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The structure, morphology and conductive properties of C-AloOs composite materials depending on the
percentage content of the oxide phase are investigated using small-angle X-ray scattering, low-
temperature porometry and impedance spectroscopy. It has been found that the structure of the explored
materials is formed by mass fractals as a result of the carbon cluster aggregation on the surface of alumina
particles. The reduction in the fractal dimension from 2.80 to 1.90 and the corresponding loosening of the
structure are due to the reduction of the carbon phase volume in the composite material. Increase in the
percentage content of the oxide component also leads to an increase in the porosity (from 0.62 to 0.80), a
decrease in the total (from 424 to 300 m2/g according to the small-angle X-ray scattering) and open (from
356 to 14 m?/g according to the low-temperature porometry) specific surfaces and increase in the volume
fraction of mesopores from 51 to 70 %. Addition to the carbon precursor of the oxide component results in a
decrease in the electrical conductivity from 26.2 Ohm-1'm~-1 (for pure carbon material) to 0.4 Ohm-1'm~-!
(at 30 % Al203 content) due to the formation of additional barriers to electron pathways in the form of alu-
mina particles parallel to a branched pore system in the carbon matrix.
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1. INTRODUCTION

Porous carbon materials (activated carbon, various
types of charcoal, 3D carbon nanostructured materials,
nanofibers, carbon spheres, etc.), due to their high chem-
ical resistance, specific surface area and required chemi-
cal functionality, have been widely used as sorbents [1],
catalysts [2], materials for the storage and generation of
electrical energy [3-7]. The porous structure of carbon
materials (porosity, pore size distribution (PSD), pore
texture) can be modified accordingly depending on their
scope. The main methods for modifying the porous struc-
ture of carbon materials include thermochemical treat-
ment [8, 9], the use of pore-forming agents [10] and tem-
plates [11].

An alternative way of improving the sorption, cata-
Iytic, energy-storage and mechanical properties of po-
rous carbon is doping of carbon-containing precursors
by nanoparticles of metal oxides [12-16]. Adjusting the
percentage content of the oxide component in the com-
posite will allow to obtain materials with predefined
properties. In addition, it is possible to effectively con-
trol the porosity of the material and the ratio of micro-
and mesopores, using alkali or acid solutions to wash
out the oxide particles from the carbon matrix.

Thus, the aim of this work is to explore the effect of
the percentage content of oxide component in the car-
bon-alumina composite materials (C-Al20s3) on their
structural-morphological and conductive properties.

2. EXPERIMENTAL DETAILS

The initial sample of carbonized material (standard 1)
was obtained by thermolytic decomposition of caramelized
saccharose (C12H22012) at 400 °C. The resulting material
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was activated at 800 °C by annealing for 30 min in a ce-
ramic container at restricted access of atmospheric air.

The gas-phase synthesis of Al203 was carried out at
the technological equipment of the Kalush Experimental
Plant of the Institute of Surface Chemistry of the NAS
of Ukraine. AICl3 was as aluminum-containing precur-
sor for the synthesis of the oxide material. AICls vapor,
sublimated at 180 °C, was delivered by hot nitrogen
(200 °C) directly into the flame. The formation of Al2Os
ultrafine particles occurred in the flame at 1200-
1350 °C. The material thus obtained had a specific sur-
face area of 107 m?/g.

To obtain the C-Al203 composite, saccharose was dis-
solved in distilled water. Aerodispersed Al203 in the
amount of 5 (standard 2), 10 (standard 3) and 30 wt. %
(standard 4) were added with stirring to the prepared
solution. For the destruction of the aggregated particles
of the oxide material, the suspension was irradiated for
10-15 min with ultrasound at a frequency of 20-24 kHz
and a sound energy density of 50 W/dm3. Then the Al2Os
suspension in saccharose solution was evaporated to
water removing, the solid mixture was calcined for
30 min at the temperature of disaccharide carameliza-
tion (220 °C). This operation provided the chemical graft-
ing of saccharose molecules to the hydroxylated surface
of Al2Os particles. The calcination of the mixture in an
airtight container at 350 °C resulted in the formation of
C-Al203 composite material. The relative carbon yield at
the thermolytic decomposition of saccharose was 40 %.
The composite material was further annealed without
air access at 900 °C for 30 min to increase the pore vol-
ume and structural ordering of the carbon component.

