Fay. Bhis
can indicate the formation of the less defective
disordered graphite structure and the increase of
the number and/or the size of sipmains after the
repetition of the grafting-pyrolysis cycle [20].

It is important to mention that the Raman spec-
trum of C(14.5)/AJO; sample appeared be very
similar to that of the cathode outer shell carbon
materials [24] or polycrystalline graphite produced
by ball milling of the graphite powder [23]. It

This means that the structure and particles size of should be also noted that similar transformations

the initial fumed AJO; nanoparticles were not

are observed in Raman spectra of amorphous car-

changed upon carbon deposition. The difference is bon films upon thermal treatment [20-24]. Usu-
observed only in the region near saturation pres- ally, such transformations in carbon materials

sure of the volume adsorption for both
C(7.6)/ALO; and C(14.5)/Al0; samples where

(know as graphitisation) occur at high tempera-
tures (over 120C) but can also proceed at lower

adsorption appeared to be increased significantly temperatures in the presence of catalysing agents

in comparison with the initial AD; nanoparticles.
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phous carbon coating at lower temperature.

The analysis of FTIR spectra also suggests <

the existence of graphite-like carbon structure on
the alumina surface (Figaf).

1588 1-550

Intensity @u.)

590

4000 3400 2800 2200 1600 1000 400
Wavenumber (cm™)

Fig.6. FTIR spectra of C(7.6)/AD; — a anc
C(14.5)/ALO; —b samples

As can be seen, the FTIR spectrum of
C(7.6)/ALO; sample (Fig. & exhibits the band at
1588 cni which is attributed to typical aromatic
ring vibrations (spC-C) [17, 23-29]. The band
centered at 1250 chindicates the existence of de-
fects in graphitic structure [25]. Besides, thedsan
centred at 1340 and 3510 ¢rwhich can be as-
signed to C-N and N-H groups, respectively, are
observed as well [28-30].

FTIR spectrum of C(14.5)/AD; sample is
shown in Fig. 8. As one can see, repetition of the
grafting-pyrolysis cycle results in substantial e
of FTIR spectrum in the region of 4000-400°tm
The band at 1588 chshifted to 1550 cihand be-
came considerably less intensive. This indicated th
increase of the size of the graphitic domains in ca
bon coating on the alumina surface [25, 26]. Be-
sides, the band near 1340trwhich relates to
stretching vibrations of C-N groups shifted to
1325 cn while the band at 1250 ¢hwhich corre-
sponds to disordered graphite-like structure disap-

peared. These changes clearly indicate that the in-

Date :19 Feb 2008

Mag = 200,00 K XEHT = 0.56 kv  Signal
= Time :9:01:34

WD= 2mm  PhotoNo 2993

Mag = 200.00 K XEHT = 0.56kV  Signal A= InLen: Date :19 Feb 2008
WD= 2mm  Photo No. 3000

b
Fig. 7. SEM images of the carbon-coated C(7.6\Al
—aand C(14.5)/Al0; —b samples

The observed changes can indicate that popu-
lation of surface functional surface groups in
C(14.5)/ALO; sample is smaller in comparison
with that in C(7.6)/AJO; sample. Besides, we can
also come to the conclusion that the surface struc-
ture of carbon coating in C(7.6)/&); and
C(14.5)/ALO; samples differs significantly. The
carbon coating after the first grafting-pyrolysis
cycle possesses the defective structure and the
repetition of the grafting-pyrolysis cycles results
in the formation of more uniformed and less de-
fective carbon coating on the alumina surface.

The surface morphology of the synthesised
carbon-coated AD; nanoparticles was examined

crease of the carbon loading on the alumina sur- by SEM (Fig. 7).

face to 14.5 wt. % resulted in the formation of the
carbon coating with less defective graphitic struc-

The morphology of the carbon-coated,@y
nanoparticles (Fig.ab) differs significantly from the

ture [25]. One can also see the bands at 740 andinitial Al,O; nanoparticles (Fig.&. The SEM im-

845 cm' which are due to the presence of C-H
groups in aromatic rings [17, 25] and/or aromatic
impurities in graphite [26]. In Fig.the band at

3510 cnt is not observed and the spectrum exhib-

ages of both C(7.6)/AD; and C(14.5)/Al0; sam-
ples showed the spherical, non-agglomerated
nanoparticles with the size of 810 nm that inégat
the covering of the surface of individual ;8%

its the presence of very weak bands centred at nanoparticles with a carbon coating. Thus, the derm

3300 and 3050 ciwhich can be related to C-H
groups in different configuration [17, 25, 28].