The small-angle X-ray scattering (SAXS) method was
used to determine the structural parameters of the stud-
ied materials. This method is widely used to study the
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structural inhomogeneities of nanometer scale in dis-
persed systems, including porous materials [17, 18]. The
measurements of SAXS-spectra were performed on X-
ray diffractometer in Cu-Ka radiation (1=1.5418 A),
monochromatized by the reflection from the (200) plane
of LiF monocrystal in the mode of passing of X-ray radia-
tion beam through the standard. Primary and scattered
beam collimators were used to limit parasitic scattering
from monocrystal-monochromator and input slits, and to
reduce the background scattering intensity. The use of a
collimation system allows the measurement of SAXS-
spectra, starting with s =0.015 A-1 (where s = (47/2)cosé
is the wave vector, 6 is a half of the scattering angle). A
gap of 0.1 mm was set before the detector, which corre-
sponds to the spatial separation of the detector
A(260)a=0.02°. The scattering was recorded in a scan
mode in 0.05° increments with an exposure time
7= 125 s. In the region of the smallest scattering angles,
a primary beam, weakened by absorption in the sample,
is superimposed on the scattered radiation. To exclude
the effect of the primary beam on the scattering intensi-
ty, the following ratio was used:

I'(20)=1,,(20)-T-1,(20),

where I'(260) is the real scattering intensity, Iexp(20) is
the experimental scattering intensity, Io(26) is the in-
tensity distribution of the primary beam, T = Lexp(0)/I0(0)
is the transmission coefficient (the fraction of the inten-
sity of the primary beam passing through the sample at
the zero position of the detector). A collimation correc-
tion in the scattering intensity curves was made to the
height of the detector receiving gap.

The structural adsorption characteristics of the stud-
ied materials (degassed at 180 °C for 24 h) have been
determined using the nitrogen adsorption-desorption
isotherms recorded at 77.4 K using a Quantachrome
Autosorb Nova 2200e adsorption analyzer.

A capacitor system consisting of two blocking copper
electrodes, between which the test standard is placed,
was used to study the conductive characteristics of the
materials. Impedance hodographs Z"=f(Z"), where Z'
and Z" are the real and imaginary components of the
complex resistance of the system, were carried out using
a Metrohm Autolab FRA-2 (Frequency Response Ana-
lyzer) at 10 ~2-105 Hz and voltage amplitude of 10 mV.

3. RESULTS AND DISCUSSION

As follows from SAXS data, a linear section with
slope n = 3 is observed in the range (s1, s2) at intensity
curve of the standard obtained by saccharose carboni-
zation (Fig. 1a). This indicates the scattering by three-
dimensional carbon clusters, the size of which can be
estimated by the formula L~ 2a/s1 ~ 35 nm. Because
the n value does not belong to the interval 3 <n <4, it
can be argued that this material does not show signs of
formation of a surface fractal structure.

A similar nature of the angular dependence on the
scattering intensity is observed for C-Al2Os composite
materials (Fig. 1b). Intensity curves can be divided into
three sections with different nature of I(s)-dependence.

In the range of the scattering wave vector from
$1=0.03 to s2=0.09 A-1, the linearity of I(s)-dependence
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Fig. 1 — SAXS-curves for initial standard (a) and composite
materials with 5 (curve 1), 10 (2), and 30 wt.% (3) Al2Os con-
tent (b)

is observed in double logarithmic coordinates. A degree
dependence of the intensity I(s) ~ s~ is observed in this
region, moreover the n value is into the interval
1 < n < 3, which indicates the formation of a fractal (vol-
ume) structure. Increasing Al2Os content decreases n. It
can be assumed that the formation of the fractal struc-
ture is due to the aggregation of carbon clusters formed
on the surface of alumina particles. The reduction of the
fractal dimension (D, =n) and consequently the loosen-
ing of the structure may be due to a decrease in the vol-
ume fraction of the carbon phase.

The scattering intensity dependence is nonlinear at
s > s2. This result indicates the scattering by individual
pores (mesopores), the scattering intensity of which is
described by Guinier law:

I(s) ~ exp[—; szrgzj,

where rg is the radius of pores inertia.

As a confirmation, Fig. 2 shows the scattering in-
tensity curve for standard 3 (10 wt. % Al203 content).
As can be seen from this figure, the scattering intensity
is satisfactorily described by the Guinier law at s> s2
with the most probable radius of inertia of micropores
re=15A.
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Fig. 2 — The scattering intensity curve for standard 3 (the
dashed curve is the result according to the Guinier formula)

There is a deviation from the linear dependence I(s)
at the initial part of the scattering curve (s < s1), which
is caused by the transition from the fractal scattering
mode to the Guinier regime (scattering by fractal ag-
gregates and pores of larger sizes). The Guinier law is
also fulfilled in this angular range:

I(S)Dexp(—% szﬁgj ,

where Ry is the radius of inertia of the fractal aggregates.
The function of the pore radius distribution was calcu-
lated using the model of polydispersed spherical particles.
As shown by the analysis of the PSD, the stand-
ard 1 is characterized mainly by a microporous struc-
ture (Fig. 3, curve 1). The main contribution to the pore
volume (~ 60 %) is made by micropores with radius
re = 0.95 nm and mesopores with radius r¢ = 1.8 nm.
For C-Al203 composites, analysis of pore distribution
functions revealed that mesopores with inertia radii of
1.3-1.5 nm make the main contribution to the formation
of porous structures. Their volume fractions for stand-
ards 2 and 3 are 55-65 %. At the same time, the propor-
tion of larger mesopores (25-43 nm) increases signifi-
cantly (up to 50 %) in standard 4 that correlates with a
decrease in the fractal structure dimension.
The specific surface area of the materials was de-
termined according to the equality:

_ 4wl -w)
Pul

2

S

s

where w is the volume fraction of pores, pm is the real
density of the material, Ry is the Porod radius, which is
equal to

Table 1 — Parameters of the porous structure of carbon mate-
rials (SAXS-method)

Al:Os3 Py Prs g, Rg, | Ry, S,
content, % w g/lem3 [g/em3| nm | nm | nm | m¥g
0 0.62 | 0.77 | 2.0 | 0.95 | 15.0 | 2.9 | 424

5 0.66 | 0.72 | 2.2 | 1.32 | 235 | 3.3 | 379

10 0.69 | 0.68 | 2.2 | 1.53 | 27.5 | 3.6 | 349

30 0.80 | 0.52 | 2.6 | 1.59 | 43.0 | 4.1 | 300
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Fig. 3 — Functions of pore inertia radius distribution (curve
number corresponds to the standard number)
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The @ value in the last expression is the integral
Porod invariant, K is the Porod constant. To determine
the latter, the ratio

T ls79)- &, ds = 0

Smin

was used, where (Smin, Smax) 18 the range of the wave
vector values.

The integral Porod invariant was calculated by the
formula:

Smin

Q= J 1(0) 5* exp(—%szﬁgz)ds+

0

Smax K
+ I s2I(s) ds + —=.

Spmin max

The porosity w and the standard density pm are re-
lated by the ratio:

w=1-p,/p,-

Here px is the structural density of the composite mate-
rial, which was defined as:

Py =XpP, +(1_X)P2,

where x is the volume fraction of the Al:03 phase,
pL=4.0g/lcm?® is the structural density of Al20s,
p2=2.0 glem?® is the structural density of amorphous
carbon.