330

tion of continuous carbon coating on the alumina
surface occurs after the first grafting-pyrolygisle.
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CONCLUSIONS

Novel approach to chemical design of carbon-
coated AJO; nanopatrticles was developed. The syn-
thesis of carbon coating on fumed.®@d nanoparti-
cles is based on grafting of 4,4-methylenebis
(phenylisocyanate) (MDI) that proceeds via reaction
of isocyanate groups (—-N=C=0) with hydroxyl
groups on the alumina surface and subsequent pyro-
lysis of surface MDI species at ?a0in vacuum.
The formation of continuous carbon coating on the
Al,O; nanoparticles surface occurred after the first
grafting-pyrolysis cycle. The increase of the carbo
loading on the alumina surface to 14.5 wt. % (two
grafting-pyrolysis cycles) resulted in the formatio
of the carbon coating with more regular graphitic
structure. The SEM images of the synthesised alu-
mina samples showed the presence of spherical,
non-agglomeration carbon-coated,@J nanoparti-
cles with the size of 810 nm.
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Pospobnenuil Hosuli Memoo XiMiuHO20 OU3ALHY 8yeneyes020 NOKPUMML HA NOBEPXHI HAHOUACMUHOK NIPO2EHHO20
AlLOs posmipom 8—10um. Byeneyese nokpumms cunmesyeani WAsSLXOM MOOUDIKY8AHHS NOBEPXHI NIPOSEHHO20 OKCUOY
antominito 4,4-wemunenougeninouizoyianamom ma nodanvuum iozo niponizom npu 7T00C. 3 memoro odepacanns 3pa-
3KI@ 3 OLIbW GUCOKUM GMICIOM @y2lieyio YUkl "MoougikyeanHs—niponis" noemoprosanu. Buweonucana npoyedypa
dossonuna cunmesyeamu 3pasku 3 emicmom gyaneyio 1,6 ma 14,5 %eae. JJocnioscennss Cunme308anux 3pasKkie Memo-
Oamu pamaniecvroi ma 14-cnexkmpocxkonii, TTATI-TA, nusbkomemnepamyphoi aocopouii azomy ma CEM noxazarno,
WO YMEOPEHHs CYYIIbHO20 8y2leyedo20 NOKpumms Ha nogepxui nipocennoeo AlbOs 6i0bysaembcs e nicis npoge-
Oenns neputozo yukay "moougpikysanua—niponiz”. Ilosmopenns yuxny "mooughixysanus—niponiz" M npusooums 0o
opmyeanns gyeneyeso2o Nokpummsi 3 6LIbUL NOPAOKOBAHOIO 2PADIMOBOI0 CMPYKIMYPOIO.

XuMHYeCKHUii TU3aiiH YIJIePOJHOr0 NOKPHITHS HA MOBepXHOCTH HaHoYacTHll Al2O3
JI.@. llapanaa, U.B. baouy, 10.B. [L1ioTo

Hnemumym xumuu nosepxnocmu um. A.A. Yyixo Hayuonanvnou akademuu Hayk Yxpaunoi
ya. lenepana Haymosa 17, Kues 03164,Vxkpauna, lyusharanda@yahoo.com

Paspaboman HoGwlll MemMoOO XUMUUECKO20 OU3AUHA Y2IepOOHO20 NOKPLIMUSL HA NOBEPXHOCMU HAHOYACMUY NU-
pozennozo Al,Oz pasmepom 8—10nm. Venepoonoe nokpvimue 6bLI0 CUHMEIUPOBAHO NYyMeM MOOUDUYUPOBAHUS NO-
B8EePXHOCIU NUPOSEHHO20 OKCUOa amomunus 4,4-vemunenougheHurouU30yUAHaAmoM ¢ NoCIeOVIOWUM €20 NUPOIUIOM
npu 7T00°C. [Jna mozo umobsl cunmesuposams 06pasybl ¢ 601ee 6bICOKUM COOEPHCAHUEM Y2nepood, YUK "Moougu-
yuposanue—nupoau3” noemopsiu. Onucannas evluie nPoyedypa No360aUlA CUHME3UPo8ams 00pasybl ¢ COO0epiICca-
Huem yenepooa 1,6 u 14,5%eec. Hccnedosanue cunmesuposanuvix 0opasyoe memooamu pamarnosckoi u UK-cnek-
mpocxonuu, THTIT-JTA, nuskomemnepamypnoti aocopoyuu azoma u COM noxazano, umo o6paszosanue cniouwHo-
20 yenepooHo2o noKpvimust Ha nogepxrocmu nupozerto2o Al,Oznpoucxooum yice nocie npogedenus nepeozo Yyukia
"moougpuyuposanue—nuponus”. Ilosmopenue yuxia "moouguyuposanue—nuponus" MU npusooum x ¢hopmuposa-
HUIO Y21epoOH020 NOKPbimus ¢ bojee ynopsaooueHHOU epagumosoti CmpyKmypou.
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