The results of calculations of the porous structure
parameters according to the above ratios are shown in
Table 1. As follows from the data in Table 1, an in-
crease in the percentage content of the oxide compo-
nent in the composite material leads to an increase in
porosity, a decrease in the bulk density and specific
surface area.
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SAXS-method in the study of the structure of porous
materials gives the information about all pores in the
material — both closed and open ones. When using car-
bon-based composites as sorbents, catalysts, or electrode
materials in energy generation and storage devices, it is
necessary to have information about the value of the
surface available to the atom or ion, i.e. the value of the
open porosity of the material. The low-temperature
porometry method is sufficiently informative and useful
for obtaining these data [19]. It is based on recording of
adsorption/desorption isotherms, which can be used for
further calculations. The sorption isotherm is the de-
pendence of the gas volume V adsorbed by the material
on the relative pressure p/po at a constant temperature,
where p and po are the vapor pressure of the adsorbate
and its saturated vapor at 77 K, respectively.

A detailed analysis, which is based on a quantitative
comparison of the amount of adsorbed nitrogen and the
form of adsorption curves, suggests that the adsorption
isotherms for standards 1-3 are similar and I type ac-
cording to the ITUPAC classification [19] (Fig. 4). These
type isotherms are characteristic of microporous solids,
which have a relatively small external surface (zeolites,
activated carbon, metallic organic frameworks). The
adsorption isotherm for standard 4 is II type, which is
characteristic of non-porous adsorbents.
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Fig. 4 — Sorption isotherms for initial standard (curve 1) and
composite materials with 5 (2), 10 (3), and 30 wt.% (4) Al:O3

It should be noted that for standards 1-3, the iso-
therms are characterized by a deviation between the
adsorption and desorption branches, especially in the
low pressure region, known as a low pressure hystere-
sis. According to [19], the main reasons for this behav-
ior can be: irreversible retention of adsorbate molecules
in pores, the size of which is close to their size; irre-
versible chemical interaction of the adsorbate with the
adsorbent; a complex system of interconnected pores.

The multi-point BET (Brunauer-Emmett-Teller) me-
thod was used to determine the material specific surface
area S. The specific surface areas of micropores (Smicro)
and mesopores (Smeso) were determined by the #-method.
The same method was used to determine the volume of
micropores (Vimicro) and mesopores (Vineso = V— Viicro),
where the total pore volume V of materials was found at
plpo=1.
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According to the results obtained (Table 2), increase
in the Al2O3 content in the composite leads to a monot-
onous change in the parameters of the material porous
structure, i.e. reduction of the specific surface area and
total pore volume, as well as increase in the mesopore
proportion.

Table 2 — Parameters of the porous structure of carbon mate-
rials (low-temperature porometry)

A1203 S, Smicro, Smeso, ‘/, Vmicro, Vmeso,
content, % | m?/g | m?/g | m?g | cm3/g| cmd/g cm3/g
0 356 | 204 | 152 [0.187| 0.092 0.095

5 251 | 130 | 121 [0.135| 0.059 0.076

10 192 | 88 | 104 |0.106| 0.043 0.063

30 14 5 9 10.010] 0.003 0.007

Comparing the data in Table 1 and Table 2, it is
possible to claim dominance of open porosity in the
standard 1 — their content is 84 %. Addition to the car-
bon precursor of globular shaped alumina particles
leads to the closing and blocking of part of the pores
and restricting of access of nitrogen molecules to them,
resulting in a decrease in the proportion of open pores
from 55 % (for standard 2) to 5 % (for standard 4).

The NLDFT (nonlocal density functional theory)
method was used to determine the PSD.This method is
based on a quantum-mechanical approach that uses
fundamental molecular parameters to characterize the
gas-gas (gas-liquid) and gas-solid interaction. The slit-
shaped (standard 1) and slit-shaped/cylindrical (stand-
ards 2-4) pore models were used for the calculation.

As follows from the results obtained (Fig. 5), micro-
pores with a maximum close to 0.7 nm dominate in the
PSD of standard 1. When composite material is formed,
the intensity of the peak corresponding to the maximum
in the micropore distribution is reduced and relatively
broad bands appear, corresponding to the appearance of
the mesopores in the material. The most noticeable
changes in PSD are for standard 4 (Fig. 5, curve 4).

0.9

0.8

e

2
3
4
4

Fig. 5 — PSDs for explored materials according to NLDFT
method (curve number corresponds to the standard number;
the intensity is increased by 3 times for standard 4)

Addition of dispersed alumina particles to the car-
bon precursor not only changes its structural and mor-
phological parameters, but also affects the conductive
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properties. According to impedance spectroscopy, such
modification practically does not change the form of the
impedance hodograph Z" = f(Z'), but only leads to quan-
titative changes in the real and imaginary components
of the complex resistance (Fig. 6).
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Fig. 6 — Impedance hodograph of explored materials (curve
number corresponds to the standard number)

Taking into account the geometrical parameters of
the standards, the specific values of resistances, con-
ductivity and frequency dependences of the electrical
parameters were calculated according to the equation

p=p+jp",

where p'=ZA/d, and p"=2"A/d, A and d are the

surface area of the electrode and the standard thick-
ness, respectively.
The total conductivity of the materials was determined

by the formula o' = (o-’)2 +(<7")2 , where o'=p'/ M,

“(Ajdy, z =@z +@y 20

Based on the above ratios, using the Z' and Z" val-
ues, real ¢, imaginary ¢", and total ¢" conductivities of
the materials and their frequency dependences were
calculated. Since the values of the real component of
the conductivity is about 2-3 orders of magnitude larger
than the imaginary value at frequencies less than
103 Hz, the contribution of the latter to the total con-
ductivity can be neglected. In this case, the frequency
behavior of the total conductivity will also be deter-
mined by the frequency dependence of the real compo-
nent of the conductivity (Fig. 7).

The representation of the frequency dependences of
electrical conductivity in semilogarithmic coordinates
makes it possible to determine the value of the specific
conductivity of the materials by extrapolating the ex-
perimental curve to its intersection with the o-axis (a
direct current output at f— 0). The conductivity for
standard 1 is 26.2 Ohm-!'m-1, 16.5 Ohm-1'm-1 for
standard 2, 14.4 Ohm-!'m-! for standard 3, and

o'=p'IM, M=|Z'
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0.4 Ohm~1'm -1 for standard 4. It is obvious that addi-
tion to the carbon material of a non-electrically conduc-
tive component (for Al2O3 o~ 10-¢ Ohm-1'm~-1) will
lead to a gradual decrease in its electrical conductivity
due to the formation of additional barriers to the elec-
tron path in the form of Al2Os particles parallel to a
branched pore system in the carbon matrix. The value
of the electrical conductivity remains quite high for
standard 4 despite the high Al=O3 content.
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Fig. 7 - The frequency dependence of the total conductivity
(curve number corresponds to the standard number)

4. CONCLUSIONS

A method of producing C-Al203 composite material
is proposed based on addition to the aqueous solution of
carbonaceous precursor (saccharose) globular particles
of pyrogenic alumina, evaporation and calcination of
the solid mixture at the temperature of disaccharide
caramelization (220 °C) for chemical grafting of saccha-
rose molecules to the hydroxylated surface of Al2Os
particles, further annealing of the mixture at 350 °C to
form C-Al20s composite and to increase the pore vol-
ume and structural ordering of carbon component in
the composite at 900 °C.

It is found that the formation of the fractal structure
of C-Al203 composite material is due to the aggregation
of carbon clusters formed on the alumina particle sur-
face. The increase in the percentage content of the oxide
component in the composite leads to a decrease in frac-
tal dimension, closure and blocking of part of the pores,
resulting in a decrease of the open specific surface area
from 356 to 14 m?/g, as well as in 37 % increase in the
number of mesopores relative to the total pore volume.

It is set that the formation of additional barriers for
the electron pathways in the form of non-conductive
alumina particles, along with a branched system of
micro- and mesopores in the carbon matrix, due to the
addition to the carbon precursor of the oxide component
causes a decrease in the specific conductivity from the
value of 26.2 Ohm-m-! (for the initial sample) to
0.4 Ohm~-1m -1 (at 30 % Al203 content).
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CrpykTypHO-MOP(dOIOriuHi TA €IEeKTPOIPOBIAHI BJIACTUBOCTI KOMIIO3UIIIMHUX
marepianis C-Al203

B.I. Maunswok!, I.O. Muponok!, }10.0. Kynux2, H.A. Bespyxa3

! [Ipurkapnamcvkull HQUIORAIbHULL YHigepcumem imeri Bacuns Cmeganura, eyn. Illesuenka, 57,
76018 Isano-PpanKiscvk, YEpaina
2 JIvgigcokutl HauloHabHUll YHIgepcumem imeni Isana @panka, s8yn. Kupuna i Meghodis, 7, 79005 Jlveis, Yipaina
3 Isano-OpanKiecoKUll HALIOHAIbHUL MeOuuHLLL yHisepcumem, eya. I anuuypka, 2,
76018 Isano-PpanKiscvk, YEpaina

Y po6oTi 3 BUKOPHCTAHHSIM METOLIB MAaJIOKYTOBOIO X-IIPOMEHEBOIO PO3CISIHHS, HU3bKOTEMIIEPATYPHOI
TIOPOMETpil Ta IMIIEJAHCHOI CIIEKTPOCKOIIIT JOC/TIMKEHO CTPYKTYPY, MOP(OJIOTI0 Ta €JIeKTPOIPOBIIHI BiIaC-
THUBOCTI KomImoduTHoro marepiany C-Al:Os 3asmeskHO Bl BIJICOTKOBOTO BMICTY OKCHIHOI (hasu y HBOMY.
3’sicoBaHO, M0 CTPYKTYpPa JOCTIKYBAHUX MATEpPiaiB yTBOPEHA MACOBUMH (DPAKTAJIAMU K Pe3yJIbTaT ar-
perairii ByrJIelieBUX KJIACTEPIB HA MOBEPXHI YACTHMHOK OKCHAY AJIOMIHII0. 3MeHIIeHHS (PPaKTaIbHOI Po3Mi-
pHocri Bixg 2,80 mo 1,90 1 BiAmoBigHe pO3PUXJICHHA CTPYKTYPH 3yMOBJIEHE 3MEHIIIEHHAM 00 €MHOI YaCTKHU BY-
TJIeIeBol (pasyu y KOMIIO3UIIMHOMY MaTepiai. 301IbIIeHHA BiICOTKOBOrO BMICTY OKCHAIHOI KOMIIOHEHTH IIPH-
3BOJUTDH TAKOK 10 301ablreHHs mopucrocti (Big 0,62 mo 0,80), smenmeHHs 3arayibHol (Big 424 go 300 M2/t 3a
IaHUMK MaJIOKYTOBOI'O PO3CISHHA X-IPOMeHIB) Ta Bimkpurol (Bim 356 mo 14 M2/T 3a JAaHUMHU HU3BKOTEMIIE-
paTypHOI IOPOMeTpii) MUTOMHUX IIOBEPXOHDb TA 3POCTAHHA 00’ €MHOI YacTKu Me3omop Bix 51 mo 70 %. Berano-
BJIEHO, 110 JIOJIABAHHS JI0 BYTJIEIIEBOIO MPEKYPCOPY OKCHUIHOI KOMIIOHEHTH 3yMOBJIIOE 3MEHIIEeHHS ITUTOMOL
eJieKTpoIrpoBigHOoCTI Big 26,2 OM-1'M -1 (st BuxigHOTO 3paska) 10 0,4 Om-1'm~! (mpm 30 % Al:0s) 3a paxy-
HOK (hOpMYyBAaHHS JOJATKOBUX Oap’epiB HA IUISXY €JIEKTPOHIB y BUTJIS/Il YaCTHHOK OKCH/IY AJIFOMIHIIO ITOPSIT

13 pO3TasIysKeHOI0 CHCTEMOIO II0P ¥ BYTJIELEBIM MaTPHIL.

Kirouogi ciiora: Ilopucruit Byriteris, Kommosuriiitauit matepian, @pakransHa crpykrypa, [Iutoma moBepxws,

ITuroma eJIeKTPOITPOBITHICTD.
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